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Abstract

In vivo, cells reside in a complex environment regulating their fate and function. Most of this
complexity is lacking in standard /in vitro models, leading to readouts falling short of predicting
the actual /n vivo situation. The use of engineering tools, combined with deep biological
knowledge, leads to the development and use of bioreactors providing biologically sound niches.
Such bioreactors offer new tools for biological research, and are now also entering the field of
cancer research. Here we present the development and validation of a modular bioreactor system
providing: () high throughput analyses, (/7) a range of biological conditions, (/) high degree of
control, and (/) application of physiological stimuli to the cultured samples. The bioreactor was
used to engineer a three-dimensional (3D) tissue model of cancer, where the effects of mechanical
stimulation on the tumor phenotype were evaluated. Mechanical stimuli applied to the engineered
tumor model activated the mechanotransduction machinery and resulted in measurable changes of
MRNA levels towards a more aggressive tumor phenotype.
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l. INTRODUCTION

Throughout its history, the main focus of Tissue Engineering (TE) has been to repair or
replace damaged tissues using engineering systems designed by following the
developmental principles [1]. A more recent application of TE is to create disease models
for drug screening and modeling of disease, including cancer [2, 3]. TE constructs are
cultured /n vitrowith a high degree of control over the culture parameters, using cells,
scaffolds and bioreactors designed to mimic tissue specific environments..

Mechanical forces, either generated by cell contractions or from external sources, have
strong effects on cell differentiation, growth and survival, playing key roles in the
development of many organs, such as bone, cartilage or lung [4]. Recent studies suggest that
the increased pressure due to tissue stiffening in the tumor microenvironment leads to an
invasive cancer cell phenotype [5]. Still, the design and development of advanced devices
that can simulate the microenvironment sensed by tumor cells within the body, remains an
uncharted territory. We developed a modular bioreactor platform designed to support tissue
constructs in a wide range of operating conditions, and capable of supporting multi-
parametric stimulation and data acquisition. This platform is specifically designed for a
broad spectrum of applications, from tissue engineering to drug discovery and disease
modeling. In this study, we investigated the effects of compression loading using our
previously developed TE model of bone cancer [6] using this novel platform.

[l. Materials and Methods

A. Bioreacto

B. Tissue en

r platform

The bioreactor shown in Fig. 1 was developed to promote mass transport and induce
mechanical stimuli within the engineered tissues specimens under dynamic, unconfined
compression applied periodically during tissue cultivation. The device is compatible with a
standard cell culture 24-well-plate, so that 24 specimens could be subjected simultaneously
to dynamic compressive loading. A linear actuator and a stepper motor were used to produce
displacements of different magnitudes, frequencies and waveforms. A linear variable
differential transformer (LVDT) measured the real displacement of the actuator in response
to the applied displacement.

The loading control system consisted of an Arduino Pro Mini and an A4988 stepper motor
driver IC. In order to maintain the cell viability, the culture chamber was filled with culture
medium and all experiments were conducted in the bioreactor placed within a 37°C/5% CO,
incubator.

gineered model of tumor

The protocols for the formation of the tissue engineered Ewing Sarcoma model, the
induction of osteogenic differentiation of human mesenchymal stem cells (hnMSC) and the
fabrication of the bone scaffolds were as in our previous studies [6]. Briefly, each bone
scaffold was seeded with 1.5 106 hMSCs (passage 3) and cultured in 6 mL of osteogenic
medium for 4 weeks. Medium was changed biweekly. After 4 weeks, bone tissue constructs
were bisected; one half was infused with aggregates of Ewing’s sarcoma cells (3 spheroids
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per scaffold) (this group was termed TE-ES) and the other half of the bone tissue construct
was used as a control (this group was termed TEbone).

C. Validation of the bioreactor

Validation was carried out to confirm the spatial and temporal accuracy of platen movement
in the absence of tissue specimen, and determine whether or not the tissue cultures can be
maintained over prolonged periods of time (several weeks). To monitor the displacement of
the lid, we used an electronic dial indicator (Mitutoyo Electronic Indicators, resolution +3
pum) mounted on the bioreactor. Different magnitudes of displacement were tested for
compressive loading applied using three different waveforms: triangular, trapezoid and
sinusoidal. Frequency was held constant at 0.1 Hz in all groups.

D. Finite element analysis of stress field resulting from mechanical stimulation of
trabecular bone

Finite element models of scaffolds undergoing uniaxial unconfined compression were
created using COMSOL MULTIPHYSICS software (COMSOL, Burlington, MA). In the
dynamic, unconfined compression experiment conducted in this study, a trabecular bone
cylinder (thickness hy = 2 mm and radius rp = 2 mm) was placed between two frictionless
impermeable platens and subjected to a sinusoidal displacement with a magnitude of 0.7%
strain and a frequency of 1 Hz. The scaffold was assumed to be linearly elastic [7], with the
Young Modulus (50 MPa), density (434 kg/m3) and Poisson ratio (0.3) according to our
previously published study [8]. A Quasi-static analysis was performed to solve the time-
dependent changes in force and displacement.

E. Stimulation protocol

After the construct preparation, tissue specimens in the loading group were cultured for 24
hours in the bioreactor and subjected to 3 cycles of loading. The first cycle consisted of
0.7% of strain (for a 2 mm thick scaffold, it corresponds to the 14 um displacement
amplitude), applied using a sinusoidal waveform, 1 Hz frequency for 1800 loading cycles
(30 min of stimulation). The samples were stimulated right after placement into the
bioreactor, and then again twice a day after an overnight rest. The same stimulation protocol
was applied to TE-bone constructs that served as control samples. The samples were
harvested for analysis.

F. Quantitative real-time PCR (QRT-PCR)

Total RNA was obtained using Trizol (Life Technologies) following the manufacturer’s
instructions. RNA preparations (2 mg) were treated with “Ready-to-go youprime first-strand
beads” (GE Healthcare) to generate cDNA. Quantitative real-time PCR was performed using
DNA Master SYBR Green | mix (Applied Biosystems). mRNA expression levels were
quantified applying the DCt method, DCt % (Ct of gene of interest e Ct of Actin). GFP
primers were selected as previously reported [9]. Other gRT-PCR primer sequences were
obtained from the PrimerBank database (http://pga.mgh.harvard.edu/primerbank/).
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G. Histology and Immunohistochemistry (IHC)

TE-ES and TE-bone models were fixed in 10% formalin, embedded in paraffin, sectioned at
5 um). The sections were then stained for Phalloidin (Alexa Fluor® 488 Phalloidin).

[1l. Results and Discussion

It is well known that mechanical stimuli in the bone microenvironment are important for
bone homeostasis and growth [10, 11], and for cancer progression and metastasis [12, 13].
Here, we developed a compression bioreactor to improve bone cancer modeling /in vitro with
physiological-like mechanical stimuli. The bioreactor can support different culture and
stimulation conditions, for analyzing up to 24 independent samples in parallel, providing an
efficient fluid-exchange system suitable for drug studies (Fig.1 A-C).

A. Bioreactor validation

We assessed the accuracy of platen displacement measured by the LVDT sensor. Different
magnitudes of displacement were configured for each pattern of compressive loading using
three waveforms (triangular, trapezoid and sinusoidal), at constant frequencies of 0.1 and 1
Hz. The applied and measured displacements were correlated to each other. For all
waveforms, the measured accuracy was ~90%,. The coefficient of determination (R2) was
>0.99 for all waveforms, confirming a high correlation between the outcomes and the
predicted values.

B. Theoretical prediction of mechanical events within the TE tumor model

The stress field within the TE model in response to unidirectional compression was
evaluated using finite element analysis. The motion waveform was a sine wave with 14 um
displacement amplitude (0.7% of strain within a 2x4 mm scaffold), at 1 Hz. The stresses
within the construct were in the range of 2.5x10° — 5.0x10° [Pa], depending on the position
within the plug (Fig.2 A-C).

C. Cytoskeletal remodeling in TE tumor model

One of the main features of the TE model of tumor we previously described [6] is that the
3D tissue environment, induced the re-expression of genes related to focal adhesion and
cancer progression. Among these genes, CDC42 showed higher expression in tumor samples
harvested from patients than in tumor cell lines. CDC42 and RHOA are known to be
involved into the mechanotransduction machinery [14-17]. By regulating f-actin
polymerization, stress fibers play an important role in several cellular functions including
cell morphology and migration. In order to analyze the expression of CDC42 and RHOA, a
gRT-PCR was performed, comparing the stimulated TE tumor model and the TE bone to the
respective counterparts that were not stimulated, and to the tumors harvested from patients.
The expression was normalized to the expression of the same genes in the SK-N-MC cell
lines (Fig.2D). The expression of RHOA was similar in the TE tumor and the TE bone
model. However, in the stimulated group, the fold-change was >2 for the TE tumor. Finally,
the expression of CDC42 was almost 2-fold for the not stimulated TE tumor, and <1 for the
static TE bone. In contrast, the fold change of the same gene in the TE tumor after the
stimulation was 3 and for the TE bone was 2. The induction of CDCA42 is related to the Rho
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family of GTPases. Inhibition of some Rho pathway members through therapeutic
compounds was successfully applied in preclinical studies, suggesting that CDC42 could be
a potential candidate for ES therapy. Taken together, these data show that biophysical stimuli
applied to the TE model activate the mechanotransduction machinery, which in turn
modulates the MRNA expression levels.

Focal adhesion genes, such as CDC42 and RHOA, have been previously linked to cell
morphology and maotility. It is known that these genes play a key role in the polymerization
of the globular actin into filamentous actin, commonly referred as stress fibers [18]. In
particular, the polymerization of actin leads to a reorganization of the cell’s cytoskeleton and
to changes of its morphology. When stimulated for three times during 24 hours, we could
detect groups of small rounded cells surrounded by elongated and highly oriented cells (Fig.
2E). A previous study [5] showed that increased pressure due to tissue stiffening during
tumor progression results in more aggressive behavior leading to morphology changes and
migration.

IV. Conclusions

Improved tumor modeling can be achieved by introducing physiological and biophysical
stimuli commonly present in bone microenvironment. To this end, we developed a novel
bioreactor system that easily adapts to different culture and stimulation conditions, is easy to
assemble and supports 24 independent samples. Cultivation of the human tumors in this
bioreactor under physiological stimulation induced the polarization and orientation of the
cells, leading to a more aggressive tumor phenotype. More experiment and analysis are
necessary to better understand and describe the effects of such stimuli on the TE-ES. Further
optimization and biological validation of our bioreactor will lead to the establishment of an
enabling technology for broader applicability cancer research, in the form of a
bioengineering platform for studies of cancer biology and high-throughput screening in
vitro.
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Figure 1. Overview of the bioreactor system
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(A) Digitalized image of the entire device. (B) Linear actuator. (C) Image of the assembled

bioreactor platform inside the incubator. (D) Microcontroller and stepper actuator. (E)

Snapshot of the user interface.
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Figure 2. Results summary
A. Simulated loading waveform; a, b and c highlight the time points further analyzed in

panels B and C. B. Finite element analysis of stress values on cross section of the TE model
at t=0, 0.3 and 0.5 seconds. Values are in N/m2. C. Finite element analysis of stress field
resulting from dynamic compressive stimulation. Arrows in magnified insert highlight small
radial deformations due to scaffold compression. D. Re-expression of RHOA (Top) and
CDC42 (Bottom). E. Immunostainings for Phalloidin. Nuclei are counterstained with DAPI.
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