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Abstract
Tumor microenvironment is a complex niche consisting of cancer cells and stromal cells in a

network of extracellular matrix proteins and various soluble factors. Dynamic interactions

among cellular and non-cellular components of the tumor microenvironment regulate tumor

initiation and progression. Fibroblasts are the most abundant stromal cell type and dynam-

ically interact with cancer cells both in primary tumors and in metastases. Cancer cells

activate resident fibroblasts to produce and secrete soluble signaling molecules that sup-

port proliferation, migration, matrix invasion, and drug resistance of cancer cell and tumor

angiogenesis. In recent years, various forms of three-dimensional tumor models have been

developed to study tumor–stromal interactions and to identify anti-cancer drugs that block

these interactions. There is currently a technological gap in development of tumor models

that are physiologically relevant, scalable, and allow convenient, on-demand addition of

desired components of the tumor microenvironment. In this review, we discuss three stud-

ies from our group that focus on developing bioengineered models to study tumor-stromal

signaling. We will present these studies chronologically and based on their increasing com-

plexity. We will discuss the validation of the models using a CXCL12-CXCR4 chemokine-

receptor signaling present among activated fibroblasts and breast cancer cells in solid

tumors, highlight the advantages and shortcomings of the models, and conclude with our

perspectives on their applications.
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Introduction

Tumor microenvironment

Solid tumors consist of a mass of neoplastic cells sur-
rounded by stromal cells including fibroblasts, immune
cells, and endothelial cells embedded in an extracellular
matrix (ECM).1,2 These cohorts of cells, their secreted fac-
tors, and the ECM are referred to as the tumor microenvi-
ronment (TME).3 Contact-mediated or soluble factor-
dependent signaling among the cellular and non-cellular
components of the TME lead to mechanical and biochemi-
cal interactions among these components. While

interactions of epithelial cells with their environment in
normal tissues are critical to homeostasis, interactions of
epithelial cancer cells with the TME facilitate tumor
growth and subsequent processes that very often lead to
metastatic dissemination of cancer cells. Due to the role of
interactions among various components of the TME in
tumor growth and progression, the TME is considered a
key regulator of tumorigenesis.4 Studies show that during
tumor progression, genetic profiles of both tumor and stro-
mal cells change.5–7 These genetic instabilities can drive
abnormal paracrine interactions between tumor and
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stromal cells, causing tumor cells to proliferate, invade the
stroma, and metastasize.

Stromal cells in solid tumors

During tumor progression, cancer cells recruit stromal cells
such as fibroblasts, immune cells, pericytes, mesenchymal
stem cells, and endothelial cells into the TME and increase
its cellular heterogeneity.8 These recruited stromal cells
change their phenotypes to provide a tumorigenic niche
for cancer progression. For example, macrophages convert
into tumor-associated macrophages (TAMs) that promote
tumor cell dissemination through angiogenesis, invasion,
and metastasis.9,10 It is important to note that TAMs also
have tumor killing properties through presenting tumor
antigens to cytotoxic T-cells.11 Endothelial cells in the
TME also transform into fibroblast-like cells with increased
expression of alpha smooth muscle actin (aSMA).12

Transformed endothelial cells may express a normal endo-
thelial cell marker, CD31, but contain genetic abnormalities
with aneuploid cells and abnormal centrosomes.13 These
cells have been found to release from primary tumors
and co-migrate with tumor cells in the blood stream to
distal sites.14,15

Among different stromal cells, fibroblasts play pivotal
roles in initiation and progression of epithelial tumors. In
normal tissues, fibroblasts are present in the stroma, depos-
it ECM proteins such as collagen and fibronectin,16 and
degrade the ECM by producing matrix metalloproteinases
(MMPs).17 Balanced remodeling of the ECM is necessary
for normal functioning of tissues, whereas disruption in
the remodeling process is implicated in pathologies such
as fibrosis and cancer.18 Fibroblasts are also important in
wound healing. Fibroblasts migrate into the lesions and
accelerate ECM deposition by transforming into myofibro-
blasts. Myofibroblasts are activated fibroblasts with a
unique spindle shape and express aSMA and fibroblast
activation protein (FAP).19,20 After the wound healing is
complete, the myofibroblasts may revert back to a normal
phenotype or undergo apoptosis.21 In tumors, normal fibro-
blasts are recruited in large numbers to convert the TME
into a reactive stroma.22 Fibroblasts are transformed into an
activated phenotype by various stimuli such as transform-
ing growth factor-b (TGF-b) and epidermal growth factor
(EGF). The activated fibroblasts produce significantly large
amounts of ECM proteins that result in the stiffening of the
tumor stroma. In the past, ECM was considered to be a
passive component of the TME. However, research in the
past two decades has shown that ECM is a dynamic com-
ponent of the TME and provides biochemical and biophys-
ical signaling cues to cancer cells to facilitate tumor
progression.23 Various studies have shown that a stiffer
ECM correlates with invasiveness and malignant behavior
of cancer cells.24–26 During cancer progression, ECM under-
goes continuous remodeling that results in changes in its
structural and mechanical properties. This reorganization
of the ECM promotes tumor progression by disrupting cell
polarity, altering integrin adhesions, and inducing focal
adhesions.24,27,28 Tumor stiffness is considered a prognostic
factor and stiffer tumors often have a poorer prognosis.29,30

Activated fibroblasts in the TME are called cancer-
associated fibroblasts (CAFs). Unlike in normal processes,
activated fibroblasts in the TME do not revert to a normal
phenotype nor do they undergo apoptosis.31

CAFs are the most abundant stromal cells in solid
tumors and associate with cancer cells during tumor initi-
ation, progression, invasion, and metastasis.32

Immunohistochemical analysis of human tumors showed
that abundance of CAFs correlate with a poor prognosis.33

CAFs are derived from various cell types such as resident
fibroblasts, vascular smooth muscle cells, endothelial cells,
and pericytes, and hence are heterogeneous in origin.34,35

CAFs support tumor growth through soluble signaling of
various CAFs-derived factors such as TGF-b,36 hepatocyte
growth factor (HGF),37,38 fibroblast growth factor (FGF),39

interleukin-6 (IL-6),40,41 stromal derived factor-1a (SDF-1a
or CXCL12),42,43 and epidermal growth factor (EGF),44 as
highlighted in Figure 1. This has prompted a therapeutic
strategy using antagonists of the corresponding receptors,
i.e. EGFR,45,46 c-MET,47 FGFR,48 VEGFR,49 and CXCR4,50,51

expressed on cancer cells to inhibit the corresponding sig-
naling pathways in cancer cells.

Models of tumor–stromal interactions

Considering the importance of stromal cells in tumor pro-
gression, a mechanistic understanding of interactions
among components of the TME is critical to develop
novel therapeutics to target tumor–stromal interactions.
Typically, animal models and cell cultures are used to
study signaling among cancer cells and the tumor stroma.
Animal models, in particular mouse models of human can-
cers, have been a useful research tool due to their anatom-
ical and physiological similarities with humans. Mouse
models have played a significant role in understanding
mechanisms of tumor development, angiogenesis, inva-
sion, and metastasis, and identifying novel biomarkers for
cancer drug discovery. Nevertheless, limitations of mouse
models including significant failure rates in developing
tumors in mice, differences in the tumor stroma and
immune system between mouse and human, difficulty of
handling a large number of animals and analysis of
responses to treatments, low throughput for drug screening
applications, expense, and ethical issues remain major
obstacles to accelerate new discoveries. In vitro co-
cultures of cancer cells and stromal cells such as fibroblasts
in a monolayer have also been widely used to study stroma
effect on phenotypes and functions of cancer cells.
Monolayer cultures (2D) are convenient to use, adaptable
with robotic instruments used in the pharmaceutical indus-
try, allow high throughput screening of chemical com-
pounds, and enable straightforward analysis of responses
of cells to drug compounds. However, they lack the three-
dimensional (3D) geometry and architecture of human
tumors. To address the need for in vitro tumor models, 3D
co-cultures of cancer cells and fibroblasts as spheroids have
been used. Studies show that spheroids reproduce certain
aspects of solid tumors including close cell–cell contacts,
gradients of nutrients and oxygen that may lead to hypoxia
and necrosis, expression of pro-angiogenic proteins, and
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upregulation of ABC transporter efflux pumps implicated
in multidrug resistance (MDR) of cancers.52,53 Despite these
advantages, co-culture spheroids do not precisely mimic
the architecture of solid tumors in terms of spatial distribu-
tion of cancer cells, stromal cells, and the ECM.34 This
emphasizes a need for more advanced and sophisticated
in vitro tumor models to study tumor–stromal interactions
and testing the efficacy of therapeutic compounds. In addi-
tion to resembling the tumor architecture, the ease-of-use
and scalability are other important features that in vitro
models should offer to enable high throughput testing of
drug libraries or arrays of combinations of drugs, and
molecular analysis of drug responses of cells.

Scope of this review

In this review, we will focus on engineered 3D tumor
models to study the interactions of fibroblasts and triple
negative breast cancer (TNBC) cells. We will mainly
review research from our laboratory on developing in
vitro models of increasing complexity, i.e. from intermixed
co-culture spheroids of cancer and fibroblast cells to an
organotypic model consisting of a cancer cell mass, fibro-
blast cells, and ECM. To establish effects of fibroblasts on

cancer cells throughout these studies, we used a CXCL12-
CXCR4 chemokine-receptor signaling axis. CXCL12 is a
major paracrine signaling molecule produced by activated
fibroblasts, allowing us to model activity of CAFs in the
TME. CXCL12 signals through its cognate CXCR4 receptor,
which is often overexpressed on TNBC cells. The focus on
TNBC in our research is due to its aggressive biology and
higher mortality rate than other subtypes of breast cancer.
Due to the lack of estrogen and progesterone receptors and
HER2 amplification, commonly used hormonal and tar-
geted therapies with other breast cancers are not feasible
with TNBC. Availability of physiologic in vitro tumor
models that help elucidate mechanisms of tumor–stromal
interactions is critical to develop novel therapeutics espe-
cially for cancers such as TNBC that currently lack effective
treatments.

Free-floating co-culture spheroids. To overcome the
drawbacks of monolayer cell cultures, Ham et al.54 devel-
oped a tumor spheroid printing technology tomodel cancer
cell–stromal cell interactions. The authors formed an array
of intermixed co-culture spheroids of TNBC and activated
fibroblasts to examine the role of chemokine-receptor

Figure 1. Cancer cells secrete soluble factors to activate fibroblasts into cancer-associated fibroblasts (CAFs), which in turn remodel the tumor microenvironment and

promote tumor growth, invasion, and metastasis. (A color version of this figure is available in the online journal.)
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signaling on TNBC cell growth. Tumor spheroids were
developed using an aqueous two-phase system (ATPS)
technology with polyethylene glycol (PEG) and dextran
(DEX) as phase-forming polymers (Figure 2(a)).55–58 Both
polymers are soluble in water but their aqueous solutions
phase-separate when used above specific concentrations
determined by a unique phase diagram.59 Briefly, a
nanoliter-volume DEX phase drop containing intermixed
TNBC cells and CXCL12-secreting fibroblasts was dis-
pensed into the immersion PEG phase solution in each
well of a microwell plate. Due to an ultralow interfacial
tension between the aqueous PEG and DEX phases,60

cells remained partitioned to the denser aqueous DEX
phase drop that resided at the bottom of each well.61

Cells aggregated to form a co-culture spheroid inside
each drop within 24 h. This technology was previously
adapted to robotic liquid handling to enable forming
large numbers of consistently sized spheroids that repro-
duced several key biological properties of solid tumors
including non-uniform spatial distribution of proliferative
cells within spheroids and a cell density-dependent hypox-
ic core.62,63 The co-culture spheroids contained a 2:1 ratio of
fibroblast:TNBC cells to mimic high stromal cell content
present in advanced human breast tumors.64–67

Next, they examined effects of CXCL12-CXCR4 and
CXCL12-CXCR7 chemokine-receptor signaling between
fibroblasts and TNBC cells on growth of spheroids charac-
terized through measurements of biochemical activity of
cells. Using engineered cancer cells that expressed or
lacked either receptor, engineered fibroblasts that secreted
CXCL12, and normal human mammary fibroblasts, this
systematic study used eight different co-culture spheroid
models. Results showed that the co-culture spheroids with
active CXCL12-CXCR4 signaling had the greatest metabolic
activity over time. This was consistent with studies from
mouse models that showed the impact of the CXCL12-
CXCR4 axis on proliferation of breast cancer cells.68–71

Overexpression of CXCR7 receptors did not confer prolif-
erative advantage to TNBC cells.

To test the hypothesis that CXCL12-CXCR4 signaling
increased the proliferative activity of the spheroids, Ham
et al. performed inhibition and stimulation experiments.
Treating spheroids with AMD3100, which is an antagonist

of CXCR4 receptors to block signaling of CXCL12 chemo-
kine to TNBC cells, significantly reduced the proliferation
of spheroids. Additionally, treating the co-culture sphe-
roids of CXCR4þ TNBC cells and normal humanmammary
fibroblasts lacking CXCL12 production with conditioned
medium of CXCL12-secreting fibroblasts stimulated the
proliferation of the spheroids to the level of co-culture
spheroids containing active CXCL12-CXCR4 signaling.
These experiments validated that CXCL12-CXCR4 axis is
responsible for the elevated proliferation of TNBC cells in
spheroids. Ham et al. also confirmed higher cell prolifera-
tion of spheroids by immunohistochemistry (IHC) staining
of the cells with a Ki-67 proliferative cell marker (Figure 2
(b)). Again, the co-culture spheroids containing active
CXCL12-CXCR4 axis showed statistically significantly
higher proliferation than the spheroids without this signal-
ing. In separate experiments, measuring the fluorescent
signal of green fluorescent protein (GFP)-expressing
TNBC cells in the co-culture spheroids confirmed that pro-
liferation of cancer cells in the spheroids significantly
increases due to this signaling. Molecular analysis using
both Western blotting and IHC showed significantly
higher activities of p-ERK and p-AKT in co-culture sphe-
roids with CXCL12-CXCR4 signaling than spheroids lack-
ing this chemokine-receptor signaling. In addition, this
signaling conferred resistance to paclitaxel, which is a clin-
ically used drug for TNBC patients. Paclitaxel-treated co-
culture spheroids had higher activity of MAPK/ERK and
PI3K/AKT pathways, indicating that activation of these
oncogenic pathways due to interactions among cancer
cells and activated fibroblasts renders cancer cells chemo-
therapy resistant. This was consistent with studies that
showed increased activation of MAPK and PI3K/AKT
pathways in paclitaxel-treated breast cancers.72–74

Additionally, inhibiting MAPK/ERK and PI3K/AKT path-
ways using specific molecular inhibitors significantly
blocked TNBC cell proliferation and compromised their
viability.75

Overall, Ham et al. generated scalable intermixed co-
culture spheroids of cancer cells and fibroblasts to study
tumor–stromal interactions through a specific signaling
axis. This study indicated the importance of understanding
molecular effects of cancer cell–stromal cell interactions

Figure 2. (a) Free-floating co-culture spheroid of cancer cells and fibroblasts generated using the ATPS technology. (b) Proliferation of TNBC cells in co-culture

spheroids containing normal human mammary fibroblasts (HMF) or activated human mammary fibroblasts (CXCL12þHMFs) by quantifying Ki-67þ TNBC cells.

*p< 0.05. Panels a and b are reproduced with permission from Oncotarget, 2018;9:249. (A color version of this figure is available in the online journal.)
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and the feasibility of targeting these interactions to prevent
growth of cancer cells and using activated oncogenic path-
ways as therapy targets.

ECM-embedded co-culture spheroids. Although the
intermixed co-culture spheroids helped elucidate the role
of activated fibroblasts on proliferation and drug resistance
of TNBC cells,54 this model lacked ECM and the resulting
cell-ECM interactions implicated in tumor progression.76 In
a recent study, Plaster et al.77 further developed this model
by embedding the intermixed co-culture spheroids in a
type I collagen matrix to study the interactions between
TNBC cells and fibroblasts in presence of the ECM. This
study also used CXCL12-CXCR4 signaling to model
tumor–stromal interactions and showed that it significantly
enhances proliferation of cancer cells while blocking it nor-
malizes the effect. The CXCL12-CXCR4 signaling promoted
matrix invasion of TNBC cells that showed an elongated,
mesenchymal morphology. Additionally, blocking this sig-
naling pathway inhibited matrix invasion of TNBC cells.
This study developed a more complex tumor model than
that developed by Ham et al. to study the interactions
among components of the TME, i.e. cancer cells and fibro-
blasts embedded in a collagen ECM.

They prepared co-culture spheroids of TNBC cells with
either normal fibroblasts or CXCL12-secreting fibroblasts
using the ATPS technology and encapsulated the spheroids
in a collagen hydrogel with a stiffness that approximated
that of human breast tumors. Unexpectedly, no significant
difference in 3D spreading of cancer cells in the collagen
matrix between the co-culture models containing normal
mammary fibroblasts and CXCL12-secreting mammary
fibroblasts was observed (Figure 3(a)). To understand this
phenomenon, both ECM-embedded co-culture models

were treated with a CXCR4 antagonist, AMD3100. This
treatment significantly reduced the matrix invasion of
cancer cells only in the co-culture model containing
CXCL12-producing fibroblasts (Figure 3(b)). The treatment
did not inhibit the spreading of cancer cells into the matrix
in the co-culture model containing normal mammary fibro-
blasts. Fluorescence microscopy of normal fibroblasts-
TNBC cell co-culture spheroids without embedding them
in ECM showed that the normal fibroblasts tend to separate
out from the TNBC cells, and this was attributed to the
incompatibility of cell adhesion molecules of the two cell
types (Figure 3(c)). Therefore, the dispersion of TNBC cells
from the co-culture with normal fibroblasts into the ECM
was not due to invasiveness of the TNBC cells. On the other
hand, imaging showed that CXCL12-producing fibroblasts
remained mixed with cancer cells in the co-culture sphe-
roids and during matrix invasion of the cells (Figure 3(c)).
Overall, this study demonstrated the role of signaling of a
fibroblast-derived chemokine receptor and TNBC cells on
invasiveness of cancer cells. In addition, it underscored that
intermixed co-cultures are not a physiologic model and
their use may result in misleading experimental results.

Organotypic tumor model. Intermixed co-culture sphe-
roids embedded in an ECM do not truly represent the spa-
tial distribution of the components of a solid tumor. In
native tumors, stromal cells such as fibroblasts are dis-
persed within the matrix bordering the mass of cancer
cells,34 and they communicate with cancer cells primarily
through soluble factors signaling. To overcome this techno-
logical barrier and develop a more realistic tumor model,
Singh et al.78 robotically encapsulated a breast cancer spher-
oid within a collagen matrix containing dispersed

Figure 3. (a) Invasion of TNBC cells from co-culture spheroids into the collagen matrix. (b) Matrix invasion of TNBC cells inhibited by using AMD3100. *p< 0.05. (c)

Normal human mammary fibroblasts (red) segregate from TNBC cells (green), while CXCL12-secreting fibroblasts (red) remain mixed with TNBC cells. Panels a, b, and

c are reproduced with permission from Advanced Therapeutics, 2019; 2:1900121. (A color version of this figure is available in the online journal.)
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fibroblasts. They also used the CXCL12-CXCR4 signaling to
validate the tumor model.

Singh et al. generated the high throughput organotypic
tumor model in two convenient steps: first forming TNBC
spheroid using the ATPS technology followed by overlay-
ing the spheroid with a type I collagen solution contain-
ing dispersed fibroblasts (Figure 4). The entire operation
was performed at low temperatures to avoid premature
collagen gelation.79 The elastic modulus of the matrix was
adjusted to �2.53 kPa to mimic the stiffness of human
breast tumors and a 2:1 ratio of fibroblasts:cancer cells
was used to mimic cellular composition in advanced
breast tumors that are stroma-rich. The organotypic cul-
tures detached from the walls of the microwells and
shrank over time. Excluding either fibroblasts or TNBC
cells from the cultures established that dispersed fibro-
blasts were responsible for shrinking of collagen, while

TNBC spheroids were not able to induce matrix contrac-
tion at all. Cultures with only fibroblasts, either normal or
CXCL12-secreting fibroblasts, dispersed in collagen were
prepared to study collagen contraction, considering
effects of elastic modulus of collagen, fibroblast cell den-
sity, and fibroblast type. Keeping the elastic modulus of
collagen hydrogel and fibroblast cell density constant,
activated fibroblasts contracted the collagen matrix signif-
icantly more than normal fibroblasts did. Stiffer collagen
matrices showed less contraction at a constant cell densi-
ty, and larger cell densities caused a greater matrix con-
traction at a constant matrix elastic modulus. Whole gel
immunofluorescence of fibroblasts showed that CXCL12-
secreting fibroblasts displayed spindle-like and elongated
morphology resembling myofibroblasts and cancer-
associated fibroblasts. Molecular analysis showed that
higher collagen contraction by CXCL12-secreting

Figure 4. (a) Schematics of formation of organotypic tumor model in two convenient steps: first forming spheroids using the ATPS technology and then embedding it

in a collagen hydrogel containing dispersed fibroblasts. (b) 3D reconstructed confocal image of the tumor model. Note that collagen is not shown. (c) Confocal z-

projected images of TNBC cells and quantified matrix invasion of TNBC cells in the tumor models with and without fibroblasts. (d) Confocal images of TNBC cells with

and without AMD3100 treatment and the quantified invasion results. *p< 0.05, **p< 0.001. This figure is reproduced with permission from Biomaterials, 2020;

238:119853. (A color version of this figure is available in the online journal.)
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fibroblasts was due to the activated RhoA/ROCK/
myosin light chain-2 signaling pathway in these cells.

Next, Singh et al. generated organotypic cultures by
embedding TNBC spheroids in a collagen matrix contain-
ing dispersed fibroblasts or without fibroblasts to study the
role of fibroblasts on cancer cell invasiveness. The matrix
invasion of TNBC cells depended on the type of fibroblasts.
Confocal imaging showed that normal fibroblasts sup-
pressed matrix invasion of cancer cells, while CXCL12-
secreting fibroblasts significantly increased matrix invasion
of TNBC cells (Figure 4(c)). Molecular analysis showed a
significantly higher activity of p-ERK1/2 in the culture
with CXCL12-secreting fibroblasts than that with normal
fibroblasts. Treating the cultures containing activated fibro-
blasts with AMD3100 inhibited matrix invasion of TNBC
cells through downregulating ERK1/2 activity (Figure 4
(d)). This indicated that CXCL12-CXCR4 signaling between
fibroblasts and TNBC cells causes cancer cell invasiveness
and that blocking this pathway is a potential strategy
against tumor–stromal signaling to prevent matrix invasion
of cancer cells.

Overall, Singh et al. developed a scalable organotypic
breast tumor model that mimics the architecture of solid
tumors in terms of spatial distribution of tumor and stro-
mal cells and mechanical properties of breast tumors. The
study clearly demonstrated the role of activated fibroblasts
in promoting cancer cell invasiveness. Unlike the study by
Plaster et al. that used collagen-embedded intermixed co-
cultures of fibroblasts and TNBC cells, this organotypic
model clearly distinguished the invasion-promoting role
of activated fibroblasts compared to normal fibroblasts,
indicating the importance of developing and using physi-
ologic models to elucidate effects of stroma on functional
characteristics of cancer cells.

Perspectives

Due to the major role of cell-based models in preclinical
cancer drug discovery, incorporating physiologically rele-
vant tumor models that replicate the complexity of solid
tumors is expected to expedite the development of effective
therapies for cancer. In the bioengineering community,
there has recently been major efforts to develop 3D tumor
models that recapitulate certain aspects of tumor–stromal
interactions by incorporating key cellular and non-cellular
elements of the TME. Fibroblasts are the most prominent
cell type in solid tumors and play significant roles in ther-
apeutic responses of tumors. Therefore, to understand
mechanisms of signaling between fibroblasts and cancer
cells and develop therapeutics that target these interac-
tions, it is essential to use tumor models that contain both
fibroblasts and cancer cells and replicate the spatial distri-
bution of these cells in tumors. Research, including from
our group, has shown that including cells in a physiologic
context is important to correctly model intercellular inter-
actions in the TME and to screen for effective therapeutic
compounds. Here, we reviewed three separate studies from
our group that were designed to study interactions among
breast cancer cells and normal or activated fibroblasts in
models of increasing complexity.

Ham et al. generated the simplest 3D model that includ-
ed intermixed co-culture spheroids of TNBC cells and fibro-
blasts. Tumor–stromal interactions via CXCL12-CXCR4
axis enhanced the proliferation of breast cancer cells.
Although fibroblasts in the co-culture spheroids produced
collagen and allowed limited interactions of cancer cells
and fibroblasts with the ECM, a shortcoming of this
model was its lack of ECM containing cells as in the
native TME. To address this problem, Plaster et al. embed-
ded the intermixed co-culture spheroids in a collagen
matrix. In addition to tumor–stromal interactions, this
tumor model allowed drug testing to inhibit cancer cell
proliferation and matrix invasion that are two important
processes in tumor progression. The shortcoming of this
study was the relative positioning of fibroblasts and
cancer cells. Singh et al. addressed this problem and further
developed the tumor model to replicate the spatial distri-
bution of fibroblasts and cancer cells in solid tumors. This
organotypic tumor model enabled evaluating biological
signaling between activated fibroblasts and cancer cells
on processes such as cancer cell invasion that facilitates
tumor metastasis. This model is convenient to use and scal-
able for high throughput drug testing against tumor–stro-
mal interactions. This model enables modular addition of
different stromal cells such as immune cells for cancer
immunotherapy applications and endothelial cells for
tumor angiogenesis. From a viewpoint of developing the
models and readouts, this may require optimization and
validation of techniques that work in a simpler system,
but they have not been used in more complex systems.
For example, we previously showed that biochemical
assays of metabolic activity originally developed for mono-
layer cultures had to be optimized for use with 3D cul-
tures.56 Or, while measuring the fluorescence signal of
fluorescently labeled cancer cells in free-floating spheroids
using standard plate readers reliably reflects the cell popu-
lation, this approach fails when spheroids are embedded in
the ECMdue to the interference of the protein network with
the light beams. As such, other methods such as confocal
imaging or flow cytometry may be required for quantitative
analysis.

Due to the heterogeneity of tumors and significant dif-
ferences in therapy responses among patients of the same
type of cancer, therapies in future will shift toward person-
alized medicine where patient-specific tumor models con-
taining patient-derived cancer and stromal cells are
developed. Although maintaining primary tumor cells
in vitro has proved challenging, the use of techniques
such as conditional reprogramming of primary cells will
allow expanding them in sufficient numbers that accommo-
date tumor models in high throughput for testing the effi-
cacy of arrays of cancer drugs and identify effective
therapies for specific patients.80 The use of analytical tech-
niques such as next generation sequencing will help iden-
tify activated signaling pathways to target therapeutically
in the tumor models. Availability of such information will
aid clinicians with selecting treatments that are tailored
toward each patient. We envision that incorporating bioen-
gineered tumor models of patients in the pipeline will dra-
matically improve personalized cancer therapies in future.
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Increasing investments by federal funding agencies and
private enterprises have accelerated new scientific discov-
eries to help realize this important goal.
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