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Abstract
Introduction—Increasing evidence suggests that the tumor
microenvironment reduces therapeutic delivery and may lead
to chemotherapeutic resistance. At tumor borders, drug is
convectively transported across a unique microenvironment
composed of inverse gradients of stromal and tumor cells.
These regions are particularly important to overall survival,
as they are often missed through surgical intervention and
contain many invading cells, often responsible for metastatic
spread. An understanding of how cells in this tumor-border
region respond to chemotherapy could begin to elucidate the
role of transport and intercellular interactions in relation to
chemoresistance. Here we examine the contribution of drug
transport and stromal fibroblasts to breast cancer response to
doxorubicin using in silico and in vitro models of the tumor-
stroma interface.
Methods—2D culture systems were utilized to determine
the effects of modulated ratios of fibroblasts and cancer
cells on overall cancer cell viability. A homogenous breast

mimetic in vitro 3D collagen I-based hydrogel system, with
drug delivered via pressure driven flow (0.5 lm/s), was
developed to determine the effects of transport and
fibroblasts on doxorubicin treatment efficacy. Using a
novel layered tumor bulk-to-stroma transition in vitro 3D
hydrogel model, ratios of MDA-MB-231s and fibroblasts
were seeded in successive layers creating cellular gradients,
yielding insight into region specific cancer cell viability at
the tumor border. In silico models, utilizing concentration
profiles developed in COMSOL Multiphysics, were opti-
mized for time dependent viability prediction and confir-
mation of in vitro findings.
Results—In general, the addition of fibroblasts increased
viability of cancer cells exposed to doxorubicin, indicating a
protective effect of co-culture. More specifically, however,
modulating ratios of cancer cells (MDA-MB-231):fibroblasts
in 2D co-cultures, to mimic the tumor-stroma transition,
resulted in a linear decrease in cancer cell viability from
77% (4:1) to 44% (1:4). Similar trends were seen in the
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breast-mimetic in vitro 3D collagen I-based homogenous
hydrogel system.Our in vitro and in silico tumor bordermodels
indicate thatMDA-MB-231s at the top of the gel, indicative of
the tumor bulk, receive the greatest concentration of drug for
the longest time, yet cellular death is lowest in this region. This
trend is reversed for MDA-MB-231s alone.
Conclusion—Together, our data indicate that fibroblasts are
chemoprotective at lower density, resulting in less tumor
death in regions of higher chemotherapy concentration.
Additionally, chemotherapeutic agent transport properties
can modulate this effect.

Keywords—Tumor microenvironment, Drug delivery, Dox-

orubicin, Fibroblasts, Breast cancer, Interstitial flow, 3D cell

culture.

ABBREVIATIONS

MDA-MB-231 Human breast triple negative adeno-
carcinoma cell line (luminal)

HCC38 Human breast triple negative invasive
ductal carcinoma cell line (luminal)

MCF7 Human breast ER+/PR+ adenocar-
cinoma cell line (basal)

HDF Human dermal fibroblast
TC Tumor cell
Fb Fibroblast
ABM Agent-based model
TME Tumor microenvironment
TSTM Tumor to stroma transition model
IFP Interstitial fluid pressure
DOX Doxorubicin

INTRODUCTION

Chemotherapy is a near-ubiquitous treatment
approach for multiple forms of solid tumor cancers.
Though it works in many cases, chemotherapy often
fails, resulting in poor prognosis across multiple
forms of the disease. Doxorubicin (DOX) is a com-
monly used chemotherapy against multiple cancers
including breast, bladder, ovarian, and lung, alone or
in concert with other treatments.3 Doxorubicin is a
common chemotherapeutic delivered prior to, or
after surgery in cases of the deadliest form of breast
cancer, triple negative. In addition to its clinical
relevance, as a drug with well-understood pharma-
cokinetics, doxorubicin provides an optimal model
drug for probing dynamics of chemotherapeutic
treatment.3,54,64

Systemic chemotherapeutic delivery has been lim-
ited, first and foremost, by transport restrictions to and
within tumors.28 Specifically, the tumor microenvi-

ronment (TME), defined as the tumor cells, tumor-
associated cells, extracellular matrix, and biomechani-
cal forces,60,71 that interact in and around the tumor,
provides two distinct barriers to drug delivery. Firstly,
delivery of chemotherapeutic agents to the tumor bulk
from the circulation is attenuated by interstitial fluid
pressure, which is elevated in tumors.21 This pressure
can limit the transvascular movement of small mole-
cule drugs into the interstitial spaces leading to reten-
tion of therapy, particularly larger molecules, near the
tumor-associated blood vessels. Drug that penetrates
into the interstitial tumor space is subject to a number
of further constraints, which limit the transport
through the tissue. Limited transport of therapeutic
agents results from matrix deposition and crosslinking
by cancer associated fibroblasts, uptake by therapeu-
tics by stromal cells, and reduced overall void space
due to unrestricted cell growth.60

This limited drug distribution is thought to partic-
ularly reduce therapeutic access to invading cancer cells
at the tumor border. These cells are especially deadly as
they are thought to be responsible for subsequent
metastasis of cancers, which is a leading cause of death.
Interestingly, at these border regions of the tumors,
where cells are invading, there is increased interstitial
fluid flow. The higher interstitial fluid pressure in the
tumor bulk relative to the normal pressure in the sur-
rounding stroma yields an efflux of fluid from the tumor
to the surrounding tissue.43 These forces are known to
alter cellular invasion, promoting movement towards
draining lymphatics.45,63 However, the interaction of
these particular forces with chemotherapeutic transport
and delivery is not explored in the context of this
complex transitional microenvironment.

Secondly, intercellular interactions in the tumor
microenvironment also contribute to reduced thera-
peutic response. Several TME-mediated factors have
been implicated in the development of chemotherapy
resistance within solid tumors.67 These factors include
hypoxia,57 reduced pH,52 nutrient deprivation,35

adhesion-mediated resistance,20,56 and drug gradient
formation.32 However, cancer-stromal interactions,
specifically between cancer cells and fibroblasts in the
breast cancer context, appear to be a dominating fac-
tor in acquired chemotherapy resistance.49 Cancer
associated fibroblasts secrete pro-survival factors that
limit cancer cell apoptosis and could act to protect
cancer cells from chemotherapeutic effects.33 In the
context of neoadjuvant breast cancer therapy, the
presence of cancer associated fibroblasts signatures has
been directly implicated in poorer survival out-
comes,11and targeted therapy against these stromal
cells has been shown to improve intratumoral uptake
of doxorubicin within in vivo murine models.36
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In relation to these barriers to chemotherapy
response, the tumor border is a unique environment, as
stromal interactions, chemotherapy and cytokine gra-
dients, and interstitial flow are all present in this region.
Interstitial fluid velocity and pressure are the greatest at
the tumor border,27 thus mediating convection-driven
chemotherapy transport through this region.25 Addi-
tionally, gradients of doxorubicin have been observed at
the breast tumor border in vivo,32 providing a potential
for adaptive chemotherapy resistance. Finally, cancer
cell propinquity to stromal fibroblasts, coupled with
zones of cellular transition14 from the tumor to the
surrounding stroma, yields stromal heterogeneity. At
the tumor border, the tissue transitions from regions of
very few fibroblasts in the tumor bulk to regions of very
few cancer cells relative to stromal cells; therefore, this
transition region is defined by cellular gradients, which
could mediate further cancer cell insensitivity to
chemotherapy due to fibroblast interactions. Collec-
tively, this distinct environment couples several TME-
specific factors that could lead to chemotherapy resis-
tance and decreased patient survival.

Due to the complexity of this region, robust in vitro
and in silico models are necessary to probe the effects of
therapy coupled with interstitial flow. In silico research
methodologies provide a supplementary platform that
can expand the numbers of outcomes and test conditions
for complex biological phenomena.7,74 Agent-based
models (ABMs) are particularly suited for biological
applications, as they can predict and describe both spatial
and temporal biological interactions and characterize
emergent behaviors.39,69 To date, these types of models
have not been applied to the tumor-stroma interface,
though they have been used to model cancer cell
growth,73 progression,30 and angiogenesis.48 In vitro, or-
ganoids and similar micropatterned multicellular islands
have been employed to characterize the tumor stromal
interface.40,59 While these models resolve this interface,
they do not inherently incorporate extracellular matrix
(ECM) components,13 which are essential for character-
izing drug distributions in tissues.15 Most commonly,
micropatterning is confined to 2D models,31 however,
drug response has been shown to differ in 2D and 3D
contexts.37,75 Though micropatterned 3D systems are
possible, they are limited by the complex fabrication
process.65 Finally, many of these systems model the
tumor border, however, they do not yet account for
interstitial flow,4,9,34 which has been shown to drive
therapy distribution and cellular responses in this
region.45 Thus, this is a significant limitation in current
engineered microtissues and tumor spheroids.

3D Collagen hydrogels with homogeneously dis-
tributed cells, an alternative to micropatterning, have
been utilized to model multiple types of cancer in the
context of the tumor microenvironment.43 These

models can incorporate ECM proteins and pressure
driven flow,61 thus replicating biophysical parameters
inherent to in vivo tumors and providing a culture
context that is more replicative of real tissues than 2D
culture systems.17 However, traditional hydrogel
models do not resolve the spatial perspective inherent
to the tumor border, as cells in these models are
indiscriminately mixed.59 Therefore, the common
hydrogel paradigm must be altered in order to char-
acterize the tumor border region and capture the dis-
tribution of cellular gradients that arise as the cancer
transitions to the surrounding stroma.

Here, we establish in vitro and in silico models that
elucidate the effects of fluid and solute transport, cellular
heterogeneity, and fibroblast interactions on breast can-
cer viability following doxorubicin treatment. This work
incorporates two luminal triple negative cell lines (MDA-
MB-231, HCC38) and one basal ER+/PR+ cell line
(MCF7).64 Our study utilizes a novel 3D in vitro tumor
bulk to stroma transition model (TSTM) with physio-
logically-relevant interstitial flow, as well as concurrent
2D culture systems, to predict the regional variations in
viability that occur within the microenvironment at the
tumor border. This 3D hydrogel model incorporates
successive layering of gels with different ratios of
fibroblasts and cancer cells, yielding a vertically patterned
tissue resembling the tumor border. Additionally, in silico
methodologies predict the dominant fluid dynamic
properties that influence doxorubicin treatment efficacy
within the tumorborder transitional region.Togetherour
data provide evidence of a unique fibroblast protective
effect,whichyields varied resistance to chemotherapy ina
cancer to fibroblast ratiometric dependent manner. This
effect is sustained in several experimental models and
three separate cell lines. These findings illuminate the
importance of regional TME heterogeneity in selecting
for viable populations that could be impacting breast
cancer progression.

MATERIALS AND METHODS

Cell Culture

MDA-MB-231 human breast adenocarcinoma (tu-
mor cells: TCs) and human dermal fibroblasts (Fi-
broblasts: Fbs) were obtained from the American Type
Culture Collection (ATCC). MCF7 and HCC38 cell
lines were obtained from ATCC. HDFs, MCF7, and
MDA-MB-231 cell types were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Gibco), supple-
mented with 10% fetal bovine serum (FBS, Seradigm).
HCC38 cell types were cultured in Roswell Park
Memorial Institute medium (RPMI, Gibco), supple-
mented with 10% fetal bovine serum (FBS, Seradigm).
Cells were passaged weekly and grown at 37 �C in a
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sterile incubator (5% CO2 and 95% oxygen) in gamma
irradiated tissue culture treated flasks.

Two-Dimensional (2D) Conditioned Media Assay

Fb-conditioned media was created by incubating
fibroblasts in cell culture flasks with full
(DMEM + 10% FBS) media for 24 h. Control media
was collected from a second flask incubated simultane-
ously, in the absence of cells. MDA-MB-231 cells were
seeded into a 48 well tissue culture treated plate at a
density of 20,000 cells per well into either Fb-conditioned
or unconditioned media. After 24 h, the media was re-
placedwith 10 lMofdoxorubicinHCl (Fisher Scientific)
in serum free media. TC percent live and doxorubicin
accumulation were determined as described.

Two-Dimensional (2D) Hanging Well Co-culture Assay

MDA-MB-231 cells were seeded into a 24 well tissue
culture companion plate for hanging cell culture inserts
(VWR International) at a density of 40,000 cells per
well. HDFs were seeded into hanging culture inserts
(VWR international), with 1.0 lmmembrane pore size,
at a density of 10,000 cells per insert. For the control
condition, HDF seeding was neglected. Cells were
grown in serum free DMEM for 24 h. Prior to intro-
duction of chemotherapy, the cell culture insert was
removed for the conditioned experimental group.
Doxorubicin was introduced, to bring the final con-
centration to 10 lM. TC percent live and doxorubicin
accumulation were determined as described.

Two-Dimensional (2D) Ratiometric Co-culture Assay

HDFs and Cell Tracker (ThermoFisher) deep red
labelled MDA-MB-231 cells were introduced into the
same well of a 48 well tissue culture treated cell culture
plate at varied ratios of cancer cells to fibroblasts (4:1,
2:1, 1:1, 1:2, 1:4). Here, the total cell density was held
constant at 30,000 cells, and cell numbers were varied
internally. For example, a ratio of 4:1 had 24,000
cancer cells and 6000 fibroblasts, while a ratio of 2:1
had 20,000 cancer cells and 10,000 fibroblasts. Control
conditions were seeded at cancer cell densities com-
parable to experimental conditions, however, fibrob-
lasts were not introduced. The cells were incubated for
24 h at 37 �C, followed by introduction of 10 lM
doxorubicin HCL diluted in serum free DMEM.

Two-Dimensional (2D) Live/Dead Analysis

Following 6 h of doxorubicin treatment and subse-
quent 24 h incubation in serum free DMEM, cells were
incubated with NucBlue live cell stain (Life Tech-

nologies) and NucGreen Dead 488 cell stain (Life
Technologies) in serum free DMEM for 20 min at
room temperature. Each experimental well was imaged
using fluorescence microscopy (EVOS FL). Live and
dead cells were counted using the ImageJ cell counter
plugin (NIH). For co-culture assays, cancer cells were
identified by the presence of the CellTracker Deep Red
dye prior to assessment for live/dead. For all assays,
five images were taken per experimental technical
replicate (n = 3 per experiment) and averaged for
statistical analysis.

Doxorubicin Accumulation Analysis

For doxorubicin accumulation experiments, the
cells were trypsinized (0.25% trypsin, Gibco) at 2 h
time points (at 6 h post doxorubicin introduction for
the 2D hanging well experiments), centrifuged at
2000 rpm for 2 min, and subsequently lysed with
RIPA Buffer (Thermo Scientific) for 15 min on ice.
Cellular lysate fluorescence intensity was determined
using a fluorescent plate reader (Omega FLUOstar) at
495 nm excitation and 590 nm emission. Fluorescence
intensity was compared to a doxorubicin standard
curve for concentration determination.

Three-Dimensional (3D) Homogenous In vitro
Interstitial Flow Model

50ul of rat tail collagen I (Corning) and basement
membrane extract (Trevigen) (1.8 mg/mL Collagen,
0.5 mg/mL BME), containing cell tracker deep red dye
(ThermoFisher) labelled MDA-MB-231 cells and
HDFs at varied ratios (TC alone, 4:1, 1:1, 1:4) of
cancer cells to fibroblasts, was added into a 96-well
tissue culture insert (Corning). Total cell density in the
gels was 100,000 total cells/mL. Hydrogels were
crosslinked at 37 �C for 30 min. Afterward, the gels
were rehydrated with a drop of serum free media and
placed in an incubator for 3 h, to allow for cell adhe-
sion within the matrix. After 3 h, serum free DMEM
was added to the bottom compartment of the insert
and either serum free DMEM (control condition) or
10 lM doxorubicin diluted in basal DMEMwas added
onto the top of the gel. Gravity driven flow (~0.5 lm/s)
was introduced for 18 h, at which point the media was
removed, and the gels were flushed with basal media
for a comparable amount of time. The basal media was
replaced with NucBlue live cell stain (Life Technolo-
gies) and NucGreen Dead 488 cell stain (Life Tech-
nologies) in serum free DMEM and incubated for 1 h
at 37 �C.

The gels were removed from the inserts and imaged
using fluorescent microscopy (EVOS FL). Five images
were taken per experimental technical replicate and
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averaged for statistical analysis. Dead cancer cells were
determined by colocalization of blue, deep red, and
green fluorescent markers.

Three Dimensional (3D) In vitro Tumor to Stroma
Transition Hydrogel Model

Five separate solutions of rat tail collagen I (Corn-
ing) and basement membrane extract (Trevigen)
(1.8 mg/mL collagen, 0.5 mg/mL BME) containing
cell tracker deep red dye (Thermo Fisher) labelled
MDA-MB-231 cells and HDFs at varied ratios (4:1,
2:1, 1:1, 1:2, 1:4) of cancer cells to fibroblasts were
created. Each solution had a total cell density of
100,000 total cells/mL. 50 lL of successive ratios
starting with 1:4 were introduced into a tissue culture
insert (Corning) with 20 min of crosslinking at 37 �C
between the addition of each new layer. After the final
layer was added, the entire gel was crosslinked at 37 �C
for 45 min. For the single culture layered gels, the same
procedure was followed, however, cancer cells were
seeded in the gels in the absence of HDFs at densities
comparable to the experimental MDA-MB-231 densi-
ties.

Basal media was introduced into the bottom of the
cell culture insert. Either basal media or 10 lM dox-
orubicin solution was added to the top of the hydrogel.
Fluid flowed through the gel (~0.5 lm/s) for 18 h. The
media was removed and the gels were flushed with
basal media for 18 h. Live/dead fixable green dye (Life
Technologies) in PBS was flushed through the gel for
1 h. Afterward, the gels were fixed with 4%
paraformaldehyde for 18 h at 4 �C. The hydrogels
were removed from the inserts and stained with DAPI
diluted in PBS on a shaker for 1 h. Gels were imaged
using confocal fluorescent imaging (Zeiss 700). Z-
stacks were developed with 25 slices through the gel.
Dead cancer cells were determined by colocalization of

green, deep red, and blue fluorescent markers. The
dead cells in five successive slices were averaged for
each technical replicate.

For imaging of the gel prior to introduction of flow,
the cancer cells in the top, middle, and bottom layer
were labelled with cell tracker deep red (Thermo
Fisher), while all other cancer cells were labelled with
cell tracker green (Thermo Fisher). The gels were
immediately fixed with 4% paraformaldehyde at 4 �C
for 18 h, following crosslinking. The gels were
removed from the inserts and stained with DAPI di-
luted in PBS on a shaker for 1 h. Gels were imaged
using confocal fluorescent imaging (Zeiss LSM 700).
Z-stacks were developed with 200 separate slices.

Agent-Based Model Construction

COMSOL time-dependent convection diffusion
concentration gradients (COMSOL Multiphysics 5.1)
were developed using Darcy’s law of fluid flow cou-
pled with simple diffusion dynamics, representative of
doxorubicin transport within in vitro breast mimetic
collagen hydrogel/BME hydrogels53 (Supplemental
Methods). Physical model parameters were deter-
mined from experimental methods and literature
values (Table 1). Concentration profiles were out-
putted as text files for use in agent-based model
(ABM) simulations.

The agent-based model (ABM) was constructed
using the Repast Java framework and the Relogo Java
package. A 2D coordinate grid of 64 9 64 patches was
initiated to represent a 4.0 mm 9 3.5 mm finite slice of
experimental gel.30 For homogenous gel simulations,
the total number of cells was 2800, and the fibroblasts
and/or cancer cells were spawned randomly within the
gel at the user specified ratios. For the layered tumor
transition model, the grid space was split into 5
equivalent segments (Fig. S1C). Fibroblasts and cancer

TABLE 1. Comsol modeling parameters.

Parameter Symbol Value Source

Permeability K 3.19 e�14 (m2) Experimental

Porosity ep 0.997 (dimensionless) 53

Diffusion coefficient D 6 e�11 (m2/s) 53

Time dependent fluid volume V V ¼ b1 þ b2�b1
1þb3

t

� �b4

(lL) Experimental

Curve fitting parameter b1 37.94 (lL) Experimental

Curve fitting parameter b2 84.56 (lL) Experimental

Curve fitting parameter b3 1.09 (h) Experimental

Curve fitting parameter b4 4.00 (dimensionless) Experimental

Fluid density q 993 (kg/m2) Known

Dynamic viscosity l 6.91 e�4 (Pa s) Known

Stromal uptake rate Rf 2.75 e�7 (mol/m3 s) Experimental
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cells were spawned randomly within the sections at
user specified ratios for a total cell number of 2800.
For the single culture tumor transition model, cancer
cells were spawned within segments at densities com-
parable to experimental conditions. The total cell
number was 1400 (Fig. S1B).

Each tic of the scheduling method corresponded to
1 min. At each subsequent tic of the scheduling
method (Fig. S2A), a new concentration profile was
parsed and concentration values were stored in
appropriate patches. The patches passed these values
to corresponding cell(s) located on the patches
(Fig. S2B). The average concentration encountered by
the cells was updated based on the stored value. At
specified time intervals, the expected live percentage,
based on EC50 curves and the average concentration
encountered by the cells, was determined. This value
was scaled to account for cellular density (Table 2). If
the modeling condition accounted for both fibroblast
and cancer cells, the expected live percentage was
scaled to account for the fibroblast protective effect
based on the ratio of cancer cells to fibroblasts. The
cells were removed or kept in the simulation after
comparing a randomly generated number to the ex-
pected live percentage. Percent live of remaining cells
was then calculated.

Sample Selection

Patient samples were accessed through the Univer-
sity of Virginia Biorepository and Tissue Research
Facility. These samples were selected from patients

with a definitive diagnosis of node-negative breast
cancer and who received no treatment prior to tumor
resection. Samples were de-identified before use. All
procedures performed in studies involving human
participants were in accordance with the ethical stan-
dards of the institutional review board of the Univer-
sity of Virginia and with the 1964 Helsinki declaration
and its later amendments or comparable ethical stan-
dards.

Immunohistochemistry

Formalin-fixed, paraffin-embedded sections were
deparaffinized with xylene and rehydrated in graded
ethanols and citrate-based antigen retrieval was per-
formed (Vector Labs, Burlingame, CA). Samples were
permeabilized (0.01% Triton) and blocked in goat
serum. Based on markers previously established in the
literature, breast cancer cells were identified by anti-
pan-cytokeratin staining and cancer-associated
fibroblasts were identified by anti-alpha-smooth mus-
cle actin staining. Samples were incubated with pan-
cytokeratin antibody (Thermoscientific) followed by
secondary Cy5-goat anti-mouse (Thermoscientific).
These steps were then repeated for the TRITC-conju-
gated alpha-smooth muscle actin antibody (ebio-
science). The samples were incubated with DAPI
(Sigma-Aldrich, St. Louis, MO) and mounted with
Fluoromount-G (SouthernBiotech). All antibodies
were used at dilutions recommended by the manufac-
turer for paraffin-embedded tissues. Stained slides were
imaged with an EVOS fluorescent microscope (Ther-

TABLE 2. Agent-based model equations and parameters.

Parameter Cell type Equation Units Bounds/variables

2D IC50 percent live MDAMB-231 plive ¼ bM1 þ
bM2 � bM1

1þ bM3

dose

 !bM4 % bM1 ¼ 78:11%

bM2 ¼ �0:48%

bM3 = 3.66 lM
bM4 ¼ 1:09 ðdimensionlessÞ

2D cellular density

dependent percent live

MDAMB-231 plive = 0.0003 9 density + 34.484

plive ¼ 41:68

plive = 36.28

% 6000 £ Density £ 24,000

Density>24,000

Density<6000

2D 231/HDF ratio

dependent percent live

MDAMB-231 plive ¼ �2:50� ratio2 þ 18:77� ratioþ 41:054

plive = 76.38

plive = 43.71

% 0.25 Ratio £ 4

Ratio> 4

Ratio< 0.25

2D IC50 percent live HDF plive ¼ bH1 þ
bH2 � bH1
1þ bH3

dose

 !bH4

% bH1 ¼ 74:07%

bH2 ¼ 0:04%

bH3 = 2.105 lM
bH4 ¼ 1:01 ðdimensionlessÞ

2D cellular density

dependent percent live

HDF plive = � 0.0011 9 density + 60.88

plive ¼ 54:28

plive = 34.48

% 6000 £ Density £ 24,000

Density>24,000

Density<6000

2D 231/HDF ratio

dependent percent live

HDF plive ¼ �4:30� ratio2 þ 29:75� ratioþ 15:82

plive = 66.02

plive = 22.99

% 0.25 £ Ratio £ 4

Ratio> 4

Ratio< 0.25
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moscientific). Random non-overlapping 856 9 476 lm
(407, 465 lm2) regions at the tumor-stroma border
were selected for imaging. Images were processed using
ImageJ and Photoshop.

Statistical Analysis

Statistical analyses were run using Graphpad Prism.
Paired t-tests and two-way ANOVA were used for

analysis of same subject groups. Unpaired t-tests and
two-way ANOVA were used for analysis of indepen-
dent experimental groups and computational data.
MANOVA analysis using the SPSS software package
was utilized for normalized distance comparisons within
experimental gels for both computational and experi-
mental conditions. All assays were performed with a
minimum of three biological replicates. p< 0.05 was
considered statistically significant for all statistical tests.

FIGURE 1. Doxorubicin is less cytotoxic to breast cancer cells cultured in fibroblast-conditioned media or co-culture. (a)
Schematic of conditioned media experiments: conditioned media is harvested from incubated HDFs (Fbs) after 24 h and applied to
MDA-MB-231 breast tumor cells (TCs). (b) Live TCs assessed by nuclear dead stain 6 doxorubicin (10 lM) in Fb-conditioned or
control media after 24 h as percent of total TCs (n = 5). (c) Cellular uptake of doxorubicin by TCs at successive time points after
Doxorubicin (10 lM) application as assessed by fluorescent signal of lysed cells (n = 6). (d) Schematic of insert co-culture
experiments: MDA-MB-231 cells (TCs) and HDFs (Fbs) are co-cultured independent of contact for 24 h prior to doxorubicin
treatment. In the Fb-conditioned experimental group, the Fbs are removed prior to dosing chemotherapy. (e) Live TCs assessed by
nuclear dead stain 6 doxorubicin (10 lM) in Fb-conditioned or control media after 24 h as percent of total TCs (n = 5). (f) Cellular
uptake of doxorubicin by TCs at 6 h after Doxorubicin (10 lM) application as assessed by fluorescent signal of lysed cells (n = 6).
Data are represented as mean 6 SEM. *p< 0.05, **p< 0.01, ****p< 0.0001 by paired t-tests (b, e, f) and two-way ANOVA followed by
post hoc paired t-tests (c).
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RESULTS

Fibroblasts Reduce Cancer Cell Death in Response to
Doxorubicin and Lowered Levels of Doxorubicin

Accumulation

The effects of contact independent fibroblast sig-
naling on cancer cell response to doxorubicin were first
tested by treating MDA-MB-231 cells with either HDF
conditioned media or comparable control media
(Fig. 1a) in 2D for 24 h. Following subsequent dox-
orubicin treatment for 6 h, tumor cells grown in con-
ditioned media had a greater percentage of live cells
compared to unconditioned controls (Fig. 1b). Tumor
cells treated with either Fb-conditioned or uncondi-
tioned media showed no difference in percent live
tumor cells in the absence of doxorubicin. Notably, at
2 and 6 h, the mass of doxorubicin present in cell lysate
was significantly decreased following pre-incubation
with Fb-conditioned media prior to treatment com-
pared to unconditioned controls (Fig. 1c).

To further test contact independent fibroblast sig-
naling, fibroblasts were seeded on a hanging porous
insert with tumor cells seeded onto the bottom of the
well plate at a ratio of 4:1 tumor cells to fibroblasts
(Fig. 1d). While preconditioning with fibroblasts
showed no effect, co-culturing with fibroblasts during
treatment yielded a significant increase in the per-
centage of live tumor cells compared to controls
(Fig. 1e). The co-culture condition yielded a decrease
in cancer cell-internalized mass of doxorubicin com-
pared to the tumor cells alone control (Fig. 1f).
However, there was no difference in doxorubicin
accumulation in the conditioned group as compared to
the tumor cells alone. Examination of the fibroblasts
also revealed that the co-culture condition not only led
to changes in the tumor cell population, but also led to
opposite effects in fibroblasts. Co-culture led to
increased death of fibroblasts and increased uptake of
doxorubicin by fibroblasts (Fig. S3).

Cancer Cell Response to Doxorubicin is Dependent on
the Ratio of Tumor Cells to Fibroblasts

The tumor border includes a transition from the
tumor bulk, with relatively few fibroblasts, to the
surrounding stroma, with very few tumor cells.
Therefore, it was desirable to determine the extent of
the fibroblast protective effect within the context of
varied cancer cell to fibroblast ratios and varied total
cell densities, of relevance to the tumor-stroma tran-
sition (TST) zone.

We selected a range of ratios of tumor cells:fibrob-
lasts (TC:Fb) from 4:1 to 1:4 and created 2D co-cul-
tures in single wells prior to introduction of
doxorubicin (Fig. 2a). The total cell number was held

constant, and ratios of cells were varied internally. For
control comparison, tumor cells were seeded at the
same number as the co-culture condition in the absence
of fibroblasts. For MDA-MB-231, the percentage of
live tumor cells increased linearly with an increase in
the seeding number of tumor cells in co-culture with
fibroblasts (Fig. 2b and Fig. S4) until higher ratios
were reached (16:1) at which point the effect was lost
and viability levels matched those of tumor cell alone
controls (Fig. 2c). Similar trends were seen for the
triple negative line HCC38 (Fig. 2d and the ER+/
PR+ line MCF7 (Fig. 2e). Co-cultures at 1:4 TC:Fb
showed non-statistically different cell survival com-
pared cancer cells alone for triple negative cell lines
(Figs. 2b and 2d), while a ratio of 4:1 yielded the
greatest percent live for all cell lines. No difference was
observed in the viability of the single cultured tumor
cells with regards to the seeding number in response to
doxorubicin; however, MCF7 was more sensitive to
doxorubicin overall compared to the two triple nega-
tive cell lines (Fig. 2e). MCF7 showed reduced
response to doxorubicin even at the lowest ratios of
TC:Fb, indicating that it is protected by fibroblasts in
general and less sensitive to the cellular ratio. Overall
and for all cell lines, a decreased response to doxoru-
bicin was associated with a lower ratio of TC:Fb.

To further probe this phenomenon, the number of
tumor cells was held constant, and the cell ratio was
altered by adjusting only the total number of fibrob-
lasts in co-culture (Fig. S5A), prior to doxorubicin
treatment. A control group was also established by
seeding tumor cells at the same number as all other
experimental conditions without the addition of
fibroblasts. A comparable viability effect was observed
as seen in the hanging well cultures: A ratio of 4:1
tumor cells to fibroblasts yielded the greatest viability
of tumor cells and the greatest difference in viability as
compared to the control condition (Fig. S5B). These
data indicate that the fibroblast protective effect is not
dependent on the total number of tumor cells; rather, it
depends on the ratio of tumor cells to fibroblasts.
Additionally, while fibroblast-derived factors need to
be present to observe the effect, the ratio of tumor cells
to fibroblasts, not the total number of fibroblasts, is
the determining factor.

Ratiometric Effects are Conserved When Cells are
Cultured in a Breast-Mimetic 3D Microenvironment

Since the in vivo microenvironment is a three-di-
mensional space with which the cells can readily
interact, and it has been shown that dimensionality can
affect therapeutic outcomes in cancer, comparable
in vitro hydrogel doxorubicin treatment experiments
were developed to extend the co-culture experimental
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findings. Collagen hydrogels were developed with
varying ratios of tumor cells and fibroblasts found to
be relevant (4:1, 1:1, 1:4) in 2D (Fig. 3a). Control gels
were seeded with tumor cells, alone, at the same total
cell number as the co-culture hydrogels (Fig. 3b). After
treatment was applied by via pressure-driven flow, to-
tal tumor cell viability in the absence of doxorubicin
was approximately 90% for all conditions (Fig. 3c).
Analysis of the total tumor cell viability within the gels
after treatment indicated that a ratio of 4:1 tumor cells
to fibroblasts yielded a significantly higher viability
than the comparable single culture condition.

Gradients of Chemotherapy Form Across Invading
Edges of Tumors

In addition to the cellular heterogeneity at the
tumor edge, increased fluid pressure at the tumor
border drives interstitial fluid flow into the adjacent
stroma generating a gradient of chemotherapeutic.32

Collagen hydrogels have been utilized in the past to
mimic this region. Here, we developed in silico theo-
retical concentration profiles within collagen hydrogel
mimetics based on the geometry of the hydrogels,
Darcy’s law of fluid transport, and the general diffu-

FIGURE 2. In single co-culture, the ratio of tumor cells to fibroblasts alters the viability of tumor cells in response to doxorubicin
treatment. (a) Schematic of constant total cell seeding density experiment: TCs (red) and Fbs (blue) were seeded in a culture dish
with the total number of cells (TCs + Fbs) held constant. Single cultured TCs were seeded at the same TC density as experimental
conditions with no fibroblasts in 2D co-culture. (b) Percent live MDA-MB-231 at low ratios. (c) MDA-MB-231 at high ratios, (d)
HCC38, and (e) MCF7 TCs assessed by nuclear dead stain 6 doxorubicin (10 lM) after Doxorubicin treatment for 6 h with
increasing ratios of TC:Fb (n = 5). Data are represented as mean 6 SEM. *p<0.05, **p< 0.01, ***p<0.001 by post hoc unpaired t-
tests following two-way ANOVA.
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sion equation (Table 1; Supplemental Methods). Be-
cause the fluid velocity is very low (~0.5 um/s), con-
centration gradients develop between the top and the
bottom of the gel (Figs. 4a and S6). Notably, the
concentration of the drug was greatest at the top of the
gel relative to the bottom. However, it should be noted
that the concentration reached steady state in the
hydrogel after 5.8 h of simulated flow (Fig. S6).

High Tumor Cell to Fibroblasts Ratios Reduce Cancer
Cell Response in an Agent-Based Model of the Tumor

Microenvironment

An agent-based in silico model (ABM) was devel-
oped using the concentration profiles determined in
COMSOL, to represent flow mediated doxorubicin
treatment through homogenously seeded hydrogels at
varied cancer cell to fibroblast ratios (Figs. S1 and S2).
Predictive equations for the percentage of live tumor
cells were determined from the 2D results (Table 2;
Fig. S7). Simulations of 18-h doxorubicin treatment
delivered via top-to-bottom interstitial flow indicated
an increase in overall percentage of live tumor cells in
co-culture conditions relative to the tumor cells alone
condition (Fig. 4c), and this percentage was greater
with increasing ratios of tumor cells to fibroblasts.

The ABM was further utilized to probe spatial
variations in cancer cell survival through homoge-
nously seeded hydrogels with different tumor cell:fi-
broblast ratios. At each depth in the gel, greater ratios
of tumor cells to fibroblasts yielded a greater percent-
age of live tumor cells relative to successively lower
ratios (Fig. 4d). All conditions yielded significantly
greater viability than the tumor cell alone control
condition. Interestingly, for samples with higher ratios,
tumor cells at the top of the gel had a significantly lower
percent survival as compared to the bottom of the gel
due to drug concentration profiles. Our ABM predicted
more significant results than our 3D hydrogel experi-
ments, however, the viability trend was comparable
between in vitro and in silico models. Viability of tumor
cells in each co-cultured condition was approximately
half of the ABM predicted viability percentage. This is
likely due to a reduction in the fibroblast protective
effect within 3D systems, as compared to 2D culture
system, as a result of the extracellular matrix compo-
nents and greater dispersal of cells.

Development of an In Silico Tumor to Stromal
Transition (TST) Model ABM Shows Response Across

the Invasive Edge of Tumors

Following confirmation of the fibroblast protective
effect in 3D, an in silico ABM tumor to stroma tran-

FIGURE 3. Ratiometric response of tumor cells occurs
when cells are co-cultured in a breast-mimetic collagen I
matrix. (a) Schematic of independent tissue culture insert
set-ups for increasing ratios of TCs:Fbs in a collagen I ma-
trix. Arrow indicates direction of application of doxorubicin
for 18 h. (b) Fluorescent images of Celltracker deep red-la-
beled MDA-MB-231(red, TCs) and total cell nuclei (blue,
NucBlue) in 3D collagen hydrogels prior to doxorubicin
treatment. Cells were seeded at varied ratios with overall
cellular concentration held constant (1E6 cells/mL). Blue la-
bel without red indicates a fibroblast. (c) Live TCs assessed
by nuclear dead stain within collagen gels 6 doxorubicin
(10 lM) after 18 h application via interstitial flow (n = 3). Data
are represented as mean 6 SEM. *p< 0.01, ***p< 0.001 by
post hoc unpaired t-tests following two-way ANOVA analy-
sis. ***Signifies statistical significance to matched + dox-
orubicin condition.
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sition (TST) model (Fig. S1B; Supplemental Movie 1),
representing the in vivo tumor bulk to stroma transi-
tion area (Fig. 5a), was utilized to predict the region
specific effects of doxorubicin treatment within a
heterogeneous 3D-hydrogel breast mimetic system.
For tumor cell alone simulations, the tumor cells in
each successive layer within the simulated hydrogel
correspond to the number of tumor cells in the com-
parable layer in the co-culture simulation (Fig. S1C).

Results predicted that tumor cells alone, region
specific, cell viability followed the same trend as
homogenously seeded tumor cell alone simulations
(Fig. 5b), where cancer cell populations that encoun-
tered a higher concentration of drug for the longest

period of time (top of the gel) had significantly lower
viability compared to cell populations at the bottom of
the hydrogel, that encountered a lower average con-
centration of drug. Interestingly, this trend was re-
versed for co-culture simulations. Tumor cells at the
top of the hydrogel, representative of the tumor bulk
region, had a greater percentage of live tumor cells as
compared to the cancer cell populations at the bottom
of the gel, representative of the tumor stromal region.
The simulations indicated that tumor cells in the tumor
bulk are protected from doxorubicin chemotherapy to
a greater extent than tumor cells in the simulated
stroma, indicating the potential for a resistant sub-
population within the tumor microenvironment.

FIGURE 4. Agent-based model (ABM) predicts overall and distance-dependent response of tumor cells to doxorubicin in the 3D
collagen hydrogel system. (a) Diffusion-convection concentration gradient developed in Comsol within a simulated 3D hydrogel.
Scale gives normalized concentration (C/Cmax). (b) The agent-based model incorporates concentration profiles, cancer cells, and
fibroblasts for in silico drug screening. (c) ABM-predicted overall viability for homogenous gels of varied tumor cell:fibroblast
ratios (n = 20). (d) Location dependent viability of tumor cells in homogenous gels seeded at varied tumor cell:fibroblast ratios
(n = 20). Data are represented as mean 6 SEM. ****p< 0.0001 compared to 231 control by post hoc unpaired t-tests following two-
way ANOVA analysis. (d) post hoc t-tests after MANOVA analysis which shows significant effects (p< 0.001) for ratios and
distance
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FIGURE 5. Layered in silico and in vitro models of the tumor to stroma transition zone indicate that tumor cells in the bulk are
more viable after doxorubicin than those in the stroma. (a) Tumor-stroma interface from a resected patient breast carcinoma
showing tumor cells (pan-cytokeratins, red) and fibroblasts (alpha-smooth muscle actin, blue). (b) ABM predicted percent viability
in varied depths within a layered hydrogel with counter-correlated gradients of TCs and Fbs after 18 h of simulated drug treatment
(n = 20). (c) Schematic of a penta-layered collagen hydrogel setup in a tissue culture insert with countercorrelated gradients of TCs
and Fbs to model the tumor to stroma transition zone (TST model). (d) Confocal images of the TST model under control (no
treatment) condition prior to (left) and after (right flow) with tumor cells (false colored—top) and fibroblasts (bottom). The tumor
cells are labelled with alternating cell tracker dyes (green and deep red) to distinguish each layer. Dotted line indicates top of gel.
(e) Live TCs assessed by nuclear dead stain within collagen gels 6 doxorubicin (10 lM) and 6 fibroblasts at varied depths within
the hydrogel for 18 h of treatment. (n = 3) Data are represented as mean 6 SEM. *p< 0.05, ***p< 0.001 by t test after MANOVA
analysis showing significance for distance and group.
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A corresponding In Vitro Model of the invasive Edge
Indicates Similar Region Specific Cancer Cell Response

A penta-layered hydrogel in vitro TST model was
created by successively depositing hydrogel solutions
with increasing cancer cell to fibroblast ratios from
bottom to top of a cell culture insert (Fig. 5c). Tumor
cells in alternating layers were labelled with different
cell tracker dyes (Fig. 5d). Distinct regions were con-
firmed, via confocal imaging, prior to introduction of
flow. These regions were confirmed following flow
application (Fig. 5d).

The region-specific viability within the in vitro TST
model confirmed the trends predicted by the compa-
rable ABM (Fig. 5e), with the addition of fibroblasts
increasing viability overall. However, fibroblasts did
not confer significantly increased viability in the lowest
layer of the TST model as was predicted by the ABM.
Tumor cells alone with flow-applied doxorubicin
treatment yielded regions at the top of the gel with
significantly decreased percentages of live tumor cells
as compared to the bottom the hydrogel. By contrast,
co-culture (TCs + Fbs) hydrogels yielded significantly
greater cancer cell viability at the top of the gel as
compared to the bottom of the gel. In the absence of
doxorubicin, there was no difference in region specific
viability for co-cultured and tumor cell alone TST
models.

The Interaction of Transport Properties with Cellular
Interactions in the ABM Shows the Importance of
Tissue-Level Changes in Cancer Cell Response to

Chemotherapy

MCF7 and HCC38 2D viability data was utilized to
predict the region specific and overall viability in sim-
ulated layered 3D hydrogels with flow (Fig. 6a and
6b). Overall, predicted viability was higher at the top
of the gel as compared to the bottom, which is com-
parable to results observed with MDA-MB-231 cancer
cells. Interestingly, however, the difference between
predicted viability at the top and bottom of the simu-
lated hydrogel was much less for the MCF7 condition
than the other two cell lines. This could indicate a more
homogenous treatment response for this cell line.
Overall viability was higher for MDA-MB-231 cells
than the other cell lines.

Sensitivity analyses of COMSOL parameters
emphasize the effects of transport properties on region
specific and average cancer cell viability (Fig. 6c).
Diffusion alone, in the absence of convection, was not
a major mediator of cancer cell death, as drug does not
penetrate into the gel after 18 h (Fig. S6). Transport
from the bottom of the gel to the top, simulating flow
from the stroma to the tumor, yielded an even greater

difference in the viability of the cells at the top relative
to the bottom of the gel, which yielded a corresponding
overall increase in cancer cell viability as compared to
the normal flow control (Fig. 6d).

Altering the diffusion coefficient, analogous to
changing the size of the drug, while maintaining con-
vective parameters, yielded no significant difference in
the general region specific viability of tumor cells
(Fig. 6e), except for a 100-fold increase in the diffusion
coefficient. Similarly, overall percent live tumor cells
within the hydrogels was only significantly altered
from the control condition in the case of 100-fold in-
crease in the diffusion coefficient (Fig. 6f). Analysis of
the concentration profiles indicated that convection
was dominating diffusion (Pe = 2.75–2750) except in
the 100-fold context (Fig. S8).

Alterations of the permeability coefficient, analo-
gous to altering the matrix density, and associated
alterations in velocity (Fig. S8), while maintaining the
diffusion parameters, yielded varied alterations in re-
gion specific and overall cancer cell viability (Fig. 6g).
While the viability at the top of the gels was always
greater than the bottom of the gel, for comparable
conditions, increasing the permeability decreased the
overall viability (Fig. 6h). At low values of permeability
(0.01 and 0.1 K) there was no difference in region
specific or overall viability, however, the viability was
not zero. This was due to the fact that the gel becomes
saturated with drug almost instantly at these values;
therefore, the viability effects become dominated by the
drug dosage and the fibroblast protective effect. At very
low values of permeability, the region specific and
overall viability was comparable to diffusion only
conditions, indicating that diffusion was dominating
convection in these conditions (Pe = 0.275–2.75).

DISCUSSION AND CONCLUSION

Mechanisms Behind Fibroblast Induced Chemotherapy
Resistance

Multidrug resistance in cancers is a documented
phenomenon, and can be meditated by several cellular
mechanisms; however, anthracycline resistance is
dominated primarily by classical multidrug resis-
tance.16 Classical multidrug resistance is described by
acquired resistance to chemotherapy by lowered
intracellular drug concentration.68 Shen and colleagues
describe the uptake and efflux of doxorubicin within
wildtype and multidrug resistant MDA-MB-435 cells
and indicate that multidrug resistance in breast cancer
cell lines is dominated by increased drug efflux.58 We
believe that the decrease in cancer cell doxorubicin
concentration and comparable increase in the per-
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FIGURE 6. The agent-based model reveals complex interactions between cellular response to chemotherapy across the TST zone
and transport properties. Cancer cell viability at increasing depth through the agent-based TST model for varied (a) tumor cell type
(c) transport conditions including normal flow (top to bottom), reversed flow (bottom to top) and no flow (diffusion only) (e)
diffusion coefficients, and (g) permeability coefficients, after 18 h of simulated treatment with 10 lM doxorubicin. (n = 20) Total
cancer cell viability within the agent-based TST model for varied (b) tumor cell type (d) transport conditions, (f) diffusion coeffi-
cients, and (H) permeability coefficients, after 18 h of simulated treatment with 10 lM doxorubicin. D indicates baseline diffusion
coefficient value (6 e211 [m2/s]), and K represents baseline permeability coefficient value (3.19 e214 [m2]) (n = 20). Data are rep-
resented as mean 6 SEM. ****p< 0.0001 by post hoc unpaired t-test following MANOVA (A,C,E,G) and by post hoc unpaired t-tests
following two-way ANOVA analysis (b, d, f, h). All main effects were significant by MANOVA or ANOVA.
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centage of live tumor cells may be due to classical drug
resistance, mediated by drug efflux. Additionally,
fibroblast doxorubicin accumulation in the co-culture
condition was not negligible, however, the concentra-
tion of extracellular doxorubicin after 6 h (~8 lM) was
still above the determined IC50 (3.7 lM) for MDA-
MB-231 cells. Two studies have found that both the
cytoplasm and the nucleus of MDA breast tumor cells
become saturated prior to 6 h at varied doses of dox-
orubicin,58,72 and this saturation occurs even at a
dosed doxorubicin concentration as low as 5 lM.58

Therefore, it is not likely that the reduced viability in
co-culture conditions is simply due to uptake by stro-
mal fibroblasts, as indicated by previous literature.
However, localized effects of this accumulation could
have enhanced effects on total tumor treatment
response based on observations of gradient formation
of doxorubicin in patients and correlating with resis-
tance to treatment.32

From our data, we interpret that a concentration-
dependent, fibroblast-derived signaling molecule is nec-
essary for the protective effect to occur, and this effect is
observed at higher ratios of tumor cells to fibroblasts,
regardless of the overall cell numbers. Fibroblast acti-
vation, a major hallmark of cancer-associated fibrob-
lasts, has been attributed to TGFb, reactive oxygen
species, extracellular matrix modifications, and intersti-
tial fluid flow,61 among other mechanisms. Activation of
fibroblasts leads to further secretion of TGFb, secretion
of other cytokines such as IL-6, and extracellular matrix
molecules such as Tenascin C.29 TGFb and IL-6 both
increase resistance to anthracycline chemotherapy in
breast cancer,1,5 and Tenascin C is associated with
chemoresistance in lung cancer.55 It’s possible that, in
our system, the ratiometric effect is due to a unique
balance between signaling molecules from cancer cells to
fibroblasts on a per cell basis needing to be higher than
signaling molecules from fibroblasts to cancer cells, but
the effect is amplified when cells are touching, sharing an
extracellular matrix, or subjected to flow as in our co-
culture systems. Fibroblasts have also been associated
with creating niches in which cancer stem cells, a par-
ticularly drug resistant population of cancer cells, reside
and proliferate.10 These niches may form naturally
within our 3D system, further contributing to increased
resistance.

Drug Transport in the Tumor Microenvironment

In addition to stromal signaling, fluid dynamics can
alter drug concentration gradients and affect region
specific and overall viability trends in the tumor border
region.24,53 Reversed flow enhances the cancer cell
viability in the bulk region and simultaneously de-
creases the viability in the stromal region, while

increasing the overall viability.24 Diffusion alone sig-
nificantly reduces the effectiveness of the chemother-
apy, at 18 h of simulation, due to lack of solute
penetration into the hydrogel. These results indicate
that convection is a dominant factor for concentration
profile development and corresponding cancer viability
response.32 This is further confirmed by alterations of
the diffusion coefficient, while simultaneously keeping
convection constant. In these simulations, the diffusion
coefficient only affects the viability at very large values.
This confirms that convection is the driving force for
doxorubicin concentration development, and diffusion
dominates only when molecules are very small.

These results are comparable to those reported by Jain
and colleagues 24–27; the authors highlight the impor-
tance of convection and diffusion for solute transport in
neoplastic tissues. Specifically, convection is dominant in
these tissues when the molecular weight of the solute is
significantly large, while diffusion dominates with very
small particles.28 This rationale was further used to ex-
plore the transport effects of large molecules within the
tumor interstitium and corresponding implications for
antibody-based drug delivery.26 The results indicate that
high molecular weight drug efficacy, in whole tumors, is
attenuated by extravasation from the tumor bulk. While
doxorubicin would not be considered a large molecule
drug, it is well within the size range for convection
dominant flow in neoplastic tissues.24 Other larger mo-
lecules, such as immunotherapies, would be further
transported by convection and thus subject to increased
diffusive transport constraints.

However, convection dominance is also mediated by
the permeability of the tissue of interest. As breast
tumor heterogeneity affects the permeability and cor-
responding fluid velocity23 in vivo, characterizations of
alterations in permeability were explored to determine
the effect of tumor permeability heterogeneity on
cancer cell viability. Physiologic breast tumor intersti-
tial fluid velocities are predicted to be between 0-
10 lm/s as compared to normal interstitial velocities
between 0.1 and 1 lm/s.19 The permeability sensitivity
analysis accounted for velocity alterations within these
ranges. Diffusion dominates convection when inter-
stitial velocities are decreased to normal tissue values
(0.1 and 0.01 K), as is apparent from comparison to
the diffusion alone concentration profile. Similarly,
regional viability was comparable between the low
permeability and diffusion only conditions. As per-
meability is increased, viability decreases due to rapid
homogenization of concentration gradients. Therefore,
decreasing the permeability would decrease the
extravasation rate from the tumor bulk and subse-
quently increase the efficacy of overall drug penetra-
tion into the tumor, previously reported as a method to
increase whole tumor therapeutic efficacy.46 However,
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regional drug efficacy at the tumor border could be
potentially attenuated with decreased permeability, as
dispersed concentration profiles would develop in this
region.

Interestingly, fibroblasts are major players in alter-
ing both permeability and diffusivity of molecules
within the tumor microenvironment. Activated
fibroblasts deposit ECM and alter matrix alignment in
ways that contribute to reduced permeability and dif-
fusivity through the system, thus limiting therapeutic
transport.47 A number of factors contribute to
fibroblast activation, but interstitial fluid flow and
chemotherapies such as 5-fluorouracil, epirubicin, and
cyclophosphamide have been linked specifically to
increases in activation and collagen accumulation.11,38

These cells not only limit the transport of therapies,
but also contribute to increases in cancer cell invasion
at these border regions, the initiating site of metastatic
spread.62 Our model does not account for these
emergent fibroblast behaviors, however, future itera-
tions could incorporate feedback loops to adjust these
parameters as they affect transport in the TME.

Implications of Our Models to Therapeutic Efficacy and
Clinical Response

Together our data indicate that several TME-
specific factors affect cancer cell viability within the
tumor stoma transition region. Interestingly, we see
that it is the cells nearest the modeled invading stroma
that are more susceptible to therapy than those in the
tumor bulk. There is a great deal of research focused
on targeting or preventing development of invading
cells within these stromal zones 18,44,45,66 as a means for
preventing metastasis. Examination of tumor cells live
in vivo indicates heterogeneity in the subsets of cells
that invade through tissues.12 Though it is intuitive to
think that invaded cancer cells will not be accessed by
therapies and thus will continue to invade and lead to
systemic metastases, our data here may indicate that
cells closer to the bulk may resist treatment better and
potentially become invading cells post-therapeutic
administration. This invasion may be enhanced by
interstitial fluid flow, a known promoter of cellular
invasion in multiple cancers. Though our results are
limited by only examining only one fibroblast type, we
have identified this ratiometric effect across three
breast cancer cell lines. Due to the ubiquitous presence
of fibroblasts and increased fluid flow at invasive edges
of cancers in multiple organs, our in silico and in vitro
findings may translate in part to other cancers. This is
particularly true for highly desmoplastic cancers, such
as pancreatic carcinoma, which are known to be highly
transport limited with extreme ratios of stroma to
cancer compared to other solid tumors.50,51

In breast cancer, specifically, high percentages of
stroma within the tumor bulk are a poor prognostic
indicator in breast cancer patients. These studies have
found that patients with high stroma:tumor ratios have
worse progression-free survival than those with low8,41;
however, these studies have defined high and low based
on an arbitrary 50% overall ratio, and have not
specifically examined nuances in these ratios. In line
with this, multiple papers have shown that the removal
of fibroblasts or reduction in fibroblast activation aids
therapies in mouse models of cancer.2,36 However, the
contribution of regional heterogeneity has not been
clinicopathologically studied. Micropatterning and
spheroid co-culture models have revealed some evi-
dence that there is regional variability in these effects.
Recent studies with Lapatinib indicate that the dis-
tance between fibroblasts and cancer cells predicts
therapeutic response.40 There have been no in vivo
studies examining the intratumor heterogeneity of drug
response with spatial resolution. However, classically
drug resistant cells, such as cancer stem cells6 and cells
expressing the classical multidrug resistance gene P-
glycoprotein, have been identified in invasive regions
and metastases of multiple carcinomas, including
breast.22,42,70 Though evidence suggests relevance of
the type of spatial heterogeneity in drug response that
we observe, further investigation is required to deter-
mine how cells in vivo are responding to therapies
across this tumor border region and determine the
implications of both increased interstitial fluid flow
and ratiometric stromal heterogeneity for patient out-
comes.

CONCLUSION

Here we find that there is a distinctive interaction
between the contributions of fibroblasts and transport
to the activity of a common chemotherapeutic, dox-
orubicin, in a simulated breast cancer microenviron-
ment. Our findings indicate that fibroblasts confer
poorer therapeutic efficacy of doxorubicin overall, yet,
higher ratios of tumor cells to fibroblasts results in
increased drug resistance in three cell lines over lower
ratios. This may suggest that it is the cells nearer the
bulk of the tumor that resist treatment as opposed to
those that have already invaded surrounding tissue.
For the invasive edge of tumors, modeled here, where
interstitial fluid flow is heightened, these protective
effects are dominant over transport limitations within.
However, modulation of the transport properties in
line with interregional heterogeneity in tumors can
drastically shift these responses. Our tissue engineered
and in silico models, based on clinical samples of breast
cancer invasive stromal regions, indicate that it is
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important to study transport and cellular interactions
simultaneously when examining cancer-related ther-
apy, as both factors may play an important, yet vari-
able, role in the in vivo response of cancer cells to
chemotherapy.
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