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Abstract

The tumor microenvironment is important in promoting treatment resistance of tumor cells via
multiple mechanisms. However, studying this interaction often proves difficult. /n vivo animal
models are costly, time-consuming, and often fail to adequately predict human response to
treatment. Conversely, testing drug response on human tumor cells /n vitroin 2D cell culture
excludes the important contribution of stromal cells and biophysical forces seen in the /in vivo
tumor microenvironment. Here, we present tissue-engineered models of both human brain and
breast tumor microenvironments incorporating key stromal cell populations for assessing multiple
mechanisms of therapeutic response using flow cytometry. We show our physiologically-relevant
systems used to interrogate a variety of parameters associated with chemotherapeutic efficacy,
including cell death, proliferation, drug uptake, and invasion of cancer and stromal cell
populations. The use of flow cytometry allows for single cell, quantitative, and fast assessments of
multiple outcomes affecting anti-tumor therapy failure. Our system can be modified to add and
remove cellular components with ease, thereby enabling the study of individual cellular
contributions in the tumor microenvironment. Together, our models and analysis methods illustrate
the importance of developing fast, cost-effective, and reproducible methods to model complex
human systems in a physiologically-relevant manner that may prove useful for drug screening
efforts in the future.

1. Introduction

Precision medicine is gaining speed in development and clinical use. The use of screening
technologies to assess therapeutic responses or predict outcomes in patient samples is
important to developing new therapies and using appropriate and effective therapies in the
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clinic[1]. The ability to assess the response of a patient is imperative to increasing survival in
diseases including fibrosis, cancer, and heart disease [2—4]. Recreation of tissues outside the
patient body using tissue engineering methods offers the ability to potentially examine a
patient’s own tissues in a controlled setting [5,6]. These systems combine the benefits of
mimicking tissue-level structures and interactions with the ease and manipulability of higher
throughput screening platforms. Aside from precision medicine applications, they can also
be used to test important scientific hypotheses related to disease related to the complex
interactions that arise in a complete tissue and thus offer opportunities for drug discovery
and development [7,8].

Basic in vitro tissue engineered models were first developed to examine the dynamics of
cells within 3D microenvironments, offering one element of tissue-level complexity. It has
been shown across multiple cell and tissue types that cells respond differently when moved
from traditional 2D tissue culture to 3D culture with some sort of extracellular matrix [9,10].
Cellular exposure to chemical and physical cues in three dimensions has been linked to
altered chemoresistance in tumor cells, differential changes to migration and invasion of
normal and malignant cell types, altered cytokine expression, differentiation changes, and
viability[11-13]. Tissue engineering provides a simplified platform for incorporating
multiple cell types to study complex mechanisms. This platform has recently been applied to
cancer research to study the complex tumor microenvironment, or tissue surrounding the
cancer. Recent studies indicate the tumor microenvironment is important in promoting
treatment resistance by increasing apoptosis resistance, proliferation, and invasion as well as
reducing drug transport to tumor cells [14,15]. Tissue engineered models can be an effective
platform for simply incorporating multiple microenvironmental components to more
accurately represent complex tumors and study therapeutic response of tumor cells.

Use of tissue engineered models has also allowed replacement of animal models and have
offered not only the advantages of reduced animal use, but also many other benefits[16].
These include the ability to use human cells and patient-derived primary cells to more
accurately represent human tissue without confounding species interactions[17].
Furthermore, inclusion of patient-derived primary cells paves technologies towards
personalized medicine with the ability incorporate patient cells into tissues recreated outside
the patient body [18]. This leads to innovative drug screening platforms that can hopefully
identify therapeutic regimens that can be truly successful for patients since they are
identified using the patient’s own cells.

Careful design and selection of components of the tumor microenvironment are important to
the development of an appropriate platform for experimental use (Figure 1). To use these
systems, a careful balance between complexity and ease of use must be struck. Many factors
within the tumor microenvironment can contribute to a tumor cell’s behavior, however,
incorporation of every element within the tissue would drastically reduce the ease of use of a
system and can cause difficulties in outcome measures. Thus, careful formulation of the
specific question, hypothesis, or objective should be considered before design of the system.
This is followed by collection of relevant information to enable appropriate modeling either
through literature or prior in vivo data. We recommend examining four key groups of factors
within the design: Cells, Extracellular Matrix, Chemical & Physical Gradients, and
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Structures. The last component of design is the choice of outcome measures which can
affect the timing, implementation, and specific cell culture conditions (culture vessel,
imaging conditions, media preparations) that are used.

As tissue engineered models aim to mimic tissues, many techniques that are used in vivo can
be translated to these in vitro models through careful planning and protocol development.
We and others have demonstrated the use of standard histological techniques, intravital
imaging, protein analysis, and gene expression analysis with tissue engineered
models[19,20]. Specifically in cancer, these models can be useful for assessing outcomes
related to chemotherapeutic, novel targeted therapeutic, and other therapeutic strategies in
screening, discovery, and patient-specific regimen planning[21].

As one example, we have built tissue-engineered models (Figure 2) of the complex region of
the tumor-tissue interface to examine response of tumor cells to chemotherapy. Within these
systems we describe methods and results when examining multiple outcomes related to
tumor malignancy, such as cell death and apoptosis, invasion, and drug uptake with
chemotherapeutics. Briefly, we harvest tumor, stromal, and immune cells (Figure 2A), label
each with fluorescent organic dyes, incorporate the cells into an extracellular matrix and
seed these into a tissue culture insert (Figure 2B) with a 8 um porous membrane through
which cells can migrate to mimic invasion (Figure 2C). Chemotherapeutics are flowed
through the gel (Figure 2D) and at the end of the experiment, the gels can be removed from
the insert, the matrix is degraded leaving the cells for flow cytometry analysis (Figure 2E).
The membrane can be fixed and imaged via fluorescence microscopy to quantify percentage
of cells migrated through porous membrane (%invasion) as described in our Methods
section. With this strategy, we demonstrate how flow cytometry and imaging can be used to
analyze several outcomes related to cancer malignancy in two distinct models of cancer
(brain and breast) and how these models can be used to understand drug efficacy.

2. Material and methods

2.1 Cell culture

Human glioblastoma cell line U251 (generously provided by the Purow laboratory at the
University of Virginia), HCC38, and HCC1806 (ATCC) were cultured in RPMI (Gibco)
with 10% fetal bovine serum (FBS). Human primary astrocytes were purchased from
Sciencell and cultured following manufacturer’s recommendation. SV40-transduced human
microglia were purchased from Applied Biological Materials and cultured in DMEM
(Gibco) supplemented with 10% FBS. Human lymphatic endothelial cells (HMVEC-dLy,
Lonza) were cultured in Endothelial Cell Growth Medium (EBM-2 basal media, Lonza)
supplemented with recommended growth supplement kit (EGM-2MV BulletKit, Lonza).
Human mammary fibroblasts (Sciencell) were cultured in according to manufacturer’s
instructions. All cell lines were grown sterilely in humidified atmosphere of 5% CO2 and
95% oxygen at 37°C. Cell lines were tested annually for mycoplasma (last test date:
12/2015, negative) and all experiments were completed afterwards.
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2.2 3D in vitro models of the tumor microenvironment

1. In a biosafety cabinet, seed endothelial cells in droplets on the underside of an 8
um pore size 96-well tissue culture inserts (Corning).

a. For brain studies: endothelial cells were not included so protocol begins
at Step 4.

b. For breast studies: 10,000 human lymphatic endothelial cells (LECs)
were seeded in 25 pl droplets.

2. Allow to adhere for 2 hours in incubator. Flip plate over to proper orientation.
Tip: Ensure that cells do not become dehydrated by reapplying media as needed,
checking every 30 minutes.

3. Maintain plates in a 37 °C, 5% CO2 incubator for 48 hours to allow endothelial
cells to form a confluent monolayer, replenishing media in lower compartment as
needed.

4, Label cells of interest with various Cell Tracker dyes (Life technologies)

following manufacturer’s recommended protocol. Tip: While each cell
population can be labeled with a different cell tracker dye to specifically
distinguish each population, flow cytometry gating and analysis can be
simplified by labeling only the specific population of interest, (i.e. only tumor
cells).

5. Incorporate cells into matrix (Figure 2A). Total cellular concentrations range
between 1 and 10 million cells/ml. Here, we used a total cellular concentration of
1 million cells/ml.

a. For brain studies: U251 glioma cells, human astrocytes, and human
microglia are homogenously resuspended in gel composed of 0.2%
polyethylene glycol-diacrylate crosslinkable hyaluronan (ESI Bio) with
0.12% Rat Tail Collagen | (Corning) matrix [19].

b. For breast studies: Human mammary fibroblasts and human breast
tumor cells are homogenously resuspended in gel composed of
0.18mg/mL Rat Tail Collagen I (Corning) with 0.5mg/mL basement
membrane extract (Trevigen).

6. Slowly pipette cell-gel solution into the upper compartment of 8um pore 96-well
tissue culture inserts (Corning). Tip: Ensure there is a continuous interface
between the gel solution and the insert edge to yield consistent results.

a. For brain studies: 75 pl of cell-gel solution is added.
b. For breast studies: 50 pl of cell-gel solution is added.
7. Allow solution to solidify in a 37 °C, 5% CO, incubator. (Figure 2B)

a. For brain studies: After 10min, 10 pul of media (Astrocyte basal media,
Sciencell) is added atop the gel. Incubate plate for another 2 hours at
37 °C for gels to fully solidify. Tip: Hydrating gels after 10min is
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imperative for breaking surface tension to create interstitial flow
pressure-head described below.

For breast studies: After 10min, 35 pl of media (EBM-2 basal media
with EGM-2MV supplement, Lonza) is added to the bottom
compartment to ensure LEC hydration. Incubate plate for 20 additional
minutes at 37 °C for gels to fully solidify. Tip: Do not add media
sooner as this can cause wicking of non-gelled solution through to
lower compartment.

8. All experimental conditions are run in three independent inserts to yield three
technical replicates.

2.3 Treatment of tissue engineered models via physiological interstitial fluid flow

1. Create a gravity-driven pressure-head to mimic physiologically-relevant
interstitial fluid flow by manipulating media volumes in lower and upper tissue
culture insert compartments (2B).

a.

For brain studies: 25 ul serum-free astrocyte medium (Sciencell) is
added to the lower compartment of the tissue culture insert and 125 pl
of media to upper compartment for an average superficial velocity of
0.15-2 pm/s.

For breast studies: 35 pl of media is added to the lower compartment for
LEC hydration and 135 pl LEC media (EBM-2 basal media with
EGM-2MV supplement, Lonza) was added to the upper compartment
for an average superficial velocity of 1 pm/s.

Tip: Checking on the upper compartment height can allow as a quality
control check for your gels. If the level is decreasing too quickly, the
gel may be discontinuous. If the pressure head has not decreased at all
over 24 hours, flow did not occur. These observations can be used to
eliminate replicates.

2. Incubate for 18hrs at 37 °C, 5% CO,.

3. Remove spent media by careful aspiration from the lower compartment.

4. Prepare drug solutions by dissolving chemotherapeutics in appropriate solvent
and incorporate into media to flow through system.

a. For brain studies: Temozolomide (Temodar) was dissolved in DMSO
and incorporated into the serum-free astrocyte media to yield desired
concentration (200 pM).

b. For breast studies: Doxorubicin was dissolved in DMSO then
incorporated into LEC media to yield desired drug concentrations
(0.01-500 uMm).

5. Add chemotherapeutic treatments to upper compartment as described in Step 1
(Figure 2C).
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Incubate with chemotherapeutic treatments for 24 hours at 37 °C, 5% CO,.
Remove drug by careful aspiration of media from the lower compartment.

Apply fresh media via flow described in step 1 for an additional 24 hours.

2.4 Degradation of tissue engineered microenvironments and cellular harvest (Figure 2D)

1.

Remove gels containing non-migrated cells from tissue culture inserts. Tip:
Gently separate gel from the insert using a pipette tip and remove using pipet or
forceps.

Pool gels from three inserts (technical replicates) to yield a single biological
replicate into a round- or V-bottom 96-well plate.

Degrade matrix using equivalent volumes of Liberase solutions.

a. For brain studies: Liberase DL (Roche) at 0.75mg/mL diluted in serum-
free astrocyte media.

b. For breast studies: Liberase TM solution (Roche) at 1 mg/ml diluted in
serum-free RPMI.

Place plate on a shaker within an incubator until matrix is fully degraded for 15—
20 minutes at 300 rpm. Tip: It is of utmost importance to ensure degradation so
as not to clog the flow cytometer or cause issues with staining. It is
recommended to examine wells thoroughly for un-degraded matrix by eye and
pipetting up and down.

Centrifuge plates to pellet cells at 800%g.

Remove supernatant from remaining cell pellet to continue onto flow cytometry
staining and analysis. Tip: Supernatants can be removed by gentle pipetting, or
by quickly inverting the plate over a waste container.

2.5 Flow cytometry staining and analysis

1.
2.

Wash cells with 1x PBS.

Apply an appropriate fixable viability marker. Here we used Fixable Live/Dead
Near-Infrared (Life technologies/ThermoFisher) following manufacturer’s
protocol.

Incubate for 15min on ice.
Proceed with immunostaining for cellular markers of interest:

a. For brain studies: stem-like cells [22] (CD71 PE-Cyanine7, 50 pl, 0.1ug
in Hank’s Balanced Salt Solution (HBSS) + 2% bovine serum albumin
(BSA)), followed by foxp3 staining kit (eBioscience) and staining for
proliferation (Ki67 PerCP-eFluor 710, 50 pl, 0.012ug in PBS + 2%
FBS) all following appropriate manufacturer’s recommended protocol.
After staining, resuspend cells in HBSS + 2% BSA for processing.
Each staining step includes 2 washes with HBSS + 2%BSA in between.
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b. For breast studies: apoptosis (Caspase 3/7, 100 ul, 500ng in PBS+2%
BSA), according to manufacturer’s recommended protocol. After
staining, cells remain in caspase 3/7 solution for processing.

5. Process samples using a flow cytometer. Here we use the Millipore Guava
easyCyte 8HT for processing entire plates using two lasers (blue and red).

6. Analyze expression of staining markers. Here we use Millipore InCyte software.
(Figure 2E left)

a. For brain studies: Samples were first gated on singlet population only to
exclude doublets and then gated on cells to exclude debris and other
artifacts. For assessing tumor cell outcomes, cells were further gated on
Cell Tracker-positive populations. Cell populations were analyzed for
live/dead dye uptake for cell death (Figure 3C), Ki67 expression for
proliferation (Figure 3D), and CD71expression for stem-like cells [22]
(Figure 3E). Unstained cells were used for negative staining controls
and single-color stained cells were used for positive staining controls.

b. For breast studies: Samples were first gated on singlet population only
to exclude doublets and then gated on cells to exclude debris and other
artifacts. In instances assessing tumor cell outcomes, cells were further
gated on Cell Tracker-positive populations (Figure 5B, positive
population). In instances assessing stromal cell outcomes, cells were
instead gated on Cell Tracker-negative populations (Figure 5B, negative
population). Unstained cells were used for negative staining controls
and single-color stained cells were used for positive staining controls.
Cell populations were analyzed for Caspase 3/7 expression for
apoptosis (Figure 5D, E), live/dead dye uptake for cell death (Figure
5C, E), and doxorubicin uptake by tumor and stromal cells for
chemotherapeutic efficacy (Figure 6E, F).

2.7 Processing of tissue culture inserts and invasion analysis (Figure 2E, right)

Cells that migrate through the porous membrane of the tissue culture insert are quantified to
determine the percentage of cells invaded of total tumor cells seeded (%invasion).

1. Wash tissue culture inserts with 1x PBS.
2. Add 4% paraformaldehyde (Fisher) to lower compartment.

3. After washing with 1x PBS, apply 4, 6-diamidino-2-phenylindole (DAPI,
Sigma) for 10 minutes at room temperature.

4, Remove DAPI and replace with 1x TBS for imaging. Tip: Air between the insert
bottom and lower compartment will reduce fluorescent signal. Ensure there is
enough liquid to cover and no air bubbles have been trapped.

5. Use a fluorescent wide-field microscope (here, we use the EVOS FL Auto, Life
Technologies) to take five non-overlapping images in each tissue culture insert,
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imaging both CellTracker fluorescence and DAPI. Tip: Do not image near to the
insert edges as these areas have uncharacteristically high numbers of cells.

6. Using ImageJ or other image processing software count cells. Here we count
tumor cells specifically, but other cell types can also be quantified. Tip: Use of
high content imaging systems or more advanced image analysis software can
increase speed of this step.

7. Calculate % invasion (of total tumor cells seeded) using the following equation:

Average cell count * Membrane surface area «100

% 1 L
© invasion=
Image area x Number of cells seeded

2.8 Statistics

Experiments are repeated at least three times to yield biological replicates (based on power
analyses). All data are presented as mean = standard error of the mean (SEM). Independent,
unpaired ¢tests and two-way ANOVA was used for statistical analysis of unmatched groups.
Statistical analyses were run using Graphpad Prism software. p<0.05 is considered
statistically significant. Graphs were generated using Graphpad Prism software. Flow
cytometry plots were generated using Millipore Easycyte software.

3. Results

3.1 Setup and analysis of atissue engineered glioblastoma microenvironment

Previous studies by our lab have demonstrated significant differences in cellular composition
between tumor bulk areas and regions where tumor cells are infiltrating into healthy brain
tissue of patient glioblastoma (GBM) resections [23]. Specifically, differences in glial cell
populations could predict patient survival. Microglia and astrocytes, the primary glial cell
types in the brain, have previously been linked to glioblastoma invasion[24,25]. Therefore,
we expanded our previously developed 3D hyaluronan model [8,19], to specifically include
astrocytes and microglia (Figure 3A) to study how glia can contribute to tumor cell response
to treatment in infiltrating regions of glioma [26]. Fluorescently-labeled glioma cells (Cell
tracker CMTMR) (Figure 3B), human astrocytes, and human microglia were incorporated
into a 3D matrix primarily composed of hyaluronan, the primary extracellular matrix
component in the brain[27]. Since glioblastoma is a cancer characterized by its highly
invasive nature, the 3D hylauronan gel is seeded atop a porous cell culture insert through
which cells can migrate to study invasion. Lastly, to mimic interstitial flow from the primary
tumor bulk into the surrounding border, we apply flow through our system via a pressure
head, described in the above Methods sections, in the upper compartment of the insert at a
rate of 0.15-2 um/s, thereby achieving physiologically-relevant fluid flow in our model.
Chemotherapies and other compounds can also be applied to our model in this manner. This
system can be incorporated into a 96-well plate format (Figure 2C) to assess multiple
conditions, and by removing and degrading the hyaluronan matrix, our system can then be
used to examine multiple outcomes using flow cytometry, such as cell death (Figure 3C),
proliferation via Ki67 expression (Figure 3D), and stemness via CD71 expression (Figure
3E). Preferential iron trafficking by glioblastoma stem-like cells has been previously shown
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[22], and so staining for transferrin-receptor complex, also known as CD71, can identify
these malignant stem-like populations within glioma cell populations.

3.3 Detection of chemotherapeutic efficacy of temozolomide in a human 3D in vitro system
of the brain tumor microenvironment

To test the effect of standard of care glioblastoma treatment, we treated our human 3D /in
vitro model of the glioblastoma microenvironment with standard of care temozolomide
(TMZ) chemotherapy (Figure 4). Cells were isolated as described in the above Methods
section, stained using Live/Dead Reactive NIR dye to label dead cells, and analyzed by flow
cytometry to detect dead glioma cells (Cell Tracker+ / Live/dead+ population).
Representative results with this system suggest significant increases in U251 glioma cell
death after treatment with TMZ when incorporating the cells into our full microenvironment
model compared to vehicle controls (Figure 4A). Furthermore, we can assess changes in
Ki67+ proliferation (Figure 4B) and CD71+ stem populations (Figure 4C) after TMZ
treatment on the surviving glioma cells (Cell Tracker+ / Live/dead— population). Lastly,
invasion of U251 glioma cells from the 3D hyaluronan matrix through the porous membrane
was significantly reduced when treating with temozolomide compared to the vehicle (Figure
4D). These findings demonstrate the ability of our system to detect changes in cell
populations before and after administering therapeutic compounds, thus providing a
platform to study and understand cancer recurrence across multiple outcome measures.

3.4 Tissue engineered breast cancer microenvironment

To better understand intercellular interactions and the effects of chemotherapy within the
human breast tumor microenvironment, we employed a 3D /n vitro co-culture system that
includes human breast tumor cells, human mammary fibroblasts, and human lymphatic
endothelial cells (Figure 5A). Fluorescently-labeled tumor cells and fibroblasts are
incorporated into a 3D matrix composed primarily of collagen I, the primary extracellular
matrix component of breast tissue. In breast cancer, tumor cell infiltration into the tumor-
associated lymphatic vasculature is widely regarded as the first step in the initiation of
cancer spread. To this end, the 3D collagen gel is seeded atop a porous cell culture insert that
contains an adherent layer of lymphatic endothelial cells on the alternate side to recapitulate
the invasive interface between the tumor margin and the peritumoral lymphatic vessels that
surround a mammary tumor. Lastly, to mimic interstitial fluid flow at the tumor border that
flows from the tumor bulk, through the stroma, draining into surrounding lymphatics, we
apply flow through our system via a pressure head in the top compartment of the insert at a
rate of approximately 1um/s, thereby achieving proper directionality of fluid flow in our
model. Chemotherapies and other compounds can be applied through our model in this
manner. This system can be incorporated into a 96-well plate format (Figure 2) by removing
and degrading the collagen | matrix, which allows us to isolate our individual cell types from
the gel and analyze them by flow cytometry (Figure 5B). Our system can be interrogated in
this manner for outcomes such as cell death (Figure 5C) and apoptosis (Figure 5D, E).
Additionally, the underside of the cell culture insert can be examined by fluorescence
microscopy for tumor cells that have migrated through the LEC layer and adhered to the
membrane, serving as a measurement of tumor cell invasiveness in our system (Figure 5A).
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3.5 Detection of chemotherapeutic efficacy of doxorubicin in a breast-mimetic human 3D in
vitro system

To test the effect of a commonly used chemotherapy in the clinical management of breast
cancer, we treated our human 3D /n vitro model of the breast tumor microenvironment with
doxorubicin at varying dosages in two different human breast tumor cell lines, HCC 38 and
HCC 1806 (Figure 6). Cells were isolated as described in the above Methods section, stained
using Live/Dead Reactive NIR dye to label dead cells, and analyzed by flow cytometry to
detect dead tumor cells (Cell Tracker+ / Live/dead+ population). In both cell lines, we see a
dose-dependent increase in tumor cell death in our system, reaching approximately 70% and
35% tumor cell death in HCC 38 (Figure 6A) and 1806 (Figure 6B), respectively, showing
differential chemotoxicity depending on breast tumor cell line used. These findings
demonstrate the ability of our system to detect cell death of specific cell populations before
and after administering therapeutic compounds.

Tumor cell infiltration into the tumor-associated lymphatic vasculature is an early and
critical step of metastasis in breast cancer. We therefore measured tumor cell invasion in our
in vitro system in response to varying dosages of doxorubicin in two different human breast
tumor cell lines as an additional outcome measure of chemotherapeutic efficacy. To this end,
tumor cells that were pre-labeled with fluorescent organic Cell Tracker dye that had invaded
through the lymphatic endothelial cell layer and adhered to the insert membrane were
imaged by fluorescent microscopy, counted, and assessed for invasiveness as previously
described. Interestingly, while doxorubicin significantly reduced invasion of HCC 38 tumor
cells through the lymphatic endothelial cell layer at all concentrations tested (0.01-10 uM)
(Figure 6C), the same concentrations of doxorubicin resulted in little to no inhibition of
HCC 1806 invasion (Figure 6D), suggesting that different cell lines possess different
sensitivities to chemotherapy, and these differential susceptibilities can be detected in our
system.

3.6 Uptake of chemotherapy by the stroma and tumor cells

In addition to outcome measures of chemotherapeutic efficacy like apoptosis, cell death, and
tumor cell invasion, we also have the ability to detect individual cellular uptake of
fluorescent chemotherapeutic agent doxorubicin by both tumor cells and stromal cells in our
system (Figure 6E, F). We saw a dose-dependent increase in drug uptake by both tumor cells
(Figure 6E) and fibroblasts (Figure 6F) with doxorubicin as detected by flow cytometry. As
expected, more drug was taken up with increasing dosages by both fibroblasts and tumor
cells. Interestingly, when total drug uptake was quantified by examining the mean
fluorescence intensity of doxorubicin-positive cell populations (as identified in 6E and 6F),
the signal was significantly higher in fibroblasts than in tumor cells as compared by two-way
ANOVA (p<0.01). This indicates that not only can we look at outcomes related to
malignancy, but with certain treatments, we can probe the microenvironmental contribution
to reduced therapeutic response.
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3 Discussion

4.1 Flow cytometry as quantitative metric in tissue engineered models

Flow cytometry offers a quantitative and rapid outcome metric to examine multicellular
tissue engineered models of disease. Here we present protocols demonstrating the utility of
this technique for chemotherapeutic response in tissue-engineered models of cancer. Current
techniques for examination of tissue engineered models largely consist of fluorescent
labeled imaging. However, use of flow cytometry offers a number of advantages over
imaging. Primarily, flow cytometry offers single cell outcomes in a rapid fashion. Here, we
only pursue 6-color flow cytometry using a 2-laser (red/blue) system, yet use of flow
cytometers with more lasers could offer more outcome measures. Flow cytometry is also
quantitative for both numbers of cells expressing a molecule and to determine the total
expression on a per cell basis. Here, we also demonstrate the use of this feature for uptake of
doxorubicin, a commonly used chemotherapeutic agent in the clinical management of breast
cancer [28]. Since this molecule is fluorescent, we see the total doxorubicin uptake changes
depending on the presence or absence of another microenvironmental cell type, lymphatic
endothelial cells. Though flow cytometry offers these advantages for understanding
chemotherapeutic outcomes and interactions in the tumor microenvironment, we lose the
complexity of the tissue that can only be captured using imaging. Thus cell-cell interactions
cannot be directly observed as these associations have been removed. Further, the
degradation of the extracellular matrix can cause altered receptor expression[29]. This is
important when deciding whether to use flow cytometry to assess outcome measures instead
of imaging methods that preserve the integrity of the extracellular matrix, as well as when
determining which degradation enzyme to use for this purpose.

Another common technique for understanding how cells respond to particular therapeutics in
tissues is to look at protein or gene expression data. We and others have used these
techniques on our systems[8,19]. Flow cytometry can also be used to examine protein
expression as described on a single cell basis and new initiatives in probe development are
leading to the ability to examine gene expression. However, these changes can be highly
sensitive to shearing of cells through pipetting and disruption of cell-cell and cell-matrix
adhesions and thus may offer altered expression profiles compared to tissue level techniques.
The main advantage of flow cytometry is the ability to directly quantify heterogenous
subpopulations at the expense of whole level tissue structure and cellular morphology.

4.2. Adaptability of tissue engineered models

While our system specifically models the invasive interface of the tumor, this can be adapted
to model tumor bulk and therefore assess other microenvironmental influences on drug
response such as hypoxia and pH fluctuations seen at the tumor core [30]. Furthermore, our
system utilizes tissue culture inserts to model and quantify invasion, but due to the pipettable
liquid form of the cell-gel solution prior to gelation, it is easily adaptable to other vessels
such as microfluidic devices to study other disease-related phenomenon such as pressure and
chemical gradient changes [31,32].
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The use of tissue engineered models of disease is rapidly increasing in multiple pathologies,
including neurodegeneration, cancer, fibrosis, cardiac, and other toxicities. These models
have allowed for expansion of both personalized medicine and advanced informed screening
of new drugs. Our models differentiate from many models by inclusion of multiple cell types
and physiologically relevant fluid flow. These aspects create a more tissue-relevant disease
phenotype for cancer. Regardless of the model, the technique of flow cytometry can be used
to interrogate multiple parameters. The ability to assess multiple factors is a key advantage
to better understanding the multiple mechanisms that contribute to ultimate patient survival.
In cancer specifically, tumors relapse and regrow not only because the tumor cells do not die
in response to therapy, but also because they migrate to other regions, proliferate to generate
new resistant tumor cells, and have stem-like properties. Therefore, the ability to
simultaneously examine multiple factors will greatly benefit the future of drug screening.

4.3. Clinical applications of tissue engineered models

The ease of manipulation and relative simplicity of 2D cell culture has had a profound
impact on clinical and translational research, especially in drug discovery initiatives. With
thousands of tumor cells lines now available, high-throughput drug screening platforms are
emerging with the aim to discover novel drug targets and effective compounds against
cancer [33,34]. However, many of these efforts fail to translate to clinical efficacy in patients
[35]. One possible contributor to this disconnect between bench and bedside may be the lack
of microenvironmental components such as extracellular matrix, stromal cells, and
biophysical forces like fluid flow, that are naturally inherent to a tissue but absent in a 2D
unicellular system [36]. The ability to incorporate these factors into a multicellular 3D tissue
engineered system [37] and scale this model from individual tissue culture inserts into a 96-
well plate format transforms current drug screening capabilities.

Here we have shown the use of flow cytometry [38—40]to interrogate multiple parameters
associated with cell death, such as necrosis and apoptosis, cell proliferation, drug uptake,
and stem-like properties within a single experimental sample in two representative tissue
engineered tumor models. Moreover, all of these factors can be further resolved into
different cell populations through the use of fluorescent labeling techniques, allowing the
examination of drug effect not just on the traditionally studied tumor cells but also on the
surrounding stromal cells. Fluorescent labeling in our system can also go beyond flow
cytometric use by allowing the quantification of tumor cell invasiveness through simple
fluorescent microscopy, a unique aspect of this tissue culture insert-based system. With
studies showing therapies leading to increased invasion[41], the quantification of tumor cell
invasion in response to drug treatment can yield valuable insight into drug effectiveness that
may prove useful in drug selection. It is also of note that both flow cytometry and invasion
imaging of the insert membrane can be performed concurrently in our system, allowing
researchers to maximize the power of these tissue engineered models in drug screening
efforts.

The tissue-engineered models described here also offer the ability to deliver the drugs in a
more physiologically accurate manner compared to common diffusion based methods. Fluid
flow has been shown to have profound effects on tumor cell behavior within the
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microenvironment [8,19], and drug delivery via fluid flow more closely recapitulates how
drugs are delivered /in vivo, draining from leaky vasculature through the tumor bulk and
stroma, eventually draining into collecting lymphatics [42]. Impediments to this transport
include reduced matrix permeability and stromal cell uptake, both elements that cannot be
assessed in simple cell cultures. Here we also apply drugs in a pulsatile manner, with an on
period followed by a recovery period, thus demonstrating the ability to use pressure-driven
flow to deliver drugs over distinctive periods of time, allowing for development of more
complex treatment regimens and metronomic dosing strategies within a single tissue.

Another major impediment in the success of drug screening initiatives is inter-patient
heterogeneity [43]. The use of one or two immortalized cell lines to inform clinical
outcomes is likely insufficient, as cell lines are rarely representative of human patients [44],
and even patients themselves vary widely within the same disease subtype [45,46]. While
the data shown here is based upon the use of human cell lines, another interesting
application for our system is to instead use primary human cells. It may be possible to
isolate both cancer and cancer-associated stromal cells from patient surgeries and
incorporate them into a high-throughput 3D tissue culture system like ours to ultimately
screen compounds in a patient-specific context, thus tailoring therapeutic approach to the
individual patient. These results could then be used to inform treatment decisions made by
physicians on a patient-by-patient basis.

Given the emerging critical role the tumor microenvironment plays in cancer progression
and drug resistance [15,47], strategies are in development to identify new compounds that
target key microenvironmental components [48]. These strategies may include inhibiting
angiogenesis and lymphangiogenesis, quelling chronic inflammation, reducing activity of
cancer-associated fibroblasts, stimulating infiltration of antitumor immune cells, or even
targeting noncellular microenvironment components such as extracellular matrix, pH, fluid
flow, and interstitial pressure [49]. However, drug screening initiatives to identify
compounds that target the microenvironment to increase cancer susceptibility to treatment
necessitates the inclusion of these components in high-throughput screening models. Tissue
engineered models offer such a tool to expand drug screening strategies to include
microenvironment-targeted therapies.

Acknowledgments

Appendix

The authors would like to thank K.M. Kingsmore for imaging assistance and R.C. Cornelison for helpful
discussion. This work was funded in part by the Coulter Foundation at the University of Virginia to JMM, and NCI
Training Grants to JXY and ARH through the University of Virginia.

Equipment and supply list

Guava easyCyte 8HT Millipore

EVOS FL Auto Cell Imaging System Life technologies/ThermoFisher

Methods. Author manuscript; available in PMC 2019 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Harris et al.

Live/dead fixable dead cell stain Life technologies/ThermoFisher

Roche Liberase DL and TM Sigma

CellTracker Fluorescent Probes Life technologies/ThermoFisher
. Green CMFDA
. Orange CMTMR
. Deep Red

Ki67 Monoclonal antibody (20Raj1) PerCP-eFluor 710 | eBioscience

CD71 Monoclonal antibody (OKT9) PE-Cyanine7 eBioscience
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Highlights

The complex tumor microenvironment is integral to affecting
chemotherapeutic response.

Tissue engineering provides a simplified method for interrogating this
complexity.

Our model utilizes interstitial flow for physiological chemotherapeutic
dosing.

Multiple factors affecting therapeutic response can be assessed via flow
cytometry.
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What is the purpose of the model?

* Model a particular patient or tumor

» Test a specific hypothesis

» Observe interenvironmental interactions

Select and analyze components to include in a tissue engineered model:

Cells

Structures
+  Types + \Vessels
*  Tumor *  White matter tracts
+ Stromal + Barriers
. Immune B e Acini
* _Tissue-specific - Epithelial layers
*  Density + Fibers
+ Ratios

« Activation state * Microtissues

Extracellular Matrix
* Native

» Cancer-derived

+ Components

* Density

» Crosslinking

» Organization

Physical and Chemical

Gradients

» Interstitial flow

» Stiffness

* Interstitial Pressure

+ Cytokines/ growth
factors

* Hypoxia and pH

Define and Develop Outcome Measures

Invasion/Motility Protein/Gene Expression Organization
(Live or Endpoint Imaging) (Homogenization—>specific assay) (Immunostaining)

Single cell markers Other specific outcomes
(Flow cytometry) (Functional, cell-cell contacts, etc.)

Figure 1. Design and development of tissue engineered models of the tumor microenvironment
We recommend a multistep process in determining what elements to incorporate into a tissue

engineered model of the tumor microenvironment for in vitro study. The purpose of the
model should be determined before its development. Components are selected for
incorporation into the model based on the hypothesis or objective for the model and can
include (counterclockwise): Cells (inset- red: tumor cells, cyan-microglia), Extracellular
Matrix (inset: blue-DAPI, green-Collagen I, red- Tenascin C), Physical and Chemical
Gradients (inset: green-tumor cells, red-Evans Blue indicating fluid flow from tumor into
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parenchyma), and Structures (inset: blue-DAPI, green-lymphatics, podoplanin, red-vessels,
CD31). After selection, outcome measures should be defined and developed and may require
selection of different types of tissue culture dishes and timelines for experimentation. Scale
bars = 100 micron.
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Figure 2. Implementation of tumor microenvironment models to examine response to
chemotherapy at the tumor-stroma interface

The tumor microenvironment is composed of not only tumor cells, but also stromal,
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immune, and endothelial cells, as well as extracellular matrix and fluid flow. We use tissue-
engineering to mimic specific components of this region. A) We label our cell populations
with cell tracker dyes, incorporate them in a relevant extracellular matrix, and B) seed into
tissue culture inserts. After gels are set, C) chemotherapeutics can be dosed across the gels.

After 48 hours of dosing and flushing of system, D) gels can be removed, the matrix
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degraded, and the remaining cells can be analyzed via E) flow cytometry and fluorescence
microscopy.
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Figure 3. Design and analysis of a human 3D in vitro model of the brain tumor
microenvironment

A) Glioma microenvironment model comprising human glioma cells (red), human astrocytes
(green), and human microglia (purple) in a hyaluronan matrix (top inset). Invasion of Cell
Tracker labeled U251 glioma cells through the porous (8 um pore size) membrane (DAPI-
blue) is analyzed using fluorescence microscopy (bottom inset). B) Flow cytometry is used
to identify (B) Cell Tracker- labeled U251 glioma cells, (C) uptake of live/dead indicator to
assess cell death, (D) Ki67 expression to assess proliferation, and (E) CD71 expression to
assess stem-like cells. Negative controls are shown in gray on histogram plots.
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Figure 4. Detection of chemotherapeutic efficacy of temozolomide in a human 3D in vitro system
of the brain tumor microenvironment

A) Viability of U251 glioma cells after treatment in standard culture compared to tissue
engineered model with and without temozolomide treatment represented as % dead cells of
total populations of tumor cells. B) Percentage of live U251 glioma cells that are
proliferating as assessed by Ki67 positivity. C) Percentage of live U251 glioma cells those
are stem-like as assessed by CD71 positivity. Box plots show minimum, median, and
maximum values assessed for n=3 biological replicates. D) Invasion of U251 glioma cells
across the tissue culture insert membrane from the tumor microenvironment model after
treatment with temozolomide. Analyzed by two-way ANOVA, followed by posthoc t-tests.
*p<0.05, *p<0.01.
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Figure 5. Design and analysis of a human 3D in vitro model of the breast tumor
microenvironment

A) Schematic of a physiologically relevant human 3D in vitro model of the breast tumor
microenvironment. Fluorescently-labeled human breast tumor cells and human mammary
fibroblasts are incorporated in a Collagen | matrix seeded atop the porous membrane (8 um
pore size) of a tissue culture insert (inset-top: fibroblasts (red), tumor cells (green), nuclei
(DAPI-blue). A confluent monolayer of human lymphatic endothelial cells is seeded on the
alternate side of the membrane (inset bottom: CD31 (pink), nuclei (DAPI-blue)). B) Flow
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cytometry is used to identify (B) Cell Tracker-labeled breast tumor cells (C) uptake of live/
dead indicator to assess cell death (D) Caspase 3/7 positivity to indicate apoptosis and (E)
Track total cell death via apoptosis and necrosis. Negative controls are shown in gray on
histogram plots.
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Figure 6. Detection of chemotherapeutic efficacy and cellular uptake of doxorubicin in a breast-
mimetic human 3D in vitro system
A) Viability of of human breast tumor cell line HCC38 in our 3D /n vitro breast tumor

microenvironment model in response to increasing concentrations of doxorubicin (0.01-10
UM) as assessed by flow cytometry (% live/dead+ cell tracker+). B) Viability response of
breast tumor cell line HCC1806. C) Invasion of human breast tumor cell line HCC 38 after
treatment with increasing concentrations of doxorubicin (0.01-10 pM) as assessed by
fluorescent imaging of tissue culture insert membranes. D) Invasion response of breast
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tumor cell line HCC1806. E) Cellular uptake of increasing concentrations of doxorubicin by
HCC38 tumor cells indicating shifting Mean Fluorescence Intensity (x-axis). Cellular uptake
of increasing concentrations of doxorubicin by human mammary fibroblasts indicating
shifting Mean Fluorescence Intensity (x-axis). "p<0.05, “*p<0.01, **"p<0.001 by unpaired
t-test.
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