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Abstract

Accumulating evidence suggests that our ability to predict chemical effects on breast cancer is limited by a lack of
physiologically relevant in vitro models; the typical in vitro breast cancer model consists of the cancer cell and excludes the
mammary microenvironment. As the effects of the microenvironment on cancer cell behavior becomes more understood,
researchers have called for the integration of the microenvironment into in vitro chemical testing systems. However, given
the complexity of the microenvironment and the variety of platforms to choose from, identifying the essential parameters to
include in a chemical testing platform is challenging. This review discusses the need for more complex in vitro breast cancer
models and outlines different approaches used to model breast cancer in vitro. We provide examples of the
microenvironment modulating breast cancer cell responses to chemicals and discuss strategies to help pinpoint what
components should be included in a model.
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INSIGHT BOX

This review provides insight into the challenges of predicting the effects of chemicals on breast cancer. It discusses the
need for more complex in vitro breast cancer models and reviews the different approaches used to model breast cancer
in vitro. The review is innovative as it integrates concepts from cancer biology, tissue engineering, and cellular biology
to guide researchers with the design and validation of model systems.
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DEFINING THE NEED FOR IMPROVED
SYSTEMS TO TEST CHEMICAL EFFECTS
ON BREAST CANCER
A large fraction of breast cancer research is devoted to identi-
fying and understanding drugs, drug candidates, and environ-
mental chemicals (together herein referred to as ‘chemicals’)
that reduce or increase cancerous behaviors of breast epithelial
cells. These studies have identified multiple pathways that are
effective targets for breast cancer therapies [1] and uncovered
several chemicals present in the environment and consumer
products that increase breast cancer risk [2]. However, breast
cancer remains the most common non-cutaneous cancer in
women and the second leading cause of cancer-related deaths
among women [3]. Understanding the effects that chemicals
have on breast cancer risk and progression will improve our
ability to reduce cancer incidence and mortality.

The existing framework used to evaluate the effect of chemi-
cals on human breast cancer relies on the model systems that
are on two ends of a wide spectrum: simple, inexpensive in
vitro models, and resource intensive, physiologically complex
rodent models. The simplicity and low cost/time requirements
of in vitro models are useful for uncovering the innerwork-
ings of signaling pathways and screening for the molecular
targets of chemicals, such as the affinity for a receptor. These
kinds of experiments are difficult to perform in vivo, as animal
models are too complex to easily dissect molecular interac-
tions. Unfortunately, in vitro platforms do not reliably predict the
toxic or therapeutic potential of a chemical. Rodent models are
valuable as they incorporate the systemic and local effects of
chemicals and enable the assessment of chronic chemical expo-
sures and the importance of life stages. However, the biological
differences between humans and rodents are problematic when
extrapolating data between the species; humans and rodents
differ in the development of breast cancer [4, 5], mammary gland
physiology [6], and chemical metabolism [7]. Both in vitro and in
vivo models are indispensable to the breast cancer field, but each
harbors shortcomings that limit their utility.

To increase the efficiency of chemical testing, leaders in
pharmacology and toxicology have called for the development
and implementation of in vitro models that better recapitulate
human physiology [8, 9]. These new systems would help bridge
the gap between in vitro and in vivo systems and improve the
ability to predict chemical effects on breast cancer risk and
progression. While the approaches differ, the prevailing hypoth-
esis is that inclusion of the mammary microenvironment will
enhance the ability of in vitro models to predict in vivo outcomes.
When integrating the microenvironment into in vitro models, it
is important to find a balance between the simplicity and com-
plexity of the system. If a platform becomes too complex, many
of the advantages of being in vitro are lost: chemical mechanisms
become difficult to decipher, and costs and variability increase.
Therefore, to maintain a level of simplicity, it is critical that only
the components needed to recapitulate in vivo responses are
included in a platform. As the mammary microenvironment is
complex and contains many different cell types and proteins, a
major challenge is identifying which components are needed to
predict chemical responses.

This review describes the normal and cancerous mammary
microenvironment and the various strategies used to model
breast cancer in vitro. We provide examples in which the
microenvironment regulates chemical responses in breast
cancer cells and discuss strategies to develop and validate in
vitro models.

THE NORMAL AND CANCEROUS
MAMMARY GLAND

As illustrated in Fig. 1, the human mammary gland is a complex
tissue that evolves as cancer is initiated and progresses. The
mammary gland is composed of a series of ducts that collect
into the nipple. Mammary ducts are bilayered: the milk-secreting
luminal epithelial cells line the ductal lumens while the basal
myoepithelial cells face the basement membrane. The basement
membrane, a specialized form of extracellular matrix (ECM)
that is rich in laminin and collagen IV, provides mechanical
support and separates the ducts from the surrounding stroma.
The stroma is composed of an ECM rich in fibrous collagen,
glycoproteins, and proteoglycans as well as different stromal
cells including fibroblasts, adipose stromal cells, adipocytes, and
immune, neural, and endothelial cells. The cross talk between
the epithelium and stroma tightly regulates the development
and maintenance of the mammary gland [10]. Here, we will
briefly review the changes that occur within the mammary
microenvironment as cancer progresses.

Epithelium

Ductal carcinoma in situ (DCIS) is considered the earliest form of
breast cancer and occurs when breast cancer cells have prolifer-
ated to fill the breast ducts with cells [11]. When lumens exhibit
this high-grade hyperplasia, the intraductal microenvironment
becomes hypoxic, acidic, and deprived of nutrients [12, 13]. The
transition from DCIS to invasive ductal carcinoma is not well
understood; however, the loss of basement membrane, epithelial
polarity, and myoepithelial layer are defining features [14].

Extracellular matrix

The ECM of breast cancer tissue is stiffened due to increased
collagen cross-linking and increased deposition of ECM proteins
such as fibronectin, collagen I, and tenascin-C [15, 16]. Can-
cer and stromal cells secrete enzymes such as lysyl oxidase,
cathepsins, fibroblast activation protein, and matrix metallo-
proteases that catalyze cross-linking and/or degradation and so
remodel the ECM [17–21]. In contrast to the normal mammary
gland in which the collagen fibers are curved and randomly
organized, the collagen fibers of breast cancer tissue become
linear and thick. These aligned collagen fibers facilitate cancer
cell invasion into the vasculature [22]. Keely and her colleagues
identified three collagen signatures, which correlate with prog-
nosis. Tumor-associated collagen signature-3 (TACS-3), defined
by collagen >60◦ perpendicular to the tumor boundary, predicts
worse overall survival of breast cancer patients [23, 24].

Fibroblasts

Fibroblasts are stromal cells that are critical to maintaining
the ECM and overall homeostasis of the mammary gland.
The fibroblasts of breast cancer tissue acquire an activated
phenotype, upregulating expression of proteins such as smooth
muscle-alpha actin and fibroblast activation protein [25]. The
activated fibroblasts of breast cancer tissue, referred to as
cancer-associated fibroblasts, secrete elevated levels of ECM pro-
teins and pro-tumorigenic factors that contribute to the fibrosis
and collagen-associated signatures observed in late-stage breast
cancers [24]. Fibroblasts can also be activated by exogenous
factors, which can contribute to cancer development. In the
1990s, Barcellos-Hoff and colleagues discovered that ionizing
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Figure 1. The normal and cancerous mammary microenvironment. The transition from a normal to cancerous mammary gland is characterized by changes in both the

epithelium and stroma. The ductal epithelium becomes hyperplastic, the myoepithelial layer is lost, and the basement membrane is degraded. The stromal cell types

become activated, immune cells infiltrate to the area, and angiogenesis is increased.

radiation damages and activates fibroblasts, stimulating the
irradiated fibroblasts to secrete elevated levels of growth factors
and hormones [26, 27]. Her group later found that mammary
epithelial cells grafted into irradiated mammary gland stroma
form more aggressive breast cancers at a faster rate, compared
to cells grafted into sham-irradiated hosts [28].

Adipose tissue

Adipocytes (i.e. fat cells) are a major component of the normal
mammary gland, where they store energy and secrete a
collection of growth factors and pro-inflammatory cytokines
collectively referred to as adipokines. In contrast to the normal
mammary gland where adipocytes are abundant, the stroma
of breast cancer tissue contains mostly immune cells and
fibroblasts [29]. Experimental studies have found that adipocytes
decrease in size, become delipidated, and acquire a fibroblast-
like morphology when exposed to secreted factors from
cancer cells, suggesting that a portion of the cancer-associated
fibroblasts observed in breast cancer are derived from adipocytes
[30]. Cancer-associated adipocytes secrete adipokines such as
TNFα, IL-6, and leptin, stimulating cancer cell invasion and
proliferation [31, 32].

In addition to mature adipocytes, breast adipose tissue con-
tains adipose stromal cells, a term that refers to a heterogenous
mixture of fibroblast-like cells encompassing adipose fibroblasts
and adipose stem cells [33]. Similar to fibroblasts, the soluble
factors secreted by cancer cells can transform adipose stromal
cells into cancer-associated fibroblasts, stimulating the cells to
produce elevated levels of cytokines, growth factors, and ECM
proteins [34].

Vasculature

Cancer cells and activated stromal cells secrete pro-angiogenic
factors such as vascular endothelial growth factor (VEGF) that
stimulate the endothelial cells that line blood and lymphatic
vessels, thereby inducing angiogenesis and lymphangiogenesis
[35]. The new blood vessels provide cancer cells with oxygen

and metabolites, which is critical for the progression of high-
grade tumors as their cores become hypoxic, acidic, and nutri-
ent deprived [36]. Pericytes, which provide structural support to
blood vessels, are decreased in late-stage breast cancers. Blood
vessels that exhibit poor pericyte coverage are more prone to
leakiness and excessive sprouting [37, 38]. While lymphatic and
blood vessels are both routes of metastasis for breast cancer,
breast cancer cells more commonly utilize the lymphatic system
[39, 40].

Immune cells

Macrophages are recruited to tumors in response to elevated
levels of CSF1, CCL2, and CCL8 and can comprise up to 50% of a
breast tumor’s volume [41]. The tumor-associated macrophages
(TAMs) observed in breast cancer exhibit an M2-like phenotype,
secreting immunosuppressive factors which prevent the recruit-
ment of T cells and other immune cells [42, 43]. TAMs also
secrete factors that promote the metastasis and proliferation of
cancer cells, as well as angiogenic factors [44]. Other immune
cell subpopulations, such as natural killer cells [45, 46], neu-
trophils [47], and T cells [48, 49], also exist within the breast
cancer microenvironment and are important to breast cancer
progression but are beyond the scope of this review.

Breast cancer is influenced by the ratio
of stromal cell types

Due to the impact that each cell type has on cancer progres-
sion, it is unsurprising that the ratios of different mammary
cell types correlates with cancer outcome. For example, breast
cancer patients whose tumors contain a high density of TAMs
have a worse prognosis [50]. Decreased pericyte coverage is cor-
related with poor patient survival [37], and the number of nerve
fibers is increased in invasive breast cancers [51]. Costa and
colleagues identified four subtypes of cancer-associated fibrob-
lasts in breast cancer tissue and identified correlations between
the CAF subtypes and cancer subtype and histological grade
[52]. Furthermore, the cellular composition of normal mammary
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Figure 2. The mammary gland interactome. Each component of the microenvi-

ronment communicates with the breast cancer cell, as well as with one another.

tissue influences breast cancer risk: women whose breast tissue
is composed mostly of adipocytes have a lower risk of breast
cancer compared to women with dense breast tissue or breast
tissue that has a large proportion of fibroblasts and epithelial
cells [53].

Summary

As illustrated above, there is a complex interplay between cancer
cells and each component of the microenvironment: cancer cells
induce an activated phenotype in stromal cells, and cancer-
associated stromal cells send signals back to cancer cells to
fuel their growth and invasiveness [54]. Similarly, cancer cells
secrete factors that remodel the ECM, and the ECM regulates
cancer cell invasion [22]. Components of the microenvironment
also modify the behavior of one another; both fibroblasts and
cancer cells secrete proteases that degrade the ECM, release pro-
inflammatory signals that recruit macrophages, and stimulate
angiogenesis by secreting angiogenic factors such as VEGF [55–
58]. The dynamic cross talk between the cancer cell and each
microenvironmental component, as well among components
of the microenvironment, is integral to the development and
progression of breast cancer (Fig. 2). With this in mind, it is
unsurprising that breast cancer cells cultured in a traditional in
vitro culture model respond to chemicals differently than those
grown in their native microenvironment [59].

TOOLBOX OF IN VITRO CULTURE PLATFORMS

A major advantage of in vitro platforms over in vivo platforms
is the ability to precisely control experimental conditions. For
this reason, it is easy to understand why most in vitro studies
use a simple platform consisting of an immortalized cell line
cultured on a flat plastic surface: experimental results are easy
to interpret, as the variables affecting cell interactions are well
defined. However, due to the growing recognition that in vitro
platforms often fail to predict in vivo responses, a variety of
strategies have been developed to better recapitulate in vivo
biology [60]. Here, we discuss approaches used to improve in vitro

breast cancer models, such as the inclusion of primary cells,
tissue architecture, and stromal cells. We also summarize the
advantages offered by microphysiological models and ex vivo
systems. Table 1 provides examples of these different tools and
some of their advantages and disadvantages.

Immortalized and primary cells

Most in vitro breast cancer studies are conducted using immor-
talized cell lines because they replicate indefinitely and are easy
to culture. However, while the genetic profiles of breast cancer
cell lines generally reflect the profiles of breast tumors, immor-
talized cell lines poorly recapitulate the heterogeneity observed
within tumors and between different patients [61]. Most breast
cancer cell lines are derived from metastatic tumors, so cell lines
that model early-stage breast cancer are limited. In addition,
while estrogen receptor (ER)-positive breast cancer accounts for
the majority of breast cancer cases, most breast cancer cell lines
are ER-negative [61, 62]. We expect that immortalized stromal
cells suffer from similar issues, and do not recapitulate the
heterogeneity of stromal cells seen in vivo [52, 63]. Furthermore,
as stromal and cancer cells vary dramatically from patient-
to-patient, co-culturing primary tumor and stromal cells from
the same patient may better represent patient-specific drug
responses, in comparison to culturing the primary tumor cells
alone or with stromal cell types derived from a different individ-
ual. While there are clear advantages to utilizing primary cells,
primary cells are difficult to acquire, and they lose their in vivo
phenotypes after a few passages [64]. Consequently, the goal of
the experiment should dictate whether immortalized cells or
primary cells are more appropriate. For instance, immortalized
cell lines may be more useful for hypothesis-generating studies
or chemical screens, while primary cells may be more valu-
able for validation or experiments that study patient-specific
responses.

Tissue architecture

While researchers originally overlooked the impact of the
structural environment on cell behavior, landmark studies
by Mina Bissell’s lab and others revealed that culturing cells
in 3D uncovers striking differences in the phenotypes of
normal and cancerous breast epithelial cells. When grown as
2D monolayers, non-tumorigenic and cancerous mammary
epithelial cell lines appear morphologically similar. However,
when grown in a reconstituted basement membrane (rBM,
e.g. Matrigel), non-tumorigenic cell lines organize into growth-
arrested polarized lumens, while cancerous cell lines form
disorganized proliferative colonies [65]. This led to a multitude
of publications that reported striking differences in cell behavior
when cells are grown in matrices compared to when cultured on
plastic [66–68].

To increase the structural relevance of platforms, researchers
culture cells on top of matrices (2.5D cultures), independent of
matrices (anchorage-independent), or embedded in matrices
(3D cultures) [69]. In these platforms, breast epithelial cells self-
organize into ductal structures or solid spheres (e.g. spheroids),
collectively referred to as organoids, and thus provide a more
structurally relevant environment to model preinvasive disease.
Multiple groups have generated patient-derived mammary
organoids to test potential cancer therapeutics in vitro and have
thereby more closely recapitulated the heterogeneity in patient
responses that is observed in the clinic [70–72].



Morgan et al. 25

Table 1. Culture strategies that move beyond standard 2D monocultures.

Cell input Advantages Disadvantages Examples

Primary cells -Recapitulates heterogeneity
observed in tumors and between
patients

-Dependent on the availability of
primary tissue

-Challenging to maintain
phenotype in long-term culture

Hopkinson et al., 2017
Costa et al., 2018
Morgan et al., 2019

Stromal cells -Paracrine signals induce biological
pathways to behave more similar
to in vivo
Example: fibroblasts encourage
differentiation of epithelium and
cell polarity

-Can be challenging to separate
different cell types

-Media must be compatible with
all cell types

Sung et al., 2013
Carter et al., 2017
Nash et al., 2015

Culture systems Advantages Disadvantages Examples

3D matrices -Incorporates mechanical and
biological signals from the
extracellular matrix

-Better represents differences
between normal and cancerous
cells

-Can be difficult to isolate and
analyze cells

-Natural matrices can vary batch
to batch

Gudjonsson et al., 2002
Nelson et al., 2006
Nguyen et al., 2017

Microphysiological
systems

-Less reagents and cells needed per
sample

-Can incorporate defined culture
areas, geometry, gradients, and
structure

-High cell to media volume
increases sensitivity of paracrine
signaling

-Can be technically challenging to
fabricate and use

-Small number of cells used per
device can lead to a poor
reflection of tumor
heterogeneity

Chen et al., 2016
Ayuso et al., 2018
Domenech et al., 2009

Ex vivo systems -Extracellular matrix,
microenvironment, and/or tissue
structure is preserved and is
native to the tissue of interest

-Dependent on availability of
primary tissue

-Less control over experimental
variables

-Generally measured via
low-throughput techniques
such as microscopy

Dunne et al., 2014
Vaira et al., 2010
Dean et al., 2012

Further studies revealed that researchers should carefully
consider the type and composition of the matrix used in their
in vitro model. When non-tumorigenic mammary epithelial cells
are grown in rBM, they form polarized, hollow lumens. However,
when the same cells are grown in collagen, they exhibit reverse
polarity or no polarity [73]. In addition, changing the stiffness
or geometry of the matrix can change cell behavior [74–76]. For
example, mesenchymal stromal cells differentiate into cancer-
associated fibroblasts when cultured on a stiff collagen matrix
[77]. Other studies that compared hydrogels of varying stiff-
nesses found that plasticity influences breast cancer cell pro-
liferation, invasion [78], and metabolism [79]. This demonstrates
similarities to in vivo studies that show a correlation between
increased stromal collagen and tumor formation and metastasis
in mice [80–83].

Unfortunately, incorporating matrix proteins into in vitro
models introduces technical challenges. Cells that are embedded
in matrices are less accessible to antibodies and are harder
to image and isolate, making qPCR, microscopy, and flow
cytometry difficult. To make cells more accessible for these
analyses, researchers have designed systems in which cells are
cultured on top of matrices rather than within matrices [82].
Another point of difficulty is that natural matrices such as rBM
can vary considerably lot to lot, which can negatively impact
experimental reproducibility. As such, researchers have turned
to synthetic matrixes, such as polyethylene glycol (PEG), because

they have well-defined chemistries and are highly reproducible.
While biologically inert, synthetic matrices can be modified
to better mimic the biological and mechanical properties of
natural matrices [84, 85]. For instance, PEG hydrogels can be
designed to include the RGD motif that is present in some
ECM proteins [86]. The utility of synthetic vs. natural hydrogels
has been demonstrated in the context of drug screening:
Murphy and colleagues demonstrated that endothelial cells
grown on PEG hydrogels are more sensitive to anti-angiogenic
chemicals and have more reproducible responses compared
to those grown on rBM [83]. While synthetic matrices offer
enhanced reproducibility, the trade-off is that they lack the
biological complexity offered by natural matrices. Therefore,
synthetic hydrogels may be a better choice for studies that need
high reproducibility such as high-throughput drug screening
experiments, while natural matrices may be more beneficial
for studies that utilize biologically sensitive samples, such as
primary cells.

Stromal cells

As described above, each stromal cell type of the mammary
microenvironment regulates cancer progression. Moreover, they
modulate cancer cell function by multiple mechanisms, includ-
ing secreted proteins and direct contact. Several strategies have
been developed to study the effect of stromal cells on cancer



26 Integrative Biology, 2020, Vol. 12, No. 2

cell behavior, largely through the use of conditioned media,
compartmentalized co-culture systems, and direct co-culture
systems [69]. As there are trade-offs with each type of co-culture
method, the preferred strategy varies based on the experimental
question.

Researchers sometimes co-culture cells embedded in or on
top of matrix proteins and in doing so have revealed dramatic
differences in cancer cell behavior when co-cultured with stro-
mal cells in 2D compared to 3D. Multiple studies have found
that breast cancer cell invasion is increased when co-cultured
with fibroblasts in 3D as compared to 2D, as fibroblasts in 3D
rearrange the ECM and secrete higher levels of cytokines [87].
Stromal cells have also been shown to direct the organization
of mammary epithelial cells grown in 3D. As described above,
benign breast epithelial cell lines are polarized when grown in
rBM but fail to polarize when grown in collagen. As stromal cells
are important to mammary gland homeostasis, Gudjonsson et
al. hypothesized that myoepithelial cells would be sufficient to
induce polarity in collagen organoids. When myoepithelial cells
were included in the collagen matrix that housed the luminal
epithelial cells, the epithelium organized into a polarized struc-
ture that appeared morphologically similar to cells grown in rBM
[73]. A later paper compared the organization of mixed lumi-
nal/myoepithelial cultures when grown in a 3D collagen gel or
rBM. Myoepithelial and luminal epithelial cells grown in collagen
organized into a bilayered structure, where myoepithelial cells
laid against the basement membrane and luminal epithelial cells
lined the inner lumen. However, the two cell types did not self-
organize when grown in rBM; instead, luminal and epithelial
cells were randomly organized throughout the organoid [88].
Several other groups have found that stromal cell types regulate
the tissue morphogenesis of mammary epithelial cells grown
in 3D; in many cases the structures developed in co-culture
were more complex than structures developed in monoculture
[89–91].

Microphysiological models

One challenge with increasing the complexity of in vitro models
is that standard culture platforms (e.g. well plates) offer limited
control over the culture environment. For example, the majority
of 3D breast cancer models rely on cancer cells to self-assemble
into luminal structures, which can be inefficient as in some
scenarios only a small percentage of samples will undergo struc-
tural morphogenesis and/or the structures vary dramatically in
shape or size [92]. In addition, when studying stromal–epithelial
interactions, cells are typically mixed together or layered on top
of one another, while in the mammary gland, the spatial orga-
nization of cells is tightly regulated. Consequently, microfluidic
platforms are increasingly popular due to enhanced control over
the culture environment [93].

Microfluidic platforms culture cells and tissues at the physio-
logical scale, where the dimensions of microfluidic devices range
from micrometers to millimeters. Microfluidic platforms are
highly modular as they are fabricated using cheap and easy to
modify materials; microfluidic platforms can incorporate mul-
tiple culture areas, diffusion channels, gradients, and/or struc-
tures [94]. Our lab uses a microfluidic platform to culture a
biomimetic mammary duct surrounded in a collagen matrix
containing stromal cells, which is similar to the organization of a
normal or premalignant mammary gland [95, 96]. We found that
this system could model the gradients of hypoxia and nutrient
deprivation that are seen in DCIS tissues in vivo; the metabolic
phenotypes of the cells varied from the lumen perimeter to

the center, and tirapazamine, a drug that induces DNA damage
under hypoxic conditions, was highly toxic to the ductal core
and had little effect on the edges of the ducts [95]. The tem-
poral control enabled by microphysiological models also eases
the study of paracrine signaling that would be challenging to
evaluate in traditional in vitro models; for example, our lab
has developed microfluidic models that cultures cells in nearby
compartments, allowing different cell types to be added and/or
removed at different distances and times [97, 98]. Kamm and col-
leagues have developed several microphysiological models that
culture metastatic microenvironments adjacent to a biomimetic
vasculature; cancer cells can be added to the vasculature and
monitored for extravasation into the bone microenvironment
[99, 100]. In addition to increased spatial and temporal con-
trol, microfluidic platforms require small amounts of cells and
reagents, which can be advantageous when working with pri-
mary cells or expensive matrix proteins. The high surface area
to volume ratio in microfluidic platforms also increases the sen-
sitivity of paracrine signaling: there is less medium volume per
cell, which results in a higher concentration of secreted factors
[101].

While there are clear advantages to utilizing microfluidic
models, most of these platforms are in their infancy, and future
studies are needed to confirm if they recapitulate human
responses more faithfully than traditional culture platforms. In
addition, microfluidic devices can be technically challenging
to learn, are relatively low throughput to build, are usually
constructed by academic labs, and, as such, are not commercially
available [102]. Further, the small amounts of cells used per
device can lead to a poor reflection of tumor heterogeneity.
The emergence of bioprinting may overcome some of these
concerns. Bioprinting eases the construction and use of complex
microphysiological models, as multiple types of materials and
cell types can be printed simultaneously [103]. Altogether,
commercializing platforms to decrease variability and increase
usability will be essential for the widespread adoption of
microscale platforms.

Ex vivo systems

The above strategies involve combining cells or matrix proteins
from different sources to create an in vitro model. However, the
organization and composition of a tissue is complex, and it is
consequently challenging to accurately recapitulate tissues in
vitro. To combat this issue, some researchers perform in vitro
studies in ex vivo systems that preserve the native tissue archi-
tecture: tumor explants or decellularized tissues.

Tumor explants are tumors that are removed from patients,
sectioned, and then cultured in vitro. The cells of these ex vivo
models can be evaluated in a system where the tissue architec-
ture, cellular composition, and microenvironment of the tumors
remain intact [104, 105]. A different approach is to decellularize,
or remove cells from, a tissue or organ and then use the tissue
scaffold as the base model for cell seeding. For instance, one
group decellularized subcutaneous adipose tissue and seeded
breast cancer cells in the scaffold to create a physiologically
relevant drug testing model [106]. Utilizing decellularized tissues
is advantageous because extracellular matrices differ by disease
state and by cancer, which creates challenges when mimicking
native microenvironments in vitro. The major drawbacks of these
ex vivo systems are that they are limited by the availability of
patient samples, experimental parameters are more difficult to
control, and their responses are generally measured via low-
throughput techniques such as microscopy.
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EXAMPLES OF CHEMICAL INTERACTIONS
THAT ARE REGULATED BY THE
MICROENVIRONMENT

Due to the myriad of effects that the microenvironment has
on cancer cell behavior, the responses of cancer cells to
chemicals can differ dramatically depending on the surrounding
microenvironment. In addition, some chemicals that target
the microenvironment directly, such as immunotherapies or
aromatase inhibitors, cannot be evaluated when cancer cells are
grown alone. To illustrate this point, we provide examples of
chemical interactions in the mammary gland that are regulated
by the microenvironment.

Stromal cell modulation of targeted therapy resistance

A number of studies have found that stromal cells regulate the
expression of ER alpha, a nuclear receptor protein that controls
breast cancer cell proliferation in approximately 75% of breast
cancer cases [96, 107]. One study found that stromal cells that
lack the cell surface marker CD146 enhance ER-independent
growth in breast cancer cells via activation of the EGFR, HER2,
and IGF1R pathways. By inducing ER-independent growth,
CD146− cells confer resistance to tamoxifen, an ER antagonist
used to treat breast cancer. Interestingly, the authors showed
that an epithelial gene signature indicative of a high percentage
of CD146- fibroblasts is predictive of decreased recurrence-free
survival in breast cancer patients treated with tamoxifen [108].

Stromal cell modulation of apoptosis in
breast cancer cells

Triple-negative breast cancer (TNBC) accounts for approximately
15% of all breast cancers and can be organized into differ-
ent subtypes. The mesenchymal subtype (M) and the basal-
like subtypes (BLS) of TNBC differ in chemotherapeutic resis-
tance: the mesenchymal subtype of TNBC exhibits higher resis-
tance to chemotherapies in comparison to the BLS of TNBC
[109]. Interestingly, when M and BLS cell lines were grown as
a monoculture and exposed to breast cancer chemotherapeu-
tics, they did not segregate by chemotherapeutic resistance.
However, when the cancer cell subtypes were co-cultured with
fibroblasts, they responded to chemotherapeutics similarly to
what is observed clinically. While the mechanism is not entirely
understood, the authors found that the fibroblasts differen-
tially altered apoptotic priming depending on the TNBC subtype
[110].

Chemotherapeutic-induced activation of fibroblasts

Recently researchers found that exposure to doxorubicin, 4-
hydroxy-cyclophosphamide, and paclitaxel induce an activated
phenotype in human mammary fibroblasts. When co-cultured
with chemotherapy-treated fibroblasts, breast cancer cells
exhibited more proliferative and invasive behavior compared
to those co-cultured with vehicle-treated fibroblasts [111]. This
finding has been observed by other breast cancer researchers
[112] as well as in other types of cancer [113, 114]. Importantly,
adjusting the dosing paradigm was sufficient to prevent
fibroblast activation: treatment of fibroblasts with a low dose
of chemotherapy for 10 days rather than a high dose for
1 day prevented fibroblast activation [111]. This data has
prompted some authors to hypothesize that therapeutics that

prevent fibroblast activation would decrease the incidence of
chemotherapeutic resistance [58].

Matrix proteins mediate drug responses

It is well-accepted that cells grown in 3D show different drug
responses as compared to those grown on plastic. For instance,
primary breast cancer cells are dramatically less sensitive to
the breast cancer therapeutic trastuzumab when cultured on
plastic, compared to when grown on collagen I, collagen III,
or rBM [115]. In addition, the composition and stiffness of the
matrices used in in vitro models influence drug responses. Breast
cancer cells grown in high-density collagen are more resistant
to the ER antagonist 4-hydroxytamoxifen, compared to when
grown in low-density collagen [76]. HER2+ breast cancer cells
grown on the basement membrane protein laminin-5 are less
sensitive to trastuzumab, compared to when grown on plastic,
collagen I, or fibronectin [116]. These findings underscore the
importance of the ECM composition in in vitro drug testing
systems.

Microenvironmental regulation of hepcidin expression

Hepcidin is a hormone that contributes to breast cancer progres-
sion via the regulation of iron metabolism [117]. A recent study
found that hepcidin expression differs dramatically depending
on the culture condition. Compared to 2D cultures, breast
cancer cells grown as spheroids exhibited markedly higher
levels of hepcidin mRNA and protein and increased iron
retention. Through a series of mechanistic studies, the authors
concluded that the BMP signaling pathway was activated when
breast cancer cells were grown as spheroids, which caused
hepcidin to be regulated by growth differentiation factor 15 (GDF-
15). The expression of hepcidin and GDF-15 were correlated
in human breast cancer tissue, while no relationship was
observed between hepcidin and GDF-15 when breast cancer
cells were cultured in 2D. The authors also found that breast
cancer cells grown as spheroids exhibited an even higher
hepcidin expression when co-cultured with fibroblasts, as
fibroblasts secreted IL-6 which induces hepcidin expression in
breast cancer cells. Interestingly, IL-6 had no effect on hepcidin
expression when breast cancer cells were cultured in 2D [118].
This study provides a clear example of a signaling pathway that
is differentially activated when breast cancer cells are cultured
in 3D as compared to 2D.

Environmental obesogens target adipocytes

Some environmental chemicals have been found to alter the
differentiation and/or proliferation of adipocytes, primarily by
interacting with the master regulators of lipogenesis PPARy
and RXR. Named after their ability to alter body weight,
obesogens are an emerging area of research in toxicology [119].
Several types of environmental chemicals have been implicated
as obesogens, including organotin compounds, phthalates,
perfluoroalkyl compounds, and bisphenols [120]. Obesogens are
relevant to the breast cancer field because obesity is associated
with an increased risk of developing breast cancer. While the
mechanisms are not understood, signals from the adipose
microenvironment are thought to be primarily responsible:
adipocytes secrete hormones and cytokines, coined adipokines,
which are upregulated in obese individuals and are mitogenic to
breast cancer cells [121, 122]. Consequently, some authors have
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hypothesized that obesogens can indirectly increase breast
cancer risk or progression by altering the adipose stroma [123].

Modulation of aromatase in adipose stromal cells

The primary source of estrogen in the mammary gland of post-
menopausal women is adipose stromal cells. Mammary adipose
stromal cells produce the enzyme aromatase, which metab-
olizes androgens to estrogens [124]. Like many potential tar-
gets in the cancer microenvironment, aromatase is a target
of both breast cancer therapies and environmental chemicals:
aromatase inhibitors letrozole and anastrozole are the first-
line treatment for postmenopausal women with ER+ breast
cancer [125], and several chemicals present in pesticides and
plasticizers modulate aromatase expression [126]. Some envi-
ronmental chemicals that target ER also modulate aromatase
expression [127]; since aromatase controls estrogen production,
these chemicals could lead to synergistic or neutralizing effects
on ER signaling. While aromatase studies have mostly been
limited to in vivo studies, the inclusion of adipose stromal cells
in in vitro breast cancer models would provide a more tractable
approach. We recently co-cultured adipose stromal cells with
breast cancer cells in a microphysiological breast model to study
the mechanisms responsible for the increased risk of aromatase
inhibitor resistance in obese women, and we showed that the
type of co-culture platform determines the response of cells to
the aromatase inhibitor anastrozole. When incorporated into
the microphysiological model, mammary adipose stromal cells
derived from obese women increased resistance to anastrozole
as compared to lean-derived stromal cells. In contrast, no dif-
ference in anastrozole resistance was detected between the two
groups when they were evaluated in a 2D co-culture platform
[128].

Another factor to consider when evaluating aromatase mod-
ulators is inflammatory cells. Under chronic states of inflamma-
tion such as obesity, the pro-inflammatory cytokines secreted by
immune cells are hypothesized to enhance aromatase expres-
sion in mammary stromal cells, leading to aromatase inhibitor
resistance [129]. In support of this hypothesis, in vitro studies
have found the conditioned media from macrophages increases
aromatase expression in adipose stromal cells [130]. Another
study found that the frequency of crown-like structures formed
by macrophages correlates with aromatase expression in adi-
pose stromal cells of human mammary tissue, further support-
ing the importance of macrophages on aromatase expression in
breast cancer [131].

Immune-targeted therapies

In response to an increased understanding of the interactions
between the immune system and cancer progression, scientists
have developed a variety of therapeutic strategies that target
immune cell types such as T cells, natural killer cells, and/or
macrophages. As TAMs typically exhibit an anti-inflammatory
phenotype that deters the recruitment and activation of T
cells [43, 132], researchers have developed therapies that either
prevent the infiltration of TAMs or repolarize TAMs to a pro-
inflammatory phenotype. For example, anti-CCL2 antibodies
prevent the recruitment of inflammatory monocytes, inhibit
metastasis, and prolong the survival of mice with breast
cancer [133]. A more recent study showed that PI3Kγ inhibition
promoted a pro-inflammatory phenotype in macrophages and
enhanced T-cell-mediated cytotoxicity, which led to a decrease
in tumor growth and metastasis of murine breast tumors [134].

Other immune therapies directly target T cells to increase their
cytotoxicity. For example, in CAR-T therapy, T cells are harvested
from a patient and genetically engineered to express chimeric
antigen receptors (CARs), which improves the T cells’ ability
to recognize cancer cells. These CAR-T cells are then infused
back into the patient [135]. While tremendous progress has
been made in the immune therapy field, a major challenge
with assessing immune therapies is that studies are largely
limited to humans or animal models, as traditional in vitro
systems are incapable of modeling these complex multicellular
interactions. However, recent advances in engineering and
cellular biology have enabled researchers to co-culture immune
cells and cancer cells in vitro. For example, Wallstabe et al. [136]
utilized a microphysiological breast cancer model to evaluate the
therapeutic effect of CAR-T cells on breast cancer cells in vitro.
The development of in vitro models that can model immune–
cancer cell interactions will certainly improve understanding of
the effects that immune therapies have on breast cancer.

Stromal mediation of fibroblast growth factor receptor

Fibroblast growth factor receptor (FGFR) is frequently dysreg-
ulated in several types of cancer, where activation of FGFR
increases the proliferation of cancer cells and stimulates
resistance to several types of cancer therapies. While the
mechanisms can vary, cancer-associated stromal cells secrete
elevated FGFs, which activates FGFR increasing drug resistance
[137]. For example, FGF2 secreted by adipocytes and cancer-
associated fibroblasts increases resistance to anti-VEGF therapy,
and inhibition of FGF signaling restores drug sensitivity [138]. A
different study found that cancer-associated fibroblasts secrete
FGF5, which increases the number of cancer stem cells and
induces resistance to chemotherapies [139]. These findings
have increased interest in co-administrating FGFR inhibitors
with standard cancer drugs to prolong therapeutic sensitivity.
As FGFs secreted by macrophages and fibroblasts enhance
resistance to FGFR inhibitors in vitro [140], co-culture systems
that utilize patient-matched stromal and cancer cells may be
useful for predicting if an individual is a good candidate for
FGFR inhibitors.

CONSIDERATIONS FOR THE DESIGN
OF IN VITRO MODELS

There is a delicate balance between the complexity and
simplicity of any model system. As additional components are
integrated into a platform, the model becomes more resource
intensive, and responses become difficult to interpret. Ideally,
a researcher would use the simplest possible model system
that predicts human responses to chemicals. However, there
are many strategies to build an in vitro model, and the ideal
approach is often unclear. Consider a situation in which a
researcher wants to develop an in vitro model and is deciding
between a platform that contains no matrix proteins, collagen,
or rBM, as well as a monoculture or co-culture; in this scenario
there are six combinations to choose from. If the researcher
also considers a macroscale or microscale platform, there are 12
options. When the variety of cancer subtypes, cell types, and life
stages are included in the decision, there are an infinite number
of possibilities. Pinpointing the best components to include in a
model and which responses will best predict human physiology
is an ongoing challenge. In this section, we discuss the factors to
consider when choosing an in vitro system for chemical testing.
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The significance of the microenvironment ultimately
depends on the question being asked. Breast cancer is a
heterogeneous disease encompassing multiple subtypes that
differ in signaling and progression [141], and chemicals vary
in the pathways that they target. Therefore, the importance of
the microenvironment should be evaluated case by case as the
significance depends on the context, such as the chemical and
endpoint being evaluated, and the cancer subtype and stage. For
instance, a simple 2D monoculture platform is an ideal system
to test if a chemical activates a receptor in a given cell type
or to gain a basic understanding of a chemical’s cytotoxicity.
However, in vitro models that incorporate microenvironmental
components are often needed when deciphering the more
complex effects of a chemical, such as if the chemical alters
metabolism in addition to receptor binding or if the chemical
targets multiple cell types [128]. For instance, co-culture systems
may be better equipped for understanding the efficacy of drugs
that target paracrine interactions (e.g. aromatase inhibitors,
FGF inhibitors) or are influenced by paracrine interactions
(chemotherapeutics, ER antagonists).

This point is underscored in ‘Examples of chemical inter-
actions that are regulated by the microenvironment’ where we
provided examples of different scenarios where models of vary-
ing degrees of complexity were needed to recapitulate in vivo
responses. For example, in ‘Stromal cell modulation of targeted
therapy resistance’ and ‘Stromal cell modulation of apoptosis
in breast cancer cells’, a co-culture (rather than a monocul-
ture) was needed to mimic breast cancer cell responses to ER
antagonists and chemotherapies, respectively. In ‘Stromal cell
modulation of apoptosis in breast cancer cells’, the authors did
not observe dramatic differences in apoptosis when the cells
were co-cultured in 2D compared to in 3D; a 2D co-culture was
sufficient for modeling the clinical outcome. However, in ‘Modu-
lation of aromatase in adipose stromal cells’, we discussed a case
where a 3D co-culture better recapitulated in vivo biology than
a 2D co-culture: while cancer cells responded similarly to the
aromatase inhibitor anastrozole when co-cultured with adipose
stromal cells derived from lean and obese women in 2D, co-
culturing the same cells in an organotypic co-culture system seg-
regated the anastrozole responses of the lean and obese donors.
The take-home message from these case studies is that the
perfect model system will vary depending on the experimental
question.

To inform the design of future model systems and help
define the scenarios in which the microenvironment is needed,
we must increase understanding of the influence that the
microenvironment has on breast cancer development and
chemical responses. Studies must assess if more complex in
vitro models respond to chemicals differently than traditional in
vitro models and whether the response is predictive of what
is seen clinically in humans. Because failure to compare to
standard culture models stunts the ability to determine if
a more complex microenvironment is needed, researchers
that evaluate chemicals in a complex in vitro platform should
concurrently evaluate chemicals in a traditional in vitro
model.

In vitro responses must also be compared directly to human
data to validate that the responses observed in vitro are reflective
of human responses. Models for pharmaceutical research can be
validated by conducting in vitro studies using clinical samples
alongside, or retrospectively, with clinical trials. For example,
Hans Clevers’ group validated their organoid models by compar-
ing chemical responses observed in patient-derived organoids
to clinical data, which revealed that the organoids responded

to tamoxifen similarly to their respective donors [70]. Compar-
ison of responses of human and experimental models is more
difficult when evaluating chemicals for their ability to increase
cancer risk. While results can be compared to animal stud-
ies, critical differences between the physiology of animals and
humans present uncertainties when extrapolating these data
across species. Consequently, validating in vitro data regarding
chemical risk factors is limited to studying accidental or occupa-
tional exposures, which can be challenging to analyze since the
dose, exposure duration, and other factors are usually unclear.
Comparing data about unknown chemicals to well-characterized
chemicals, such as pharmaceuticals, is one strategy to validate
chemical hits.

In summary, the ideal chemical testing system is the simplest
model that can accurately predict human responses to chemi-
cals. Known information about the experimental parameters can
be harnessed to help decide if a more complex in vitro model
is needed to predict the effects of a chemical. The chemical
responses observed in the complex in vitro model should be
compared to a simple in vitro model, as well as to human data,
to help determine which model system should be used for
chemical testing.

SUMMARY

Accumulating evidence suggests that the in vitro tools used
to study breast cancer are often too simple to recapitulate in
vivo responses; this hinders our ability to predict the effects of
chemicals on breast cancer risk and progression. Advances in
tissue engineering and cancer biology have enabled researchers
to integrate components of the microenvironment into in vitro
platforms, which has shown that the in vitro microenviron-
ment strongly influences how cancer cells respond to chemi-
cals. Future studies are needed to determine the effect of the
microenvironment on xenobiotic responses and to define the
scenarios where complex in vitro models are needed to better
understand chemical actions. We expect that further work in
elucidating the relevant factors in in vitro systems will undoubt-
edly provide great strides in breast cancer research.
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