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International regulatory agencies such as the Food and Drug Administration have mandated that the scientific
community develop humanized microphysiological systems (MPS) as an in vitro alternative to animal models
in the near future. While the breast cancer research community has long appreciated the importance of three-
dimensional growth dynamics in their experimental models, there are remaining obstacles preventing a full
conversion to humanized MPS for drug discovery and pathophysiological studies. This perspective evaluates
the current status of human tissue-derived cells and scaffolds as building blocks for an ‘‘idealized’’ breast
cancer MPS based on bioengineering design principles. It considers the utility of adipose tissue as a potential
source of endothelial, lymphohematopoietic, and stromal cells for the support of breast cancer epithelial cells.
The relative merits of potential MPS scaffolds derived from adipose tissue, blood components, and synthetic
biomaterials is evaluated relative to the current ‘‘gold standard’’ material, Matrigel, a murine chondrosarcoma-
derived basement membrane-enriched hydrogel. The advantages and limitations of a humanized breast cancer
MPS are discussed in the context of in-process and destructive read-out assays.

Keywords: breast cancer, microphysiological system, three-dimensional cell culture, adipose-derived stromal/
stem cells, Food and Drug Administration

Impact Statement

Regulatory authorities have highlighted microphysiological systems as an emerging tool in breast cancer research. This has
been led by calls for more predictive human models and reduced animal experimentation. This perspective describes how
human-derived cells, extracellular matrices, and hydrogels will provide the building blocks to create breast cancer models
that accurately reflect diversity at multiple levels, that is, patient ethnicity, pathophysiology, and metabolic status.

Introduction

Over the past two decades, cell biologists exploring
in vitro models of human disease have gained a greater

appreciation for the importance of bioengineering princi-
ples.1 In the breast cancer field, these concepts have long
been recognized in the literature. The originators of one of

the most extensively studied estrogen receptor (ER)-dependent
breast cancer cell lines, Michigan Cancer Foundation-7
(MCF-7), reported in 1976 that their cell model mimicked
the tumor’s original lobular architecture when cultured in a
collagen sponge.2,3 Schmeichel and Bissell went on to ar-
ticulate the contribution of the three-dimensional (3D)
microenvironment to breast tumor pathophysiology.4 They
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recognized that two-dimensional (2D) tissue culture plastic
growth of breast cancer cell lines as monotypic cultures failed
to recapitulate the in vivo complexity of the actual tumor. To
address this concern, they transformed the field by introducing
a more sophisticated model, coculturing breast cancer cells
together with supportive stromal cells and extracellular ma-
trix (ECM) derived from laminin- and collagen-rich base-
ment membrane tissues, thereby recapitulating the native
3D architecture.4 While this 3D culture approach was trans-
formative, Griffith and Swartz recognized that the field re-
quired a cohesive set of design criteria and accepted standards
before it could achieve widespread adoption.5 Prestwich
elegantly and pragmatically laid out these challenges in his
2007 perspective on the development of ECM products for
3D models.6

Specifically, these materials would need to be available in
multiple physical formats, remain consistent from batch to
batch, be easy to use at physiological temperatures and pH,
resist contractive and expansive events, be easy to see
through with microscopy, suitable for high-throughput
screening, have clinical translational potential, and, last but
not least, be affordable.6 Prestwich argued persuasively that
ECM meeting these goals would allow 3D assays to be used
routinely in toxicology screening and drug discovery.6

Policy officials at the Food and Drug Administration (FDA),
the Defense Advanced Research Project Agency (DARPA),
and the National Center for Advancing Translational Sci-
ence (NCATS) within NIH quickly recognized the impor-
tance of these concepts. Within a decade, program officers
had introduced policies with goal-oriented roadmaps and
associated funding to integrate humanized 3D models,
termed inclusively as ‘‘microphysiological systems’’
(MPS), as a projected means to reduce, refine, and replace
in vivo animal studies in human drug discovery research.7–9

Historically, human breast cancer studies have relied al-
most exclusively on immortalized human tumor cell lines
that originated five or more decades ago.3,10 While there
have been recent advances in the generation of patient-
derived xenograft (PDX) models, these continue to require
immunodeficient mice as in vivo hosts for both expansion
and propagation-based studies.11–13 Studies have shown that
both the ECM and murine host system impact the patho-
physiology of human-derived breast cancer cells, thereby
demonstrating a need for an alternative approach that is less
dependent on the mouse.14,15 Based on the principles in-
troduced by Bissell, Griffith, Prestwich, and their col-
leagues,4–6,16,17 an ideal human breast cancer MPS model
would possess the above characteristics regarding perfor-
mance consistency, ease of use, and amenability to high-
throughput formats, in addition to the following attributes:

(a) Sourced materials entirely human in origin with re-
spect to breast cancer cells, stromal cells, and ECM.
(b) Suitable for the direct generation of 3D culture using
primary tumors for patient-derived MPS.
(c) Human stromal vascular fraction (SVF) cells that can
provide not only fibroblastic features, but also adipocytes,
endothelial cells, immune cells, and robust vasculariza-
tion in vitro.
(d) ECM that can provide structural proteins as well as
angiogenic and inflammatory factors, displays tempera-
ture- and temporal-dependent gelling properties, and will

be ‘‘tunable’’ to allow for manipulation of biomechanical
properties (viscoelasticity, porosity, stiffness) to mimic
those of the pathophysiological microenvironment. Fur-
thermore, the ECM will be transparent, thereby improv-
ing ease of visualization and in process microscopic
monitoring.
(e) Validated pharmacodynamic/pharmacokinetic (PD/
PK) features in vitro accurately reflecting known tumor
pathophysiological behaviors in vivo, including invasion
and metastasis to bone and other organs.18

(f) Predicted Absorption/Distribution/Metabolism/Excre-
tion (ADME) toxicology suitable for human clinical
testing.
(g) Compatible with economic, medium-throughput
screening protocol (i) off-the-shelf, readily available
components with long shelf life; (ii) low-complexity set-
up and use; (iii) adaptable to automated morphological
screening instruments.

This perspective explores the current status of MPS as a
breast cancer research discovery tool with a focus on the
design criteria necessary to advance its broader adoption as
a validated model (Fig. 1).

Breast Cancer Cells and 3D Models

The field of cell biology has pursued in vitro breast cancer
models for over 80 years.10,19 While initial attempts were
impeded by the overgrowth of fibroblast/stromal cells in the
cultures with the subsequent loss of the epithelial popula-
tion, the advent of improved media formulations and culture
techniques addressed these issues.10 Due to the coordinated
efforts of surgeons, pathologists, and cell biologists, multi-
ple breast cancer cell lines have been isolated and charac-
terized during the intervening years.

Historically, the cell lines have been characterized based
on their expression of receptors (ER, progesterone receptor
[PR], human epidermal growth factor receptor 2 [HER2])
that in turn can be used to categorize the four major breast
cancer pathologies: Luminal A (ER+, PR+/-, HER2-), Lu-
minal B (ER+, PR+/-, HER2+), Her2 Amplified (ER-, PR-,
HER2+), and Triple Negative (ER-, PR-, HER2-).20 More
recently, breast cancer cells are being characterized by
comprehensive genomic features such as mutation analyses
(breast cancer gene BRCA, P53, and others), transcriptome,
cistrome, and aneuploidy, as well as epithelial to mesen-
chymal transition (EMT) and other morphological features.
Two of the most highly studied breast cancer cell lines are
the MCF-7, an ER+ line, and MDA-MB-231 (M.D.
Anderson-Metastasis Breast cancer-231), a triple-negative
line; both were cloned by serial passage from the pleural
effusion of metastatic adenocarcinomas.21,22

While the majority of the breast cancer cell lines can be
cultured individually in 2D, the superiority of 3D coculture
models with cancer-associated fibroblasts (CAF)/stromal
cells has been recognized based on outcome measures, in-
cluding cytokine secretion, aromatase expression, and vas-
cularization.23–25 Cell spheroids created from primary tumor
cells or cell lines and organoids created from embryonic or
induced pluripotent stem cells have been established as 3D
cancer models using multiple approaches.26–28 Mechanical
methods can be used to create spheroids or organoids by
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continuous rotation in suspension culture devices, thereby
mimicking microgravity conditions,29,30 by hanging drop cul-
tures, by suspension on low adherent plastic surfaces, by use of
spinner flasks, or by levitation using magnetic beads.31,32 More
frequently, investigators choose to create spheroids or 3D
constructs by encapsulating or suspending the cell(s) of interest
in a biological scaffold mimicking the ECM.31

Breast cancer studies have recreated a 3D microenvi-
ronment by culturing the cells in scaffolds of collagen,2

Matrigel,33 hyaluronan,34 alginate,35 and polyethylene gly-
col (PEG)-modified fibrinogen,36 among others37 (see Sec-
tion 4: [ECM: Biological and Synthetic Alternatives to
Matrigel] for further details). The advancement of 3D bio-
printing now allows for a more sophisticated approach by
controlling the spatial dimensions and layered composition
of the ECM scaffold relative to the cultured cells.18,38 These
MPS models now provide a basis for screening breast cancer
drugs as well as for studies on the influence of metabolic
constraints within the tumor microenvironment, such as
hypoxia.16,39–41

Recently, PDX models have emerged as an alternative to
breast cancer cell line-based studies.42 These require close
coordination between the operating room, pathological
suite, and laboratory and are not strictly an in vitro experi-
mental model. Fresh specimens from resected primary or
metastatic breast cancers that are not required for diagnostic
purposes must be rapidly transferred to the laboratory and
implanted as small organoid fragments into immunodefi-
cient murine hosts.11,12 Frequently, the tumor fragments are

coimplanted with Matrigel or another ECM hydrogel to
improve engraftment. The PDX breast cancer models are
being deployed in studies evaluating tumor drug response at
the physiological and transcriptomic levels.13,43–45 Never-
theless, the logistics of tissue processing and storage within
a relatively short time frame are roadblocks to the wide-
spread adoption of PDX as an avenue for individualized
medical therapy and patient stratification in clinical trials.

This could be addressed, in part, by the ability to cryo-
preserve viable breast tumor tissues long term with appro-
priate storage. Preliminary studies have determined that
intact human adipose tissue fragments retained *50% vi-
ability after cryopreservation in the presence of a cryopro-
tectant agent.46 It remains to be determined if a similar or
improved cryopreservation outcome would be possible
when applied to breast cancer primary or metastatic tissues.
If successful, routine preservation of breast cancer speci-
mens would permit the potential contribution of PDX
studies in every patient’s care. While the PDX model re-
quires maintenance in a murine host, it nevertheless mimics
the 3D microenvironment and cellular complexity of a hu-
man breast cancer.

Furthermore, the availability of an economic, reproduc-
ible PDX-based approach has the potential to advance per-
sonalized medicine in the context of breast cancer. If each
primary and/or metastatic tumor could be retained in a
format that accurately reflected the proteomic or tran-
scriptomic profile as well as drug sensitivity of the parent
tumor, this would have a substantial impact on individual

FIG. 1. Development of breast cancer microphysiological systems. The breast cancer microenvironment can be reca-
pitulated in vitro by combinations of primary breast tumor cells, ASC, decellularized adipose tissue, blood-derived products,
including PRP, RBC, and WBC, along with cytokines and growth factors. These can serve as alternatives to PDX models
that require an immunodeficient murine host. ASC, adipose-derived stromal/stem cells; PDX, patient-derived xenograft;
PRP, platelet-rich plasma; RBC, red blood cell; WBC, white blood cell.
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breast cancer patient treatment outcomes and survival.47–49

Theoretically, the PDX model could be adapted from its
current murine-based in vivo approach to an entirely MPS-
based in vitro high-throughput assay using an appropriate
combination of endothelial, immune, and stromal/stem cells
and supportive hydrogels. For example, the successful
construction of both an adipose and bone marrow MPS have
been described recently in the literature.50–53 Using such
MPS constructs, it would be possible to seed an adipose
MPS with a primary breast cancer tumor and to monitor its
ability to metastasize through a microperfusion circulatory
system into a parallel bone marrow MPS. Alternatively,
tissue from a bone marrow metastatic breast tumor could be
seeded directly into a bone marrow microenvironment MPS.
Such MPS systems could be used for drug screening as well
as omics analyses. Although conceptual, it is likely that
multiple investigators will pursue such personalized medical
MPS approaches aggressively in the coming years.

Adipose-Derived Cells: SVF Cells
and Adipose-Derived Stromal/Stem Cells

The breast microenvironment supporting the growth of
mammary epithelial cells relies on an extensive network
comprised of stromal/stem cells, adipocytes, fibroblasts,
endothelial cells, and pericytes, as well as a heterogeneous
population of immune cells (myeloid, lymphoid, mast cells).
Indeed, the mammary gland is categorized as a unique ad-
ipose depot. Since subcutaneous white adipose depots dis-
play a comparable cell composition and functionality, it
provides a logical tissue source for primary cells with which
to create a functional breast cancer MPS. Over the past two
decades, there has been considerable focus on the isolation,
characterization, differentiation, culture expansion, and
cryopreservation of adipose-derived cells by investigators
from the fields of plastic surgery, endocrinology, and re-
generative medicine.54–60

Adipose tissue can be reduced to a single cell suspension
by mechanical disruption and subsequent digestion with
collagenase and neutral peptidases.55 This initially releases a
heterogeneous population known as SVF cells. These in-
clude endothelial progenitors, fibroblasts, lymphoid and
myeloid immune cells, mature adipocytes, pericytes, and
preadipocytes, which can be identified and sorted based on
their expression of surface antigens using flow cytometry or
antibody-linked magnetic beads.54 The SVF cells can be
directly cryopreserved for later recovery and use in MPS
culture models59,61 or transferred immediately to tissue cul-
ture flasks for expansion as an adherent population known as
‘‘Adipose-derived Stromal/Stem Cells’’ (ASCs).54,55

Compared with SVF cells, ASCs are relatively homoge-
neous, displaying a discrete set of mesenchymal stromal/stem
cell-associated surface antigens, including CD29, CD44,
CD73, and CD90.55 While ASCs were originally culture ex-
panded in growth medium containing fetal bovine serum
(FBS), recent studies have demonstrated that human serum
and platelet lysate supplements can serve as effective re-
placements for FBS.62–65 Indeed, the use of human blood
products for ASC expansion has already advanced to early
phase clinical trials, including studies in breast reconstruction
and augmentation.66,67 When exposed to lineage-specific in-
ductive media formulations, ASCs are capable of differentia-

tion along the adipocyte, chondrocyte, and osteoblast
pathways.54,55 In addition to their multipotent differentiation
potential, ASCs can release a complex secretome con-
taining adipokines, cytokines, and microRNA-containing
exosomes.68–70 Thus, ASCs are capable of immunomodulating
their local microenvironment through paracrine mechanisms.71

Coculture models developing 3D adipose tissue models
have evolved as from traditional 2D tissue plastic cultures.
Several studies have employed murine models, most notably
the immortalized 3T3-L1 preadipocyte line. In one study,
investigators have cocultured 3T3-L1 adipocytes and
RAW264.7 macrophages within an alginate scaffold to
recreate a myeloid infiltrated adipose depot in vitro.72 The
presence of the macrophages conferred insulin resistance
upon this MPS construct and it proved to be suitable for
screening of antidiabetic drugs with known peroxisome
proliferator-activated receptor ligand mechanisms.72 Mass
spectrometry proteomic analyses further determined that both
macrophages and 3D structure modulated the expression of
metabolically related proteins in the MPS constructs.73 In an
independent study, investigators used magnetic nanomaterials
to create 3D adipose constructs using either 3T3-L1 cells or
murine fat-derived SVF cells.32 Compared with 2D cultures,
the 3D MPS remained viable for extended periods of time
and, in the case of the SVF cells, displayed evidence of
vascular networks and lymphoid cells.32

Comparable MPS models have been created using human
adipose-derived cells as recently reviewed.74 In one format,
fragments of intact human adipose tissue are sandwiched
between sheets of adherent ASC. These remained viable as 3D
constructs for up to 8 weeks in vitro while retaining physio-
logical function based on adipokine secretion and signaling
response.75 Alternatively, human SVF cells suspended in a
human blood-derived hydrogel exhibited robust adipogenic
potential accompanied by the formation of vascular-like net-
works over a 4-week period.61 Furthermore, these human
adipose MPS displayed glucose uptake responses to insulin
and lipolytic responses to isoproterenol stimulation.61

Related studies have established cocultures combining
isolated ASCs, endothelial cells, and macrophages obtained
from a common human donor.76 While not strictly an MPS
model, the authors found that the presence of the macro-
phages increased triglyceride accumulation and promoted a
vascularized microenvironment suitable for analyses of
paracrine proinflammatory factors.76 Consistent with these
findings, independent studies cocultured human adipocytes
with the U937 myeloid cell line in a perfusion bioreactor
and observed immune cell-dependent insulin resistance.77

Recent studies have extended human adipose MPS con-
structs to include bioprinted matrices.78 Both human subcu-
taneous and visceral adipose-derived ASCs seeded into 3D
constructs printed using polycaprolactone and gelatin dis-
played enhanced adipogenic hypertrophy and extended lon-
gevity relative to 2D cultures, remaining viable for up to
80 days in vitro. Furthermore, this MPS model could be
conditioned to mimic both feeding and fasting with respect to
physiological assay outputs, demonstrating its potential utility
for drug screening and biomarker identification78

Presumably, an ideal human adipose MPS for breast
cancer research would incorporate primary SVF cells and/or
ASC isolated from the same donor as the source of the
breast cancer cells under investigation. This would remove
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any potential for artifacts secondary to an immunogenic
response resulting from an HLA mismatch between immune
cells and cocultured adipocytes, breast cancer, endothelial,
and stromal cells. Theoretically, it would be possible to
isolate SVF cells from breast tissues resected along with a
primary tumor specimen for a personalized medical appli-
cation; however, a substantial level of future investigation
and infrastructure would be required to insure the appro-
priate recovery and storage of such specimens in a consis-
tent and scalable manner.

ECM: Biological and Synthetic Alternatives
to Matrigel

The ECM components employed in the construction of
breast cancer MPS is of equal importance as the cellular
components. A number of protein hydrogels have been ex-
plored. Sponges created from lyophilized type 1 collagen
were among the first to be examined in studies showing
recapitulation of tumor architecture by MCF-7 breast cancer
cell 3D cultures.2 Similar analyses showed that human
platelet lysates improved the colony-forming unit activity of
>50% of primary breast tumors examined in vitro.79

Nevertheless, Matrigel is employed most frequently as the
hydrogel in 3D breast cancer modeling.4

Matrigel was isolated originally from the Engelbreth-
Holm-Swarm (EHS) tumor, a chondrosarcoma, as a result of
studies at the National Institute of Dental and Craniofacial
Research focusing on the protein composition of basement
membrane-rich structures.80–82 The investigators noted that
the purified ECM proteins, which were enriched in type IV
collagen, entactin, laminin, nidogen, and proteoglycans,
spontaneously gelled when transferred from 4�C to 37�C.80–82

Breast cancer researchers soon discovered that Matrigel
promoted the estrogen-dependent growth of the MCF-7 cell
line in vitro and this was increased further by addition of
fibroblast cells.83–85 Additionally, when the breast cancer
cells were suspended in Matrigel and implanted as a xeno-
graft in immunodeficient mice, the hydrogel enhanced the
rate of tumor engraftment and growth rate in vivo.85 Conse-
quently, subsequent studies of human breast cancer cell lines
and PDX models routinely rely on the addition of Matrigel to
improve engraftment outcomes in mice.4,11–13

The biophysical and mechanical properties of Matrigel can
be manipulated during development, isolation, or post-
processing. The mice carrying the EHS tumor can be fed a
diet containing the lathyrogen b aminopropionitrile, prevent-
ing collagen crosslinking and resulting in a tumor enriched in
type IV collagen. Alternatively, the purified Matrigel can be
precipitated with 20% NaCl following urea extraction to de-
plete the levels of growth factors in the final product.80 Ad-
ditionally, Matrigel can be crosslinked with PEG and
cyclodextrin-conjugated adhesion peptides to modify the ri-
gidity of the scaffold.86 Increased stiffness of the Matrigel is
correlated with reduced growth of normal and tumor breast
cells, consistent with a relationship between mechanical
properties and tumor invasion/metastatic properties.86

Currently, Matrigel commands a $600 million annual
international market and this is predicted to double in size
within 5 years. Nevertheless, because of its origins as a
murine tumor-derived product, Matrigel has no future as a
clinical product. Additionally, it exhibits batch-to-batch

variability with respect to its gelling properties raising
questions about its reliability and reproducibility at the
manufacturing scale.4,6

Multiple groups have developed decellularized adipose
tissue (DAT) as an alternative to Matrigel. The Flynn lab-
oratory at Queens University in Canada was among the first
to report on the isolation of DAT using a combination of
chemical, enzymatic, and mechanical steps.87 Shortly
thereafter, the Christman laboratory at the University of
California-San Diego88 and the Elisseeff laboratory at Johns
Hopkins University89 reported similar confirmatory find-
ings. Over the next decade, the Flynn laboratory went on to
demonstrate that DAT could be prepared in multiple for-
mulations (hydrogel, microcarrier bead, powder) to regen-
erate soft tissue in vivo.90 In parallel, independent studies
from multiple teams have demonstrated that DAT is bio-
compatible with fibroblasts and ASCs, can serve as a plat-
form for the release of paracrine growth factors in MPS
constructs, and supports the in vitro and in vivo adipogenic
and osteogenic differentiation of ASCs (reviewed in Mo-
hiuddin et al.91).

Indeed, the DAT hydrogels can be used as a bioink for 3D
printing and this approach has been used successfully to gen-
erate a fully functional adipose MPS in vitro.92,93 As a result,
preliminary clinical studies evaluating allogeneic DAT as a re-
generative medical product in patients have confirmed its safety
for use in reconstructive surgery.94 Like Matrigel, DAT can
be chemically modified to alter its rigidity and mechanical
properties. This can be accomplished by crosslinking with
PEG thio-acrylate95 or with hexamethylene diisocyanate
and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide.89 Ad-
ditionally, the mechanical properties of DAT have been ma-
nipulated by combining it with silk fibroin scaffolds at a
fixed ratio.96 In light of the emerging literature linking the
biomechanical properties of the stromal ECM to cancer
growth and metastasis, the tunability of DAT mechanical
properties has added relevance as it is used in the development
of breast cancer MPS.97

Mass spectrometry analyses of the DAT proteome have
demonstrated that the product is enriched for ECM proteins,
including nidogen, type I and type II collagens, while depleted
for nuclear and cytoplasmic proteins relative to native adipose
tissue.98 Furthermore, the proteome of DAT obtained from
lean versus obese human donors, while distinct, does not show
a significant difference in functionality based on in vitro
assays of ASC biocompatibility and differentiation.99 Al-
together, these findings document the feasibility and utility
of DAT hydrogels as a component in MPS constructs suit-
able for screening assays with respect to pathophysiological
features. The emerging body of literature relating to human
DAT has been the subject of recent reviews.91,100

Further alternatives to Matrigel for breast cancer MPS
construction have been generated from both biological and
synthetic sources. Multiple groups have employed alginate as a
relatively inert scaffold for the study of breast cancer cells as
3D spheroids.31,35,101 Prestwich and colleagues have modified
hyaluronan and gelatin by crosslinking to create a synthetic
biomaterial hydrogel known as Extracel�, which has proven
suitable for the engraftment of breast cancer cell lines (MDA-
MB-231, MDA-MB-468) into athymic mice.6,34 In contrast to
the injection of cells alone, the Extracel suspended cells
showed a higher frequency of engraftment, more uniform
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tumor size, reduced invasion of adjacent tissues by the tumor,
and improved vascularity accompanied by reduced tumor ne-
crosis.34 In similar studies, Ossipov and colleagues crosslinked
hyaluronic acid (HA) with PEG, creating a tunable hydrogel
biocompatible with the MCF-7 breast cancer cell line
in vitro.102 Regardless of the stiffness, the HA hydrogels en-
hanced cell proliferation and promoted invasion, consistent
with an EMT.102 Likewise, an international team used thiol–
yne nucleotide addition reactions with PEG and selected pep-
tides to create purely synthetic hydrogels supportive of the
MCF-7, MDA-MB-231, and T47D cell lines.103 By incorpo-
rating peptides for adhesion sites (amino acid sequence Arginine,
Glycine, and Aspartate; RGDs) or matrix metalloproteinase
(MMP) cleavage sites at discretely spaced intervals, the in-
vestigators were able to manipulate the viscosity of the hy-
drogel as well as the growth characteristics of the tumor cell-
based MPS.103

Using a similar approach, Shoichet and colleagues used
photoactivatable crosslinking chemistries to modify HA with
MMP cleavable crosslinkers.104,105 As a result, breast cancer
lines suspended on the hydrogels displayed invasive (MDA-
MB-231) or noninvasive (MCF-7, T47D) behaviors dependent
on their expression of MMP.104,105 The authors postulate that
the availability of such tunable hydrogels will enhance the
potential of 3D MPS constructs for breast cancer drug dis-
covery.104 Netti and colleagues have exploited such chemistry
to deliver drugs (doxorubicin) to breast tumor models
in vitro.106,107 By linking a polyglycolic-lactic acid (PGLA)
PEG nanoparticle to an MMP cleavable synthetic peptide, the
release of MMP by cocultured CAF and MCF-7 cells selec-
tively and locally released the drug in a targeted manner.106,107

Finally, Obagel� has recently been introduced commer-
cially as a human blood product-derived hydrogel capable of
supporting ASCs and SVF cell adipogenesis in MPS con-
structs.61,108 In contrast to Matrigel, the proteome of Obagel
is enriched in coagulation-related proteins and robustly sup-
ports vascular network-like structures in vitro.61,108 Currently,
studies are underway to explore the breast cancer-supportive
ability of Obagel, alone or in combination with a DAT hy-
drogel (termed Adipogel�), in MPS constructs.

Alternative 3D matrix platforms include electrospun fi-
bers, which provide a 3D matrix that can provide for the
recapitulation of tissue structure and mimic the tumor/
stromal interface. The use of electrospun fibers and tumor
models has recently been discussed.109 Emerging areas of
interest include the role of aligned matrix fibers at the pe-
riphery of the tumor. Synthetic electrospun aligned fibers
transform breast cancer cells to a more mesenchymal and
elongated cell morphology. Aligned matrix fibers are com-
monly observed on the periphery of more aggressive tumors
with a poor prognosis and allows for the study of cancer
progression and cell motility.110

MPS Assay Approaches

Breast cancer MPS models can be quantitatively and
qualitatively assessed based on multiple outcome metrics,
including:

(a) Morphological features. The 3D constructs can be
evaluated microscopically using either fixed or fresh
frozen sections with phase-contrast, immunohistochemi-

cal, or confocal microscopy. Additionally, the use of live
cell image-capturing instruments (such as IncuCyte�)
have the potential for serial monitoring of MPS growth in
real time over extended periods without destruction. By
capturing images of the cells in culture, it is possible to
recreate video displays monitoring the individual cell
growth and interactive dynamics. These in vitro outcomes
would reflect the migration, invasion, and EMT patterns
of the primary tumor in vivo.
(b) Secretome features. The culture media conditioned by
MPS constructs can be harvested nondestructively and
serially at set time intervals and evaluated by enzyme-
linked immunosorbent assay (ELISA), Antibody Array,
or cytokine antibody-coupled fluorescent bead-based de-
tection platforms (such as Luminex�) to assess the se-
cretion of adipokine, cytokines, and related paracrine
factors as a function of culture conditions, scaffold
composition, and cell types.
(c) Transcriptomic features. The MPS constructs can be
harvested for isolation of total RNA as a function of time and/
or MPS composition. The RNA can be evaluated using
commercially available, targeted PCR microarrays, tran-
scriptomic microarrays, and unbiased NextGen sequencing.
The resulting datasets can be evaluated further using bioin-
formatic algorithms. The transcriptomic outcomes could be
used to define the genomic profile of the parent tumor and its
metastases as well as to predict and monitor sensitivity to
chemotherapeutic drugs and biological therapeutics.
(d) Proteomic features. The MPS constructs can be har-
vested for total protein and used in liquid chromatogra-
phy/mass spectrometry and isobaric tag for relative and
absolute quantitation (iTRAQ) to assess the global pro-
teome in an unbiased fashion. These tools can be used in
parallel with more targeted, traditional protein assays for
enzyme activity or antibody detection of specific proteins
(ELISA, western blot). The proteomic outcomes could be
used in parallel with transcriptomics to monitor the profile
of the tumor and its metastases. Additionally, this infor-
mation could be used to identify novel biomarkers with
prognostic or diagnostic value.
(e) Perfusion Bioreactors. Breast cancer MPS constructs
can be adapted to perfusion bioreactors allowing for more
robust evaluation of fluid dynamics and tumor pathophysi-
ology. By linking the primary MPS circulation to that of
parallel MPS reflective of tissue sites (bone, brain, liver,
lung), it will be possible to evaluate metastases as a function
of scaffold, cell composition, and drug intervention.

Conclusions and Future Directions

The majority of existing breast cancer MPS continue to
rely on murine-derived scaffolds, cells, and/or physiological
systems. In the case of PDX models, the reliance on the
immunodeficient murine host complicates interpretation of
outcomes and restricts the predictive value of the system for
personalized medical and drug discovery applications. In
response to mandates from international regulatory agen-
cies, there remains a need to expand the available human-
sourced components for construction of fully humanized
breast cancer MPS with documented and validated predic-
tive value with respect to drug discovery. While humanized
MPS models are not immediately positioned to replace
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existing animal-based assays, they already have the poten-
tial to reduce and refine the need for in vivo studies in mice
and other species. There has been considerable criticism of
drug testing in animal models due to its inadequate reca-
pitulation of the human condition. Indeed, the absence of
efficacy and/or toxicity in animal models is no longer suf-
ficient rationale for not advancing an investigational drug to
human trials. This is especially relevant with respect to the
immunogenicity of drugs identified in animals. Furthermore,
the humanized MPS can be evaluated under conditions
mimicking therapeutic drug interventions with omics-based
read-out assays that can be correlated directly with out-
comes in human subjects and clinical trials.

A final advantage of the humanized breast cancer MPS
model is that it can be developed using cells and ECM scaffolds
sourced from patients reflecting a diverse background with re-
spect to adiposity as monitored by body mass index, ethnicity,
age, and tumor histopathology. With increased access and
availability of human-derived biomaterials, primary adipose
and breast cancer cells, and related microfluidic perfusion de-
vices, the bioengineering community is poised to elevate human
breast cancer MPS discovery to a newt tier. In particular, MPS
tumor models accurately reflecting the human immune com-
position and response would represent a paradigm shift for
studies involving immunotherapeutics; such advances would
extend well beyond current immunodeficient murine models.
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