Tissue Eng Regen Med (2020) 17(6):773-785
https://doi.org/10.1007/s13770-020-00299-9

Online ISSN 2212-5469 TEBM ®)
. Bwd P8 ¥ Check for

updates

REVIEW ARTICLE

Studying Adipose Tissue in the Breast Tumor Microenvironment
In Vitro: Progress and Opportunities

3

David Mertz' ® - Jason Sentosa' - Gary Luker” + Shuichi Takayama"

Received: 17 May 2020/Revised: 14 August 2020/ Accepted: 28 August 2020/ Published online: 16 September 2020
© The Korean Tissue Engineering and Regenerative Medicine Society 2020

Abstract

BACKGROUND: The breast cancer microenvironment contains a variety of stromal cells that are widely implicated in worse
patient outcomes. While many in vitro models of the breast tumor microenvironment have been published, only a small fraction
of these feature adipocytes. Adipocytes are a cell type increasingly recognized to have complex functions in breast cancer.
METHODS: In this review, we examine findings from recent examples of in vitro experiments modeling adipocytes
within the local breast tumor microenvironment.

RESULTS: Both two-dimensional and three-dimensional models of adipocytes in the breast tumor microenvironment are
covered in this review and both have uncovered interesting phenomena related to breast tumor progression.
CONCLUSION: Certain aspects of breast cancer and associated adipocyte biology: extracellular matrix effects, cell-cell
contact, and physiological mass transport can only be examined with a three-dimensional culture platform. Opportunities
remain for innovative improvements to be made to in vitro models that further increase what is known about adipocytes
during breast cancer progression.
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1 Introduction

The human breast is an organ containing a wide range of cell
types. Epithelial cells, the organ’s primary functional cell
type, comprise a network of nutrient-secreting lobules and
ducts. The architecture of the breast positions epithelial cells
in close proximity to numerous other stromal cell types,
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which support and regulate breast epithelium (Fig. 1A).
Fibroblasts [1], immune cells such as macrophages [2],
adipocytes [3], and stromal stem cells [4] all function toge-
ther within layers of surrounding connective tissue.

Adipocytes, specifically, have been shown to play
important roles in breast tissue development and mainte-
nance [5, 6]. In circumstances where carcinogenesis occurs
in the breast, most tumors are adenocarcinomas, meaning
they arise from the epithelial cell structures. Adipocytes
regulate both early and late stages of tumor progression,
not only in breast cancers (BCs), but in a variety of other
solid tumors [7-9].

In breast epithelial tissue, a tumor begins as uncon-
trolled proliferation of epithelial cells, forming a mass that
begins to occlude the luminal space. This is called a ductal
carcinoma in situ (DCIS) [10]. In a majority of cases the
tumor remains non-invasive, however, extracellular matrix
degradation and myoepithelial cell degeneration may
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Fig. 1 A The A
microenvironment around the
epithelial breast lobule and duct
contains a 3D arrangement of
diverse cell types and ECM
molecules, creating a unique
challenge for tissue engineering
in this geometry. B These
components have been
hypothesized to each possess a
role in the progression of
primary adenocarcinomas, as
early as the transition of ductal
carcinoma in situ to invasive
ductal carcinoma, through
paracrine signaling and matrix
remodeling

; adipocyte
preadipocyte
—amm— fibroblast

ey, epithelium

contribute towards eventual breach of the basement mem-
brane dividing epithelial and stromal tissue [11]. The tumor
cells consequently invade into the surrounding stromal
tissue and the tumor progresses from DCIS to invasive
ductal carcinoma (IDC) (Fig. 1B).

The role of adipocytes in breast tumor progression has
risen in interest, in part, due to the complex relationship
between clinical obesity (body mass index > 30) and BC.
Generally, obesity is considered a risk factor for BC, but
even earlier studies with less patient stratification have
been conflicted about obesity and BC outcomes: BC
metastasis is higher, survival worse, and disease-free
intervals shorter [12], but incidence correlations vary
depending on race, age, and time of weight gain [13]. In a
more recent study in the United States, the AMBER study,
race was shown to be a factor for both obesity and triple-
negative breast cancer (TNBC) risk, but it failed to gen-
erally link this most aggressive BC sub-type to obesity
among African Americans [14]. The strongest conclusion
from the AMBER study was that obesity may affect BC
progression in different ways, suggesting a need for sci-
entists to grapple with these mechanisms on a deeper level.
A thorough review of studies on the link between obesity
and TNBC is available [15].

Another reason that obesity does not always directly link to
BC is the heterogeneity in associated medical co-morbidities
in obese persons. Individuals with excessive adipose tissue, as
many as thirty percent, can still retain normal metabolic
health, as measured by insulin sensitivity and cytokine levels
[16]. Excessive adipose tissue does not always indicate pro-
inflammatory, metabolically-diseased adipose tissue, which is
known to enhance breast tumor progression [7].

Numerous review articles and original research articles
have addressed the subject of how adipose tissue influences
solid tumor progression and worsens prognosis across
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cancers [7-9, 17-19], and BC specifically [3, 20-23].
Others touch on adipokines, such as leptin, pro-inflamma-
tory [24] and pro-angiogenic [25] cytokines, free fatty acid
metabolite transfer to provide alternative energy sources
and adjust tumor metabolism [26], ECM degradation and
remodeling such as with matrix metalloproteinases
(MMPs), and adipocyte lipolysis and de-differentiation into
a cancer-associated adipocyte or even cancer-associated
fibroblast phenotype [27]. Adipocyte dysregulation and
paracrine signaling with malignant cells may also con-
tribute to drug resistance in BC [28]. These adipocyte-
derived paracrine signals have been shown to be responses
to early sensing of nearby tumor progression, but much less
is understood about which initial signals adipocytes from
tumor cells at first contact.

Stromal tissue that surrounds invasive BC has emerged
as a much-needed topic of study for better understanding
the tumor microenvironment. Previous reviews highlight
contributions of in vitro systems to studies of breast cancer
interactions with stroma, including ECM, fibroblasts, vas-
culature, and immune cells [29-31]. These studies have
greatly illuminated understanding of the breast tumor
microenvironment. By nature, systems that contain more
than one cell type are difficult to design and refine, which
limits the complexity that any particular in vitro system can
re-create. However, increasing complexity within in vitro
systems with thorough characterization opens the scope of
questions that can be answered by design, and potentially
increases the impact of data obtained from them.

Our review, in turn, focuses specifically on what has
been learned about adipocytes in the breast tumor
microenvironment using in vitro systems. It then brings up
considerations in choosing how to study the breast tumor
microenvironment in vitro, though with less examination
on choosing the right adipocyte cell model, which other
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references provide [3, 32-35]. Finally, we focus on how
these particular in vitro models can be improved for
mechanistic studies and potentially diagnostic analyses of
patient tumors.

2 Two-dimensional platforms

Much of what has been uncovered about adipocytes-BC
cell interactions has been done with two-dimensional (2D)
culture models, as they are relatively simple to utilize.
More sophisticated, 2D-inspired models also exist, how-
ever, and may be of interest.

2.1 Transwell migration assays

Transwells afford the ability for multiple cell populations
to sense each other through soluble biochemical signals
and respond via cell migration through a porous membrane
(Fig. 2A). Previously-published assays utilize BC cells
seeded in the upper chamber with either adipocytes or
adipocyte-conditioned media in the lower chamber
[25, 36, 37]. These studies have implicated adipocyte-se-
creted molecules with inducing increased BC cell migra-
tion through the porous membrane in a contact-free
manner. Multiple studies have identified important proteins
that increase BC cell migration and are attributed to adi-
pocyte proximity. Adipocyte-secreted IL-6 and leptin

Fig. 2 Examples of previously- A
published 2D adipose/breast

tumor cell culture systems.

A Transwell migration assay to

measure tumor cell migration

towards adipocyte-secreted
chemoattractants. B Using
adipocyteconditioned media for L o\00i4: o 05 50 00 4s 0 00 S0 |80 050

Transwell migration assay

modulate lysyl hydroxylase-2 in MDA-MB-231 cells,
increasing migratory behavior in co-culture [38]; pre-
adipocyte-secreted IL-6 increases migration of the ductal
carcinoma in situ (DCIS) cell line MCF10DCIS.com,
suggesting that IL-6-secreting local adipose tissue cells
may promote progression in the earliest stages of BC [39];
and S100A7 modulation in MCF-7 cells has a role in
increased migration upon signaling from adipocytes [37].

2.2 Transwell co-culture assays

Assays using transwells have revealed other pro-invasive
and metastatic phenotype shifts in BC cells induced by
adipocytes. In one paper this included proliferation
increase, increased epithelial-mesenchymal transition
caused by increased expression of Twistl, and greater
MMP9 expression [36]. Another used radio-labeled lipids
to show direct free fatty acid transfer from adipocyte to BC
cells, which were revealed to reprogram the tumor cell
metabolism from a normal aerobic respiratory state to a
glycolysis/fatty acid oxidation-heavy state [26].

2.3 Conditioned media

Using conditioned media (CM) in a basic culture platform
enables one cell type to respond to secretory signals of
another cell type without the confounding nature of two-
way communication (Fig. 2B). Adipocyte CM increases
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MDA-MB-231 cell closure motility in a scratch-wound
assay, caused in part by the chemokine CCLS5 [40], which
is known to promote invasion and metastasis of BC in vivo
[41]. CM from adipocyte/MCF-7 co-cultures increases
MCEF-7 scratch wound closure compared to both adipocyte
CM and control media, with IGFBP2 having a role [42].

2.4 Adipocyte phenotypic assays

While the preceding paragraphs focused on how adipocytes
alter BC cell behavior, other assays have studied how BC
cells impact adipocyte behavior. Using either co-culture
with BC cells or CM, adipocyte phenotype has been
examined as a measure of the deleterious effect of a breast
tumor on adipocyte maturation (Fig. 2C), as observed
in vivo [43]. CM from BC/adipocyte co-cultures reduces
lipid droplet formation in new preadipocyte differentiation
with highly-invasive MDA-MB-231 cells showing a
stronger effect than less-aggressive MCF-7 cells [42]. In
differentiated adipocytes, co-culture with ZR 75.1 BC cells
results in delipidation and reduced expression of healthy
adipokines and transcription factors [27]. Instead, adipo-
cytes co-cultured with ZR 75.1 BC cells increase pro-in-
flammatory gene transcription [27]. In a monoculture test
of adipocyte phenotypes, adipose stromal vascular fraction
cells isolated from invasive cancer stroma showed less
lipid accumulation, less adipogenic gene expression, and
increased pro-inflammatory gene expression than controls
from benign stromal tissue [44]. Another monoculture
experiment showed that MMPI11-knockout adipocytes
demonstrated better adipogenesis than wild type cells,
suggesting that BC-induced MMPI11 expression may
directly impede adipocyte phenotype maintenance [45].

2.5 Microfluidic platforms

Microfluidic devices have been used extensively to study
the breast tumor microenvironment and make use of
compartmentalized architectures with 2D interfaces to
mimic separations between the epithelial lumen, stromal
compartment, vascular lumen, or even lymphatic vessels
[46]. Examples have modeled chemotherapeutic drug
transport from microvasculature into the stromal tumor
compartment [47], and DCIS embedding in epithelial cell
layers in the presence of stromal cells [48]. While included
in this section, these examples also feature 3D architec-
tures, such as where cells are encapsulated in hydrogels
within the device channel. Published microfluidic plat-
forms that examine the role of adipocytes in the breast
tumor microenvironment are not well-represented, how-
ever, perhaps because adipocytes do not experience fluid
shear forces in native tissue, a common feature in
microfluidic devices. Nevertheless, cell encapsulation in a
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3D gel layer as done with human mammary fibroblasts in
reference 48 could serve as a feasible means to examine the
role of adipocytes in DCIS progression on a similar
platform.

3 Three-dimensional platforms to study
adipocytes and breast cancer in vitro

Three-dimensional (3D) experimental platforms recapitu-
late particular features of microenvironment that breast
tumor cells experience in their progression into surround-
ing tissue. While 3D tumor models have become more
common and accessible [49], platforms that recreate adi-
pose tumor stroma in 3D remain somewhat rare, perhaps
owing to of the time-intensive nature of culturing adipose
tissue and early stage of developing therapeutics which
target adipose stroma. We examine published platforms
from the simplest to most complex. These platforms are
additionally summarized in Table 1.

3.1 Spheroid forming assay

Tumor cell aggregates, or spheroids, have a wide number
of uses in cancer research and drug development [64]. One
way that spheroids have been used to study paracrine sig-
naling between adipocytes and BC cells is the spheroid
forming assay, a kind of 3D proliferation assay. In this
system, treated tumor cells are sparsely seeded on a low-
attachment surface, such as agarose, and spheroid forma-
tion is tallied (Fig. 3A) [50]. This quantifies stemness, a
property of tumor cells based on their capability to singly
propagate a tumor or re-populate it after treatment [64].
Several breast tumor cell lines, including MDA-MB-231,
MCF7, T47D, DT28 and HMLER3 show increased
spheroid formation after co-culture with adipocytes, sug-
gesting a paracrine signaling mechanism exists in the
tumor microenvironment resulting in increased tumor cell
stemness [50].

3.2 Linear Matrigel invasion assay

These experiments bear similarity to transwell migration
assays, except that a layer of Matrigel coats the porous
membrane of the upper chamber for both soluble factors
and cells to traverse (Fig. 3B). In basic experiments,
researchers have shown that adipocyte co-culture increases
invasion of multiple cell lines through Matrigel in a tran-
swell system whether in the absence [40] or presence of
serum [26, 36, 51]. The latter reference further presents an
adipocyte-derived fibroblast model with even greater BC
cell attraction than normal adipocytes. The Matrigel inva-
sion assay also distinguishes reduced invasiveness of
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Table 1 Three-dimensional culture platforms for studying the role of adipose tissue in the breast tumor microenvironment
Platform description Key finding References
Spheroid-forming assay ~ Adipose stem cells, in vitro adipocytes, primary adipocytes increase spheroid-forming capacity of [50]
MDA-MB-231, MCF7, T47D and other cell lines via co-culture pre-treatment or co-culture
Transwell Matrigel Cancer-associated adipocyte conditioned media increases serum gradient-induced MCF7 invasion [42]
invasion assay Adipocytes increase invasion of MDA-MB-231, MCF7 and other cell lines during co-culture [26, 36]
Adipocytes in serum-free media induce similar invasiveness to serum in MDA-MB-231 cells [40]
Adipocyte-induced fibroblasts induce more invasion than mature adipocytes [51]
Blocking IL-6 signaling during adipocyte pre-conditioning step reduces invasion of ZR75.1 cells [27]
Radial matrix invasion Leader cells in the invasive protrusions of primary tumor samples, across human BC sub-types, [52]
assay embedded in collganen hydrogels express the basal epithelial marker cyokeratin-14, shown to be an
important attribute of leading invasive cells
Adipocyte co-culture prior to spheroid encapsulation in Matrigel increases outward invasion in MDA-  [38]
MB-231 and MDA-MB-468 cells
Spheroid co-culture of SUM159-PT cells plus adipocyte-derived fibroblasts, but not mature adipocytes, [51]
increases outward invasion
Angiogenesis assay Adipocyte-conditioned media induces greater angiogenesis than fibroblast-conditioned and control [25]
media for bovine endothelial cells encapsulated in Matrigel
Endotrophin, an adipocyte-secreted molecule enhances MS-1 endothelial cell migration across a [53]
Transwell membrane, among other effects
Adipose tissue derived from a murine tumor model develops greater vessel structures than normal [54]
adipose tissue when embedded in Matrigel
Scaffold and hydrogel- A biobank of organoids derived from > 100 BC tumor samples highlights disease heterogeneity and  [55]
free models usefulness for pre-clinical drug development studies
Mammary organoids cultured from MCF10A epithelial cells show collagen deposition and EMT [56]
responses to EMT agents such as TGF-f§ and CoCl,
MCF10A-comprised organoids acquire a geometrically inverted morphology when formed in dilute [57]
Matrigel, enabling use for observing MDA-MB-231 cell invasion as a DCIS progression model
Co-culture with scaffold  Tri-culture of MCF10A, mammary fibroblasts and adipose stem cells reduces epithelial proliferation, [58]
yet enhances duct formation and casein milk protein production
3D bioprinted tissue Encapsulation of hASCs in a decellularized adipose tissue-based bio-ink induces adipogenesis in [59]
bioprinted structures suitable for implantation
Human preadipocytes in a geletin-based bio-ink undergo adipogenesis after 3D-printing [60]
Direct co-culture of adipocytes and MCF7 cells is feasible in alginate bio-ink, with viability maintained [61]
Biofabricated MCF7 duct with hASC stroma architecture predicts anastrazole sensitivity w.r.t. hASC Body Mass [62]
microenvironment Index better than 2D co-culture
Adipocytes encapsulated and differentiated in a collagen plug gel enhance inward invasion of MDA-  [63]

MB-231 cells

murine BC cells co-cultured with adipocytes in the pres-
ence of IL-6 antibody, compared to no antibody, suggest-
ing a key role for IL-6 in BC progression in the tumor
microenvironment [27].

3.3 Radial matrix invasion assay

As an alternative to the transwell-based linear Matrigel
invasion assay, this assay begins with a tumor cell spheroid
encapsulated in a hydrogel such as collagen or Matrigel
(Fig. 3C). Instead of linear invasion as with a transwell,
radial cell invasion outward from the spheroid is measured.
In BC cell monocultures encapsulated in collagen, this
assay pinpoints cytokeratin-14 as a key protein expressed
in cells leading outward invasion [52]. Using adipocyte co-

culture as a pre-treatment, He et al. [38] demonstrates that
breast tumor spheroids are more invasive when encapsu-
lated in Matrigel than monoculture controls. Bochet et al.
[51] shows that while normal adipocyte co-culture
increased SUMI159PT BC cell invasion in a Matrigel
invasion assay, only adipocytes having undergone delipi-
dation to become adipose-derived fibroblasts increase col-
lagen matrix invasion from a co-culture spheroid.

3.4 Three-dimensional angiogenesis assays
Stromal cells, particularly adipocytes, have been impli-
cated in angiogenesis within the tumor microenvironment,

providing tumors with the means of sustenance and growth
[18, 53, 54, 65]. Published experiments measuring
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«Fig. 3 Previously-published adipose/breast tumor experiments that
incorporate elements unique to 3D cultures. A Tumor cells exposed to
adipocyte-conditioned media passaged into an agarose-coated surface
to test spheroid-forming capability. B Linear invasion assay for breast
tumor cells using a transwell platform with layered Matrigel. C Radial
invasion assay for a breast tumor spheroid embedded in Matrigel.
D Schematic and data from Morgan et al. displaying the cross-section
of a tissue-engineered cancerous duct surrounded by adipose stromal
cells (AdSCs) from donor patients to demonstrate AdSC modulation
of anastrazole sensitivity in an intra-ductal MCF-7 cell population
(reproduced with permission from reference 64). The 3D model
shows clear distinction between obese and normal weight adipose cell
donors compared to data collected from a simple 2D model. Note:
The data in red should be correctly recognized as “BMI > 30”.
E Schematic and data from Hume et al. displaying how an adipocyte-
laden collagen gel stimulates increased interior invasion than a blank
control by MDA-MB-231 cells seeded on the upper surface of the gel
(reproduced with permission from reference 72). Invaded cells are
indicated by red arrowheads in the inset higher magnification view

endothelial cell function use Matrigel encapsulation and
endothelial migration. Adipocyte-conditioned media has
been shown to enhance angiogenesis of endothelial cells
encapsulated in Matrigel over fibroblast-conditioned media
[25]. Additionally, as a cleavage product of adipocyte-
derived Collagen Type VI in the breast tumor-microenvi-
ronment, endotrophin is shown to enhance endothelial cell
migration in vitro [53]. In an experiment with resected
adipose tissues embedded in Matrigel, Wagner et al. [54]
shows that adipose tissue proximal to a murine tumor
model demonstrates extensive vascular sprouting, com-
pared to normal adipose tissue controls which demonstrate
none.

3.5 Scaffold-free tissue models

The term ‘organoid’ is often used loosely to indicate any
miniaturized 3D in vitro-cultured tissue with spontaneous
self-organization in absence of a scaffold or encapsulation
material. Collecting patient tumor samples, Sachs et al.
[55] presents a breast cancer organoid biobank to catalog
patient-to-patient heterogeneity with respect to histological
features, DNA mutations, gene expression and drug sen-
sitivity. Spherical enveloping structures of normal mam-
mary epithelial cells have also demonstrated usefulness for
studying epithelial-mesenchymal transition within the
mammary epithelial duct [56], as well as DCIS progression
into IDC through the epithelial layer and adjacent basement
membrane [57]. Currently, scaffold-free 3D models of BC
have only been investigated using normal epithelial or
tumor cells, and have not seen inclusion of a stromal cell
type. Expanding organoid cultures to include BC cells and
relevant stromal cells could make scaffold-free models that
are conducive to high-throughput analyses of tumor
microenvironments and potential therapeutic interventions.

3.6 Bioprinted adipose tissue and three-dimensional
microphysiological systems

Several bioengineered culture platforms have been devel-
oped to study breast epithelial and stromal interactions
[29], though far fewer have incorporated an adipocyte
component [58]. 3D bioprinting is one technology
becoming increasingly favored in tissue engineering for its
ability to produce unique tissue architectures. In recent
years decellularized matrix and gelatin hydrogel have both
shown promise as suitable substrates for adipose bioprint-
ing [59, 60]. Basic characterization of adipocyte-breast
tumor cell co-culture in a gelatin/alginate-based bio-ink has
also been attempted [61].

A biofabricated device published by Morgan et al. [62]
describes an MCF-7 cell mammary duct surrounded by
undifferentiated human adipose stromal cells, and shows
how the body mass index (BMI) of the donor source affects
resistance to aromatase therapy by the BC cells (Fig. 3D).
Interestingly, a simplified 2D co-culture model fails to
distinguish between BMI of the donors to the same degree.

Adipocyte differentiation and maintenance in a 3D
bioengineered platform is a relatively new concept
[66-72]. One recent example applies 3D-differentiated
adipocytes to the study of BC invasion [63]. Hume et al.
describes seeding human breast-derived mesenchymal stem
cells in a collagen plug gel and, after allowing for prolif-
eration and adipocyte differentiation, testing the adipocyte-
laden gel against a blank gel in an invasion assay where
MDA-MB-231 cells are seeded on the top surface
(Fig. 3E). The results show that adipocytes enhanced
interior invasion of the MDA-MB-231 cells compared to a
blank control gel.

4 Considerations for selecting two-dimensional
and three-dimensional culture models

The experimental question of interest ultimately determi-
nes whether a 2D or 3D culture works best. In some situ-
ations, 2D culture may require less optimization and still
produce meaningful results. In other cases, only 3D culture
provides accurate and realistic results. There are several
considerations for choosing between 2D and 3D systems.

4.1 Proliferative constraints

Most tumor cells have more proliferative constraints when
cultured in 3D compared to a 2D monolayer [73, 74]. In
conventional monolayer 2D cultures, all cells have the
same access to nutrients enabling them to proliferate until
reaching confluence. 3D culture is more complex than 2D
due the gradients formed for nutrients, waste, and dissolved
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gases like oxygen and carbon dioxide, as found with
spheroid structures [75-78]. The proliferative constraints
on 3D culture are thus based on tissue geometry. The
surface area-to-volume ratio decreases as size increases,
causing slower diffusion of nutrients and gases in larger 3D
tissues. In 3D tumor cell cultures especially, the inverse
gradients of nutrient access and waste buildup make cell
proliferation feasible on the tissue periphery, approxi-
mately a 100 micron-thick layer, while the interior is
mostly filled with necrotic and quiescent cells [79, 80].
Because breast tumors in vivo begin developing vascula-
ture upon reaching the millimeter scale in diameter [81],
3D tumor cultures without vasculature remain physiologi-
cally relevant at the micro scale.

3D-cultured adipose tissue may be generated with
encapsulated cells in hydrogel as conducted in Ref. [63].
Such a hydrogel allows ample exchange of nutrients and
waste between the construct and culture medium to main-
tain cell viability. Culturing adipocytes in 3D without
encapsulation, but instead through aggregation followed by
differentiation, as conducted in references [66, 68, 70], will
be more subject to similar gradients as with tumor spher-
oids, where adipocytes on the interior of larger aggregates
will mature less than peripheral cells and possibly lose
viability.

4.2 Drug efficacy in 3D cultures

In general, 3D culture architectures not only affect cell
access to nutrients and waste metabolism, but also delivery
of therapeutic agents. Spheroid culture, with layers of cells
enveloping each other, significantly impacts the rate of
molecular mass transport to constituent cells [82]. 3D-
cultured BC cell lines within a dense spheroid can be more
resistant toward certain chemotherapeutic drugs such as
5-fluorouracil and doxorubicin. These drugs, which inhibit
proliferation, only act most effectively on tumor cells
proliferating on the cultured tumor surface, leaving the
quiescent cells in the interior relatively unharmed [77, 83].

Reduced therapeutic effect is also observed in 3D
models of BC cell lines, compared to 2D when exposed to
paclitaxel, an apoptotic drug, because it enables the sur-
viving interior cells to re-populate the tumor construct after
surviving treatment [77]. This heterogeneity in cell
behavior and drug exposure observed in 3D cultures con-
trasts with the more uniform hyper-proliferation and drug
exposure observed in 2D culture. The geometrical con-
straints and resulting heterogeneity in 3D models can make
them a better predictor for in vivo outcomes [79, 84]. These
factors should be considered during studies such as drug
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screening, in which the rate of drug uptake may be
important.

4.3 Intra-cellular signaling and gene expression

Some tumor cell signaling cascades are more evident in 3D
models [85]. Classic examples can be found in signaling
cascades between Pl-integrin and epidermal growth factor
receptors that are activated in 3D models but not in 2D
models of breast cell cultures [86]. Another study of cancer
cells reports that the mTOR1-AKT pathway response to
drug inhibition is present only in 3D culture [87]. Lee et al.
[88] shows self-organization of mammary epithelial cells
(MECs) when 2D surface culture is disrupted, and modu-
lation of casein and the milk protein butyrophilin [89]. In
these experiments, MECs assemble into a cuboidal shape
and begin expressing milk proteins due to interaction with
ECM. These 3D culture effects are due to a combination of
ECM composition, biomechanical environments that are
less stiff than 2D cultures, and cellular interaction changes
that result.

Adipocytes can also show different behavior in 3D
compared to 2D. Figure 4 presents original adipokine
secretion data from human adipocytes differentiated either
in a 2D monolayer or as a 3D spheroid in an ultra-low
attachment well. In both platforms human preadipocytes
(Lonza, PT-5001) were cultured according to the manu-
facturer’s protocol, and 10,000 cells per well were seeded
overnight in the respective culture plates (2D: Corning
3701; 3D: SBIO 9384UZ). Adipogenic differentiation with
insulin, dexamethasone, indomethacin and 3-isobutyl-1-
methylxanthine (IBMX) was initiated the following day,
using the media formulation (Lonza, PT-8002) recom-
mended by the manufacturer. Due to contact inhibition via
confluent seeding in the 2D well (surface
area = 0.056 mmz) and in spheroid formation, cell number
was assumed constant for the duration of the experiment.
The data show that relative to the accumulated concen-
tration of adiponectin, leptin in the supernatant is signifi-
cantly reduced in spheroid culture by Day 9 as assayed by
ELISA kits for leptin and adiponectin (R&D Systems,
DLP0OO and DRP300). For leptin-relevant studies of BC,
choosing between monolayer-cultured and spheroid-cul-
tured adipocytes may be of importance.

4.4 Biophysical properties and mechano-
transduction

While cell mechanics can be analyzed in both 2D and 3D,
foundational studies have shown that the forces which cells
experience and enact differ significantly. An average
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measurement of total contractility of 63 different MDA-
MB-231 cells was found to be 47.6 nanonewtons (nN)
when suspended in a 1.2 mg/mL collagen hydrogel, com-
pared to 270 nN for cells on a 2D collagen-coated surface
[90]. Others have also shown higher traction forces in 2D
cultures compared to 3D [91, 92]. While 2D-cultured cells
may show greater total contractile force, this force is only
imparted on the surface on which they rest, whereas 3D-
cultured cells experience forces in a greater number of
directions, potentially influencing intracellular properties
and signaling.

In 2D, mechano-transduction is dependent on sensing
ECM stiffness gradients and ligand density with the
response often being migration towards the stiffer substrate
[93]. However, in a 3D environment, ECM stiffness can be
highly variable owing to other ECM-dependent factors
such as cross-linking, fibril alignment, and ECM pore size
[94].

A combination of stiffness and composition of ECM can
alter mechano-transduction pathways as well [31]. In a co-
culture of TNBC cells with preadipocytes, hydrogel stiff-
ness directly impacts adipogenesis [95]. Inhibition of adi-
pogenesis by a breast tumor spheroid was greater at higher
versus lower hydrogel stiffness, where the hydrogels were
tuned to mimic fibrotic mammary tissue associated with a
more aggressive malignancy and normal mammary tissue,
respectively. These data suggest that surrounding ECM
stiffness may be a cofactor in breast tumor impedance on
adipocyte differentiation and function.

4.5 Extracellular matrix composition
and microenvironment dynamics

Two-dimensional culture models have provided evidence
that adipocytes are a producer of collagen in the breast
tumor microenvironment [51, 96] because collagen pro-
duction increases with BC cell co-culture [51]. Collagen
has been shown to form scaffolding structures that
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3
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adipokines adiponectin and leptin in the supernatant. Interestingly, 3D
culture severely downregulates production of leptin. All conditions
were assayed in triplicate. (*) indicates p < 0.05 when same-day data
are compared using a Student’s ¢ test

facilitate BC cell migration into adipose tissue, increasing
invasiveness [63, 96]. In addition to collagen, adipocytes
have also shown increased fibronectin expression in co-
culture with breast tumor cells [51, 97]. Chandler et al. [97]
found that tumor cell-conditioned media also increased the
stiffness of adipocyte-deposited fibronectin.

3D culture enables researchers to create relevant cell-
ECM interactions that promote biochemical and biome-
chanical activities of interest [79], applicable to BC, where
important changes in ECM composition have been
observed. Growing mammary epithelial cells in laminin-1-
rich ECM, a key basement membrane component, induces
growth arrest [98]. Accordingly, in the breast microenvi-
ronment, laminin and basement membrane degradation is a
feature of tumor progression [99, 100].

5 Improving in vitro adipocyte breast tumor
models

With development of the models described above in its
early stages, there is much room for refinement to improve
ease of use, throughput, complexity and translatability.
This section offers some perspective as to how this might
be achieved.

5.1 Cell sources

BC cell lines are relatively easy to obtain and manipulate.
In using them, as well as with primary tumor cells,
knowing the disease sub-type and characteristics such as
doubling time and gene mutations are critical for drawing
informative conclusions from experiments. As mentioned
in Sect. 1, much literature has also been published about
adipocyte culture and choosing the right cell model. One
limiting factor for using adipocytes in vitro is the time and
resources required to obtaining mature adipocytes. Most
protocols require at least1 to 2 weeks differentiation time in

@ Springer



782

Tissue Eng Regen Med (2020) 17(6):773-785

culture. For researchers looking for a quick means to pro-
duce adipocytes where using human cells is not a high
priority, the mouse cell line OP9 achieves mature adipo-
cytes in 3 days of differentiation [101].

5.2 Culture platform throughput

Throughput is another potential area for innovation in
adipocyte-BC culture models. Increasing production of
uniformly-manufactured adipose tissues [70] and using
automated liquid handling workflows will reduce barriers
to using them for larger screening-type experiments. Real-
time, automated, high content imaging could enable
acquisition of useful data sets on adipose-tumor dynamics
such as tumor cell migration, proliferation and invasion and
adipocyte phenotypic shift within compatible platforms
such as multi-well plates.

5.3 Increasing sophistication

To improve mechanistic understanding of the early-stage
breast tumor microenvironment, adding complexity to
current standards for in vitro platforms may answer more
nuanced questions in a controlled experiment. With recent
interest in the role of adipose tissue in breast tumor pro-
gression, other cell types in the microenvironment that
signal to and receive signals from adipocytes may also be
added, such as immune cells. Because local inflammation
among adipocytes and immune cells is a theorized causa-
tion for breast tumorigenesis in individuals with obesity,
such in vitro models could potentially find better evidence
for these mechanisms [7, 24].

As was discussed in Sect. 3.5, at the time of this review
no published in vitro model has shown live interactions
between breast tumor cells, adipocytes and endothelial
cells. Designing an experimental platform that features
these cells in simultaneous culture would provide stronger
evidence for the role of, and means to study adipocytes in
breast tumor angiogenesis.

Additionally, building models of unique dimension and
shape to better replicate geometries in the tumor
microenvironment is more feasible with the contributions
of microfabrication and bioprinting. As it is a stated goal of
microphysiological system designers for the most-sophis-
ticated platforms to parallel and even replace animal
studies, taking the steps listed above can improve the
translatability from in vitro experiments to in vivo.

5.4 Clinical relevance
Inflammatory and fibrotic adipose stroma has emerged as a

potential indicator for the rate of breast tumor progression
[21, 44]. The greatest contribution that in vitro systems can

@ Springer

offer to advance clinical treatment might be the develop-
ment and refinement of high-throughput phenotypic assays.
For example, testing patient breast tumor cells for adipo-
cyte de-differentiation ex vivo in a phenotypic assay may
reveal tumors most likely to re-model nearby stroma.

BC progression is also potentially subject to proximal
adipocyte signaling from as early a stage as DCIS [39].
DCIS has divided the medical community as to how to
prevent overtreatment while still identifying patients at risk
of developing invasive BC [11]. Therefore, testing DCIS
patient samples of adipocyte-containing stroma with stan-
dard tumor cell lines as well as patient tumor samples on
laboratory-synthesized adipose tissues in current or new
phenotypic invasion assays may emerge as a useful plat-
form to better understand which tumor or microenviron-
ment factor predisposes a patient to invasive BC.
Determining the best platforms to test patient samples for
possible adipocyte-induced BC malignancy will be critical
to advance understanding and to potentially even use such
systems as diagnostics for assessing patient risk at the
earliest stages of BC.

6 Concluding remarks

Much remains to be learned about initial bi-directional
signaling between BC tumor cell signaling and adipocytes.
It remains unclear which tumor-derived signals alter adi-
pocyte phenotype at first contact, but findings from in vitro
models clearly suggest a detrimental cycle of tumor cell-
adipocyte interactions that lead to tumor progression.
With increased interest in understanding the role of
stromal cells, particularly adipocytes, within the breast
tumor microenvironment the outlook for obtaining novel
findings that could enhance the therapeutic arsenal against
BC is bright. The in vitro models described here support
the existence of numerous mechanisms by which mam-
mary adipose tissue can encourage tumor progression and
diminish therapeutic response. Such solutions for resolving
adipocyte-BC interactions will surely prove a critical
component to acquiring this important information.
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