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Introduction

Construct and property of cartilage

Hyaline cartilage is the most widespread cartilage in the human body. In diarthroidal
joints hyaline cartilage covers the contact zones of two interlocked bones and is called
articular cartilage.[1] Articular cartilage is a unique type of well-characterized connective
tissue. It has the lowest cellular volume of any tissue in the human body. In humans,
chondrocytes contribute only about 1% of the tissue volume. The remaining 99% is made
up of a complex ECM. The chondrocytes themselves synthesize all necessary ECM

components. The ECM is composed of collagen and Proteoglycans. [1]

Collagen is the primary constituent of the ECM of articular cartilage. 90-95% of the
collagen is collagen Il which is often used as a marker for chondrogenic differentiation.
The collagen 1l fibrils are responsible for the tensile strength of the tissue.[2] Aggrecan is
the most common proteoglycan in articular cartilage, and it is responsible for the
compressive strength of the tissue.[1] Thus, the expressions of GAGs and Aggrecan are

also used as specific markers for chondrogenic differentiation.

Repair of cartilage injury

Articular cartilage is avascular, aneural, and alymphatic tissue. Therefore, the intrinsic
ability of articular cartilage to repair itself is limited. Due to the poor ability of articular
cartilage to heal itself, and the limited clinical treatment options, tissue engineering may
provide the most promising approach to articular cartilage regeneration. The matrix
assisted autologous chondrocytes transplantation (MACI), which follows the tissue
engineering approach, is the current state of the art treatment option.[3]

For this treatment, cartilage cells are taken from the patient, expanded in vitro and then
seeded onto a scaffold (the matrix). This scaffold will then be implanted into the cartilage
defect, replacing the damaged cartilage respectively the lost cartilage tissue.
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Unfortunately a major obstacle in applying this method is the limited number of native
cartilage cells, the so called chondrocytes, from the patient. This fact makes it necessary
to expand the limited number of cartilage cells. A principal of cartilage tissue engineering
is the application of mechanical stimulation to simulate in vivo condition and enhance
chondrocyte metabolic activity and ECM production.[2]1t is well studied that HP is the
most important mechanical loading in cartilage regeneration. HP provides a robust
method for chondrocyte stimulation, as it can be applied to chondrocytes in monolayer [4]

, 3-D constructs [5], as well as explants [6].

Hydrostatic pressure bioreactors

Bioreactors are widely used for cartilage tissue engineering. In general, there are two
methods of applying HP, and they both showed advantages and disadvantages. In the first
method, HP is applied by compressing a gas phase that transmits load through the
medium to the cells. Those systems use a strong pressure chamber, therefore, could
provide high pressure of up to 50 MPs.[7, 8] However, this method may alter the gas
concentration within the culture medium. Alternatively, a less complicated approach
involves applying HP by compressing only the fluid phase, which limits any changes in
gas solubility within the chamber.[9, 10] This method generally involves connecting a
fluid-filled chamber by hose to a piston attached directly to a hydraulic press, controlled
by a computer. On the contrary to the first method, this type of bioreactor often uses a
relatively fragile construct that can only resist low pressure. Both types of bioreactors also
include temperature control, generally by placing the chamber in a water bath. Finally,
either type of bioreactor may be altered to allow for semicontinuous medium perfusion.
This alternation can avoid frequent medium changes, and reduce the risk of
contamination. However, such additions will make the bioreactor more complex. While a

separate perfusion system is inevitable for method two, it is possible to generate various
2



pressure protocols by controlling two electromagnetic valves of the in-and outflow of
medium. However, due to the restrict relationship of flow rate, volume of the chamber
and frequency, bioreactors of the second type still needs to add a separate perfusion
system and can only apply to 3-D constructs. Thus, it is necessary to establish a novel
bioreactor for HP loading that not only simultaneously permits medium perfusion but also

has a less complex design.

Hydrostatic pressure and perfusion

HP has been extensively used for increasing the metabolic activity of chondrocytes in
tissue engineering studies. The effects of HP on chondrocytes cultured in monolayer, 3-D
constructs, as well as cartilage explants. In studies involving HP application, there are
large amount of variations of the magnitude, frequency, and duration of HP. It was
shown, that a window of effective loads and frequencies exist between 0.1 and 15 MPa
and 0.05 and 1 Hz, respectively that produce positive results when culturing
chondrocytes.[11, 12] The duration varies from 4 days to 8 weeks. With appropriate
parameters, HP appears to be a promising method of stimulating chondrogenic
differentiations. However, it should be noted that chondrocytes in monolayer respond
differently to HP than 3-D constructs because of the absence of abundant ECM.[12]
Additionally, despite the large number of studies involving hydrostatic pressure, most of
the studies used animal cells. Animal cells have been shown to have a different response
to HP stimulation than human chondrocytes.[13]

Perfusion supplies nutrition and removes waste from the culture. Is also affects the
chondrogenic activity.[14, 15] However, the effects of perfusion can be highly dependent
on the medium flow-rate and the type of object. Numerous bioreactor systems involving
HP also include a perfusion system. Nevertheless, all the studies neglected the effect of
perfusion in addition to HP. Thus, the question remains what role did perfusion and HP

play respectively in stimulating chondrogenic differentiation?
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Objective of the study

Motivated by the problems mentioned above, it is hypothesized that 1) a novel bioreactor
for dynamic hydrostatic pressure loading that simultaneously permits medium perfusion
with a simple construct can be established for chondrocyte cultures; and 2) both HPP and
P can effect differentiation and metabolism of human chondrocytes, whereas, the effect of
HP and P addresses different aspects. To test the hypotheses, two studies were carried out
and demonstrated in publication 1 and publication 2 respectively.

Publication 1 described the mechanical design and properties of the bioreactor. It consists
of a medium reservoir, a pump that pressurizes the medium to create pressure, a pressure
reservoir, an inlet valve, the test chamber including a temperature sensor and a pressure
sensor, an outlet valve and a medium reservoir which are all connected by flexible tubes.
The medium reservoir provides a hole covered with a filter for gas exchange. The test
chamber provided space for one well-plate, with could meet requirements of various
studies. The bioreactor was controlled via a purpose-built real-time LabVIEW software
program which controls the pump, the valves and the pressure sensor self-sustaining.
Frequency, pressure and the duration in hours per day can be adjusted by the user to set
up the pressure mode of the bioreactor. The pressure could be achieved up to 270 kPa,
and frequency up to 0.1 Hz which is within the range of 0.1~15MPa and 0.05~1Hz of
benefit chondrogenic differentiation. Additionally, a cell test with human articular
chondrocytes was performed. Chondrocytes were put in the bioreactor for four days with
pressure of 100 kPa and a frequency of 0.01 Hz for 24 h/day before WST-1 assay to
measure the proliferation of the cells. The results showed that cell viability was not
decreased by the bioreactor. In this study a novel bioreactor for simultaneous dynamic
hydrostatic pressure and perfusion was successfully introduced. A purpose-built program
was developed to control the pump and valves, which reduced the complexity of the

construct. This study showed the bioreactor has extensive prospects in cartilage tissue
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engineering studies.
In this study, as a co-author, | helped to modify the bioreactor and the software and
optimized the parameters of the loading. | performed the cell viability test and provided

the results. Finally, I took part in writing the manuscript.

Publication 2 addresses hypothesis 2) by comparing effects of HPP and P for
differentiation and dedifferentiation of human chondrocytes. In order to approach clinical
applications, human chondrocytes are used in this study. The cells were cultured in 37°C,
5% CO? until passage 2 before divided in to 3 groups: HPP, P and C. For P and HPP,
perfusion was applied with a medium flow rate of 2 ml/min for 20 h/day for 4 days. HPP,
hydrostatic pressure of 0.1 MPa for 2 h (loading), followed by2 h rest (off-loading), was
applied each day. Cells of group C were kept in static cultures. The bioreactor system
introduced in publication 1 was utilized in this study. The chondrocytes were evaluated
with real-time PCR for COL2A1, COL1Al, ACAN and MMP 13. More importantly, a
full gene expression profile was displayed via RNA-sequencing. This study compared for
the first time the effects of HP and P. Also, it is the first whole gene expression profile of
human chondrocytes after either stimulation that has been published. Under those
circumstances, not only the well-known cartilage genes like COL2A1, ACAN and SOX9
but also genes which have not been commonly tested in bioreactors such as CYTL1 and
GDF5 were examined. In addition, the state of art RNA-sequencing provided changes of
gene expression influenced by HPP and P. Thereby, the study provides new insight into
how HP and P enhance cartilage differentiation and inhibit catabolic effects.

As a first author, | designed and performed the experiment except for the RNA-
sequencing while Dr. Susanne Mayer-Wagner introduced the RNA-sequencing technique,
which was an important part of this study. Apart from this, Dr. Susanne Mayer-Wagner
provided a lot of advises though out the whole study. Last but not least, both authors
wrote the manuscript together. In this case, both authors contributed equally to this study.

Hence, a shared-authorship came to be.
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In the present study, a novel bioreactor for dynamic hydrostatic pressure loading that si-
multaneously permits medium perfusion was established. This bioreactor enables continuous
cultivation without manual attendance. Additional emphasis was placed on a simple bioreactor
design which was achieved by pressurizing the medium directly and by applying pressure
loading and perfusion through the same piping. Straight forward pressure control and at the
sarne tirne maintaining sterility were achieved by using a peristaltic pump including inlet and
outlet magnetic pinch valves connected with a real-time control. Cell tests using chondrocytes

1650025-1
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were performed and similar cell proliferation rates in the bioreactor and in the incubator were
found. We conclude that the novel bicreactor introduced here, has the potential to be easily
applied for cartilage tissue engineering on a larger scale.

Keywords: Bioreactor; hydrostatic pressure; cartilage engineering; perfusion; chondrocytes.

1. Introduction

Articular cartilage injuries are a common disease of human joints; a promising new
treatment option is tissue engineering of functional articular cartilage. The autolo-
gous chondrocyte implantation (ACI) which follows the tissue engineering approach
is already successfully established in the clinical practice of the repair of articular
cartilage lesions in the knee joint. In the latest generation, the so-called matrix-
assisted ACI, chondrocytes are isolated from healthy cartilage of the patient, cul-
tured and seeded in a scaffold matrix in vitre and implanted in the defect.? Clinical
results of ACI show a significant improvement in clinical outcomes from baseline
scores.”® However, complications such as graft hypertrophy are commonly reported
after ACI"? and fibrocartilage mainly develops instead of hyaline cartilage.”™ The
generation of constructs with more hyaline cartilage-like properties in vitreo could
improve the outcome of ACT and enable its application for larger cartilage defects.

It is well established that the differentiation, proliferation and expression of cells
are, among other parameters, influenced by the mechanical loading.” Articular
cartilage is suhjected to continuous dynamic mechanical compressive pressures #n
vivo. Due to the biphasic nature of cartilage, the interstitial fluid is pressurized
during loading and initially almost completely supports the applied load. Thus,
an almost pure hydrostatic pressure acts on the solid components.®'” Exposing
dynamic hydrostatic pressure #n witro had beneficial effects on chondrocytes in
terms of protein production and gene expression in literature studies.”

For the application of hydrostatic pressure two types of bioreactors were used
in the literature. In the first type a fluid is compressed by a piston driven by a

311713 or a hydraulic testing machine.'**® Due to

hydraulic or pneumatic pump
sterility issues two separate fluid systems were used. The fluid is compressed by
the piston and the fluid medium with the specimen that is surrounded but sealed
from the first fluid system. In the second type of bioreactor gas compressed by a

pump®®?? or from a compressed gas cylinder®25

is injected to the medium that
surrounds the specimen. Problems that arise with a compressed gas are changed gas
concentrations and a possible generation of gas bubbles. Both bioreactor types are
complex since the pressure is not directly applied to the medium. Furthermore, only
one hioreactor from the literature worked with medium perfusion,'’ but pressure
loading and perfusion were implemented through separate pipings in this hioreac-
tor, i.e., an additional perfusion system including a pump, pipes, valves and con-
nections were necessary making the hioreactor even more complex.

The present study will address this issue by estahlishing a novel hioreactor which

enahles continuous operation without manual intervention to investigate the effect

1650025-2
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of a continuous dynamic application of hydrostatic pressure on a long-term hasis in
the future. The main innovations of the novel bioreactor are the direct pressurizing
of the culture medium using a pump and the application of pressure loading and
medium perfusion through the same piping. In this way, only one pipe and fluid
system is necessary. Perfusion occurred automatically due to periodic pressurizing,/
depressurizing of the medium.

Therefore, the aim of the present study was to develop a novel hioreactor for
dynamic hydrostatic pressure loading that simultaneously permits medium perfu-
sion {1) and an easy as well as self-sustaining valve, pressure and temperature
control for cell cultivation (2). First result of human chondrocyte cultures will be
presented to show the applicability of the novel bioreactor {3).

2. Materials and Methods
2.1. Setting of the bioreactor

The assemhly scheme of the bioreactor is depicted in Fig. 1, the bioreactor consists of a
medium reservoir, a pump {Ismatec, Wertheim, Germany) that pressurizes the me-
dium to pump pressure, a pressure reservoir, an inlet valve (PN100P2NOQ12, Bio-
Chem Valve, Berlin Germany), the test chamber including a temperature sensor
(Pt1000, Heraeus Sensor Technology GmbH, Kleinostheim, Germany) and a pressure
sensor (K-Line, Kistler Instrumente AG, Winterthur, Switzerland), an outlet valve
(PN100P2NO12, Bio-Chem Valve, Berlin Germany) and a medium reservoir which
are all connected by a flexible tube (10025-055, Bio-Chem Valve, Berlin Germany).

(a)

Fig. 1. (a) Picture of the complete bioreactor system; (b) Assembly scheme of the bicreactor with high
{dark grey) and ambient {light grey) pressure areas. The pressure in the test charnber depends on the
state of the inlet and outlet valves.

1650025-3
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Fig. 1. {Continued)

For the medium reservoir a laboratory glass bottle (Schott, Mainz Germany)
with two hose connections and a hole covered with an air filter was used. In this way,
the medium reservoir had contact with the ambient atmosphere through the filter to
allow gas and pressure exchange. Additionally, easy replacement of the medium was
allowed by simply changing the hottle with culture medium.

As a pressure reservoir an 1.8 m long flexible tube was applied; this could store
pressure well due to its elastic walls (effective stiffness: 1593.0 £ 75.4kPa). The
pressure reservoir was necessary, since the power of the pump was limited. Without
the reservoir it would take a long time to build-up the pump pressure inside the test
chamber. The pressure in the test chamber was controlled by one inlet and one
outlet valve.

The test chamber provided space for one well-plate and had hose connections for
medium inflow and outflow, for the pressure sensor and for the temperature sensor
(Fig. 2). The test chamber was custom-made of laser sintered polyether ether ketone
(PEEK) with an ethylene propylene diene monomer {EPDM) gasket. The assem-
bled test chamber contained a volume of 217 ml and has an effective stiffness against
inflation of 9654 £+ 808 kPa.

Due to sterility reasons and to reduce contamination a roller pump and magnetic
pinch valves were used which had no contact to the medium. All parts which were in

1650025-4
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Fig. 2. CAD drawing of the test chamber {a) isometric projection including {1) carrier body, {2) closure
head, (3,4) fixing brackets, {5) clamp, {6) fastener, {7) hose connections, {&) pressure and (9) temper-
ature transducer; (b) frontal projection with definition of the section A-A; {c) Section A-A including
(10) gasket, (11) flute for fluid circulation, (12) wellplate, (13) fixation screws, (14) flute for fluid
circulatien.
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contact with the medium were sterilized hefore use in an autoclave (e.g., medium
reservoir and test chamber) or were sterile products for single-use.

The test chamber was placed on a precision heat plate (Prizitherm, Stérktronik;
Stuttgart, Germany) which kept the test chamber at 37°C. Additionally the whole
assembly was placed in a thermostat-controlled incubator (Certomat H, Sartorius;
Gottingen, Germany) during the cell tests. In this way, the whole cultivation me-
dium was set to 37°C (Accuracy 1.0K).

The pressure and temperature sensors, the pinch valves and the pump were
connected to a real-time controller (CRio-9076, National Instruments, Austin,
Texas, USA) via analog input, digital output and analog output modules.

The bioreactor was controlled via a purpose-built real-time LabVIEW (Version
2011, National Instruments, Austin, Texas, USA) software program which control
the pump, the valves and the pressure sensor self-sustaining. Frequency, pressure
and the duration in hours per day can be adjusted by the user to set up the pressure
mode of the bioreactor. All acquired data were saved in an ASCII-File with 10 He.

2.2. Finite element model
2.2.1. Stalic analysis

A finite element (FE)-model of the test chamber was developed based on the
computer-aided-design files {Ansys 14.0, Inc., Canonsburg, Pennsylvania, USA) to
investigate process safety under pressure mode as well as to identify potential
leakage points between the gasket and the camber parts. Sufficient high mesh ac-
curacy (quadratic tetrahedral elements) of the FE-model was ensured by conver-
gence studies of the meshes. The final mesh for the bioreactor had a maximum
element size of 1.5 mm for the gasket and 4mm for the pressure chamber and
consisted in total of 88,943 elements. Material properties for the model were
adapted from the datasheet of the manufacturer and are shown in Table 1.

The contact between cover plate and main pressure chamber was assumed to be
frictionless and the contact conditions for the gasket and the pressure chamber was
frictional with a friction coefficient of .7. Pressure and temperature sensor were
fixed with a joint and the clamps were simulated with a linear longitudinal spring
with a stiffness of 1000 N/mm. In order to simulate a closed clamp the springs were
preloaded with 650 N. The pressure inside the chamber of 200 kPa was applied
normal to each face and the test chamber was fixed to avoid rigid body motion.

Table 1. The maiterial properties of the test chamber.

PEEK (Chamber parts) EPDM {Gaskat)

Yeung’s modulus 4250 MPa 5 MPa

Density 1.30g/cm? 1.08 g/cm?

Prisson’s ratio 0.40 0.49

Critical strength 90 MPa (ASTM D638)  12MPa (DIN 53504)

Critical strain 2,8% (ASTM D638) 350% (DIN 53504)
1650025-6
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2.2.2. Computational fluid dynamics

A FE model of the test chamber was developed based on the computer-aided-design
files (Ansys 14.0 CFX, Inc., Canonshurg, Pennsylvania, USA). The improved mesh
for the bioreactor had a maximum element size of 1.0mm and for the fluid the
maximum element size was 0.5 mm.

To simplify the simulation the cell culture medium was replaced by water with a
reference pressure of 101325 Pa (ambient pressure). The fluid turbulence option was
set to “k-epsilon”, which solves two additional transport equations for turbulence
generation (k) and for turbulence dissipation {epsilon). This option was used for
turbulences of small eddies.

A mass flow rate of 3.3e-5 kg/s, which equates to 2mL/min, was defined as inlet
boundary condition while the inlet turbulence option was adjusted to intensity and
length scale with fractional intensity (FI) of 0.117 and eddy length scale (ELS) of
0.28 mm. The outlet boundary condition was set to a mass flow rate of 3.3e-5 kg/s,
to guarantee perfusion and to enable us to make a statement about pressure and
velocity distribution of the fluid in the test chamber.

2.3. Cell test

Hyaline cartilage was collected from the knee joint of one human donor (male,
17 years) within 12 h of death. Chondrocytes were isolated from hyaline cartilage by
digestion with collagenase. The cells were cultured in Dulbecco’s modified Eagle’s
medium/Ham’s F12 (1:1, Biochrom AG, Berlin, Germany) supplemented with 10%
fetal calf serum (PAA Lahoratories GmbH, Pasching, Austria), 1% MEM amino
acids (50x, Biochrom AG), 1% l-glutamine (200 mM, Biochrom AG), 25 ug/mL
ascorbic acid (Sigma-Aldrich Co., St. Louis, USA), 50IU/mL penicillin/strepto-
mycin (Biochrom AG) and 0.25 pg/mL amphotericin B (Biochrom AG) at 37°C.
After three passages the cells were trypsinized and seeded on a 96-well plate at a cell
density of 20,000 cells/cm® in the same medium as described ahove.

One group was left for four days {(96h) in the incubator and one group was
exposed to dynamic hydrostatic pressure loading and perfusion using the novel
bioreactor for four days with pressure amplitude of 100kPa and a frequency of
0.01 Hz for 24 h/day. The same culture medium as described ahove was used in the
hioreactor. The optical density which corresponds to the viable cell density was
measured using the W5T-1 assay initially and after four days.

3. Results
3.1. Function of the bioreactor

Before starting the regular operation hoth valves were opened in order to fill the
entire bioreactor system with medium from the medium reservoir, no pressure was
generated. If hoth valves are open, the bioreactor works like a perfusion chamhber

1650025-71
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Fig. 3. Position of the valve and the resulted pressure in the bioreactor. Both valves are open during
perfusion mode and ambient pressure remains in the bicreactor. Perfusion occurs by a constant fluid flow
(2mL/min) in the bioreactor. During pressure mode the inlet valve is closed and pressure is stored in the
flexible tube. The outlet valve closed, afterwards inlet valve were open and the pressure were transferred
to the reactor. There is an overlap of 500 ms (grey area) to secure that the outlet valve is closed before the
inlet valve is open.

and the medium can circulate (constant volume flow: 2mL/min) with amhient
pressure (Fig. 3{a)).

Dring the pressure mode, one of the valves was always closed and, thus, the
medium in the pressure reservoir remained pressurized under pump pressure. In
detail, it can he distinguished between pressure mode and nonpressure mode. In
pressure mode the inlet valve is open and the outlet valve is closed, i.e., the test
chamber has access to the pressure reservoir only (Fig. 1) so that the pressure in the
test chamber approaches the (high) pump pressure. In nonpressure mode the inlet
valve is closed and the outlet valve is open, i.e., the test chamber has access to the
medium reservoir under atmospheric pressure (Fig. 1) and the pressure in the test
chamber approaches the {low) ambient pressure. In this way the chamber pressure
could be easily changed between pump pressure and ambient pressure by switching

1650025-8
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the valves (Fig. 3(h)). The pump pressure could be adjusted by changing the ro-
tational frequency of the roller pump.

As mentioned above, one of the two valves was always closed during pressure
mode. However, due to the tube deformation while switching the valves and, in
addition, due to the very small but existing compressibility of the fluid medium, a
low perfusion occurred during pressurizing.

Closed loop operation as shown in Fig. 1 was used in the present study, which
means that the same medium remained in the system. [t should be mentioned
that the hioreactor can of course also operate in batch operation, i.e., the me-
dium that flows out from the test chamber is not fed into the medium reservoir
again.

3.2. FE-model
3.2.1. Static analysis

For the pressure chamber the maximum equivalent stress {von Mises stress) was
10.5 MPa and the maximum principle strain was 0.25% localized inside the test
chamber {Fig. 4(a)). A maximum principle strain of 6.2% and a maximum equiv-
alent stress (von Mises Stress) of (.38 MPa was calculated for the gasket made of
EPDM. The FE-model showed a homogeneous pressure distribution hetween the
gaskets the other chamber parts (Fig. 4(b)). Therefore, potential leakage hetween
these parts can be excluded.

Both, the critical strain and stress of PEEK and EPDM (see Table 1) are ap-
proximately Nine times higher than the calculated values for the pressurized test
chamber.

3.2.2. Computational fluid dynamics of the perfusion mode

The velocity of the inlet was defined to 2.6e-3 m/s. This value decreased to 4.0e-5m/s
due to the larger cross-section area of the upper sector of the bioreactor. The
restriction of the outlet caused an increase of velocity (Fig. 5). To exclude shear
effects on the cell layer the velocity in the wells were determined. The mean velocity
in the wells was 0.54 + 0.05 gm/s. The local distribution of the velocity in a single
well varies from 0.35 + 0.04 gm /s at the boundary area to 0.70 4+ 0.06 gm/s in the
center of the well. Respecting the flow direction a decrease of 0.10 ym/s was cal-
culated between the wells in front and in the back of the plate.

3.3. Pressure

The maximum pump overpressure that could be achieved was approximately
270kPa. The maximum pump overpressure decreased with increasing frequency at
periodic loading, e.g., at 0.1Hz the maximum pump overpressure was approxi-
mately 100 kPa. Figure 6 show the test chamber pressure over time for four cyeles of
periodic loading with the pressure amplitude of 100 kPa and frequencies of 0.1 Hz,
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Fig. 4. {Color online) Maximum principal strains of the test chamber {a) and the gasket {b] under
loading cenditions.

0.01 Hz, and 0.001 Hz, respectively. The used roller pump created periodical flow
interruptions. Therefore, the linear increase of the pressure was transient. Also
pressure relaxation appears at all frequencies after opening the outlet valve. How-
ever, this relaxation subsides after approximately 2 s for all measured frequencies.

3.4. Cell test

The optical densities using the WST-1 assay of the different groups studied are
displayed as box plots in Fig. 7. The densities were statistically compared using the
independent two-sample t-test. The densities of the incubator group and bioreactor
group were not significantly different from each other after four days (p = 0.49). For
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Fig. 5. (Color online) Velocity distribution of the test chamber during perfusion mode. {(a) 3D View (b)
View perpendicular to the flow direction.
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Fig. 6. Test chamber pressure over time for periodic loading with the pressure amplitude of 100 kPa and
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Fig. 7. Comparison of the optical density using WST-1 assay of the medium without cells, cells after
four days in the incubator and bioreactor.

comparison, the optical cell density of the medium without cells is significantly
smaller (p < 0.001) than the densities of both the incubator and bioreactor group
after four days, i.e., that there are still viahle cells in the incubator and the biore-
actor after four days.

4. Discussion

A novel bioreactor for simultaneous dynamic hydrostatic loading and medium
perfusion was successfully established.

Before manufacturing, a FE-model of the test chamher ensured suitable com-
ponent dimensions for pressure loading. Leakage between gasket and chamber parts
could he excluded while circumferential pressure loading was found.

Due to the fact, that continuous perfusion tests can be performed without
manual intervention and contaminations during medium, change cannot occur. An
easy pressure control was achieved by using a pressure reservoir, one inlet and one
outlet valve. This enables the user to switch between pump pressure and ambient

pressure quick and easy. In contrast to other hioreactors with two different fluid®5-1¢

or gas?®?¢

systems, only a single closed loop fluid system was used to improve
manageability and sterility. A real-time architecture including self-written software
and hardware were archive a self-sustaining and failsafe long term control of the
bioreactor.

However, in the present study the pressure over time was solely no square
wave; e.g., in the example runs plotted in (Fig. 7) the pressure still increased
linearly from about 180kPa to 200 kPa at pressure mode. The transient behavior of
this rising is an artefact of the roller pump. In addition, the maximum pump
pressure decreased with increasing frequency. Both issues mentioned above indi-

cate an unadjusted pressure reservoir for the pump power used. Furthermore, the
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maximum pump pressure was restricted to approximately 270kPa due to the
limited power of the pump.

As been reviewed, loads between 0.1 and 15 MPa and frequencies between 0.05
and 1 Hz produce positive results when applied on chondrocytes.?” Several stud-
ies?®?® harnessed the lower end in the range mentioned above to mimic loads during
continuous passive motion (CPM). In clinical practice, the use of CPM has heen
demonstrated to enhance cartilage healing.?® The average loads on cartilage during
CPM were estimated to be between 0.1 and 0.2 MPa, which are within the limit of
our system. Therefore, the novel bioreactor in the present study shows a good
potential in application for cartilage tissue engineering.

Initial cell tests using chondroyctes showed good cell viahility in the bioreactor up
to four days, similar to the viahility of cells kept in the incubator for the same time
period. Different results about the proliferation of cartilage cells subjected to dy-

namic pressure exist in the literature; mostly, the proliferation was reduced®®-2+25

111y

or
similar compared to incubated control cells. Qur results are in agreement to the
latter references. Reasons for the different results mentioned could be, amongst other
things, different culturing procedures, hioreactor types or loading parameters.

The present study includes only a basic cell-biological test because the main
ohjective was to describe the novel bioreactor from a technical point of view. The
bioreactor is capable of individual investigation of different pressure magnitudes,
frequencies and test durations and such cell studies are under way. In addition,
nonsymmetric loading schedules, which had been shown to have an influence on

2% can be readily applied using the novel

proliferation and collagen production,
bioreactor as well.

It should be mentioned that the medium perfusion of the novel bioreactor is
approximately 1mL per cycle at the pressure amplitude of 100 kPa, which is very
low compared to the total test chamber volume of approximately 220 mL.

Compression is the superficial loading case in a cartilage tissue and provides i.e.,
the maintenance of the cells.®'° However, shear stresses exist in the cartilage tissue,
due to the movement and friction of the joint #n wive. Tribological investigations
measure the friction coefficients of cartilage/cartilage pairings show high variations
in the range of 0.0013-0.34.%° Therefore, the amplitude of shear force acting on a
cartilage layer and their apportionment hetween extracellular matrix and cells are
still unknown and therefore not included in the hioreactor yet. Perfusion occurs with
a constant flow rate of 2 mL/min which results in a negligible small velocity in the
wells of the plate (<. 1 m/s). Thus, the shear stress that arises due to perfusion can
be neglected and the fluid stress inside the test chamber is almost pure hydrostatic
pressure.

Another limitation is that the pressure distribution in the chamber cannot be
measured in vitre. Due to the hydrodynamic resistance, a slightly decrease (ap-
proximately 30Pa) of the acting pressure in flow direction over the whole test
chamber can occur. It was tried to minimized that limitation by using only the wells
near the pressure sensor for the presented cell test.

1650025-13
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A monolayer culture was used in the present cell test in accord with the majority
of studies from the literature, which means that the hydrostatic fluid pressure acts
mainly from the inlet side only. However, three-dimensional (3D)) cultures such as

14,24 31 or with a

pellet cultures, alginate or agarose heads, membrane-based cultures
scaffold can all be studied using the novel bioreactor.

In conclusion, in the present study a novel hioreactor for simultaneous dynamic
hydrostatic pressure loading and perfusion was successfully introduced and its
mechanical design and properties were described. The cell viahility in the bioreactor
was assured in a cell experiment. The novel hioreactor design enables the investi-
gation of different pressure amplitudes, frequencies and schedules under continuous
conditions. Thus, it has the potential to improve the quality of tissue engineered

cartilage under additionally providing a mechanical stimulus.
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Hydrostatic pressure and perfusion have been shown to regulate the chondrogenic potential of articular
chondrocytes. In order to compare the effects of hydrostatic pressure plus perfusion (HPP) and perfusion
{P) we investigated the complete gene expression profiles of human chondrocytes under HPP and P. A
simplified bioreactor was constructed to apply loading (0.1 MPa for 2 h) and perfusion (2 ml) through the
same piping by pressurizing the medium directly. High-density monolayer cultures of human chondro-
cytes were exposed to HPP or P for 4 days. Controls (C) were maintained in static cultures. Gene expression

1;3’;32:5; was evaluated by sequencing {(RNAseq) and quantitative real-time PCR analysis. Both treatments changed
Hydrostatic pressure gene expression levels of human chondrocytes significantly. Specifically, HPP and P increased COL2A1
Bioreactor expression and decreased COL1A1 and MMP-13 expression. Despite of these similarities, RNAseq revealed
Sequencing alist of cartilage genes including ACAN, [TGA10 and TNC, which were differentially expressed by HPP and

P. Of these candidates, adhesion related molecules were found to be upregulated in HPP. Both HPP and P
treatrment had beneficial effects on chondrocyte differentiation and decreased catabolic enzyme expres-
sion. The study provides new insight into how hydrostatic pressure and perfusion enhance cartilage

Human chondrocytes

differentiation and inhibit catabolic effects.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In cell-based therapies for cartilage regeneration, a large num-
ber of differentiated chondrocytes are required to repair cartilage
defects. However, chondrocytes undergo dedifferentiation and lose
their characteristic phenotype when expanded in moneclayer cul-
ture {von der Mark et al, 1977). Biomechanical stimulation is
widely used to stimulate chondrogenic differentiation (Madeira
et al., 2015). Various forms of bicreactors have been implemented
to apply mechanical stimuli to chondrogenic cells {Darling and
Athanasiou, 2003; Responte et al,, 2012). Hydrostatic pressure is
among the most important forces used in chondrocyte cultur-
ing. Hydrostatic pressure on hovine chondrocytes results in an
increased collagen and glycosaminoglycan content (Benjamin et al.,
2009})and an increased COL2A1 expression in human ostecarthritic

* Corresponding author. Fax: +49 89 44007 4863.
E-mail address: susanne.mayer@med.uni-muenchen.de (5. Mayer-Wagner).
1 Both authors contributed equally.

hrtp://dx.doiorg/10.1016/j.jbiotec.2015.06.409
0168-1656/© 2015 Elsevier B.V. All rights reserved.
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{OA) chondrocytes (Smith et al., 2011). Hydrostatic pressure com-
bined with medium perfusion at a very low rate upregulates the
expression of COL2 and COL1 and maintained the expression of
aggrecan in bovine chondrocytes on collagen gels {Mizuno and
Ogawa, 2011). There have also been studies using perfusion without
hydrostatic pressure, which showed decreased ACAN and collagen
type 2 expression of bovine chondrocytes in a three-dimensional
tubular perfusion system after 7 days and re-increased at day 14
{(Yu et al., 2014). The question remains whether it is necessary to
invest so much effort in applying hydrostatic pressure, or could
perfusion by itself, be sufficient enough to improve chondrocyte
differentiation? Due to different application metheds, cell sources
and other parameters it is problematic to compare the outcomes
of various bicreactor systems. To cbtain an overview of processes
regulated by hydrostatic pressure and perfusion in bioreactors, it
is important to leave behind restrictions of relative gene expres-
sion levels. Microarray analyses of chendrocytes under dynamic
expression revealed mechanosensitive genes in mouse chondro-
cytes (Bougault et al., 2012). Toe cur knowledge there has been no
appreach to compare perfusion versus perfusion combined with
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hydrostatic pressure using gene profiles. Another problem regard-
ing bioreactor studies is the use of animal cells or human OA
chondrocytes. Animal cells have been shown to be less sensitive
to biomechanical influences and might therefore not reflect clin-
ical findings (Grogan et al, 2012; Tran et al, 2011). Human OA
chondrocytes do not reflect clinical conditions, as healthy human
chondrocytes are used in the repair of cartilage defects. In order
to approach clinical applications, healthy human chondrocytes are
required to fully examine the effects of hydrostatic pressure and
perfusion.The aim of the present study was to compare effects of
HPP and P on the complete gene profile screen of human chondro-
cytes.

2. Materials and methods
2.1, Cell culture

Human articular cartilage was obtained through triple arthrode-
sis {16 years, male). The study was approved by the responsible
Ludwig-Maximilians-University medical center ethics commit-
tee. Chondrocytes were isolated by pronase (Roche Diagnostics
GmbH, Mannheim, Germany)} and collagenase (Sigma-Aldrich
Co., St. Louis, USA). Isolated cells were cultured in a humidified
atmosphere at 37°C, 5% CO; until passage 2. Culture medium con-
sisted of Dulbecco's Modified Eagle Medium (DMEM}/F12 {1:1,
Biochrom AG, Berlin, Germany}, 10% fetal bovine serum (FBS}
{Biochrom AG, Berlin, Germany), 1% MEM amino acids {Biochrom
AG, Berlin, Germany}, 25 pg/ml ascorbic acid (Sigma-Aldrich Co., St.
Louis, USA}, 50 IU/ml Penicillin/Stre ptomycin ( Biochrom AG, Berlin,
Cermany} and 0.25 pg/ml Amphotericin B {Biochrom AG, Berlin,
Germany). The cells were plated 24 h prior to stimulation at a den-
sity of 105 cellsjcm? in 6-well plates.

2.2. Bioreactor and stimulations

A simplified bioreactor (Fig. 1} described earlier (Schrider et al.,
2015}, was used to culture human chondrocytes in high-density
monolayer cultures. In brief, loading and perfusion were applied
through the same piping by pressurizing the medium directly. Par-
allel chambers were used for different stimulations: Perfusion (P}
{n=6), hydrostatic pressure plus perfusion (HPP} (n=6) and con-
trol (C} (n=6), where cells were kept in static cultures. For P and
HPP, perfusion was applied with a medium flow rate of 2 ml{min
for 20 h{day for 4 days. The perfusion flow rate of 2 ml/min was
chosen in accordance with cell viability tests {data not shown). In
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Fig. 1. Schematic setup of the bioreactor system including culture chamber, peri-
staltic pump and medium reservoir in an incubator.

HPP, hydrostatic pressure of 0.1 MPa for 2 h (loading), followed by
2 h rest {off-loading}, was applied each day. During this 4 h period
perfusion was stopped in P simultaneously.

2.3. Finite element method analysis

To analyze fluid flow of the medium and interaction with cells a
computer fluid dynamics (CFD} simulation of the test chamber was
developed { Ansys 14.0, Inc., Canonsburg, Pennsylvania, USA). In the
numerical simulation, the final mesh for the bioreactor had a max-
imum element size of 1 mm and the fluid had a maximum mesh
size of 0.5 mm. The medium was given the characteristic proper-
ties of water. Fluid turbulences were taken into account with the
k-epsilon option which is used for small eddies. The inlet and out-
let mass flow rates were set to 3.3 e-5kg/s, matching a 2 ml/min
volume flow there. All results were analyzed at end of the transient
simulation which occurred after 3 s.

2.4. RNA isolation

After 4 days of culture, the total RNA was isolated using Qiazol™
Lysis Reagent {Qiagen, Hilden, Germany)} according to manufac-
turer’s instructions. Briefly, 1ml of Qiazol™ Lysis Reagent was
added in each well of 6-well plates. RNA was extracted with
0.2 ml of chloroform {Sigma-Aldrich Co., St. Louis, USA}, precipi-
tated with 0.5 ml isopropanol (Sigma-Aldrich Co., St. Louis, USA}
and washed with 75% ethanol. Isolated total RNA was checked
for purity {Nanodrop ND-1000, ThermoFisher, Waltham, USA} and
integrity (Bioanalyzer 2100, Agilent, Santa Clara, USA). Total RNA
with A260/A280> 1.8 and integrity >9 was used for analysis.

2.5. Generation of RNAseq libraries

An amount of 100 ng total RNA was first treated with double-
strand specific DNAse { Fermentas Inc., Hanover. MD, United States)
to remove any traces of genomic DNA. After heat-inactivation
of the DNAse, cDNA was synthesized and converted to lllumina-
compatible sequencing libraries with the Encore complete RNAseq
kit from NuGen {NuGen, San Carlos, USA). Briefly, first strand cDNA
was generated by selective priming, second strand cDNA was syn-
thesized using dUTP and the generated double stranded cDNA was
fragmented using a Covaris M220 sonicator {50W peak incident
power, 20% duty factor, 200 cycles per burst, 160 s treatment time).
Then cDNA was end-repaired, ligated to [lumina-Adapters and the
second-strand was selectively removed. After 18 cycles of PCR the
final library was quantified on an Bicanalyser {Bioanalyzer 2100,
Agilent, Santa Clara, USA} and diluted to 10 nM prior to pooling and
sequencing. The pooled libraries were sequenced on two lanes of
a rapid flowcell in 100 bp single end mode on a HiSeq1500 instru-
ment {{llumina, San Diego USA).

2.6. RNAseq data analysis

Raw sequence reads were demultiplexed and mapped to the
human genome (hg19 release) using Tophat 2.0 (Kim et al.,, 2013).
Read countsfor each gene were obtained by the python script HTseq
count {Anders et al,, 2015}. Read counts were then normalized by
r-log transformation with the program DESeq2 (Love et al., 2014).
Differentially expressed genes were identified by pairwise com-
parison with DESeqZ2 using an fdr threshold of 5%. A list of cartilage
relevant genes was obtained from www.genecards.org using “carti-
lage” as keyword including all genes with a relevance score of >0.5.
The scoring was calculated by a Lucene defined algorithm. From
the lists of significant genes that overlapped with the list of rele-
vant cartilage genes was plotted as a heatmap. In order to visualize
the difference of the expression between C, P and HPP, the data
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Fig. 2. Finite element method analysis illustrating even velocity within the hottom of the wells.

were centered by subtracting the mean of the leg2 Fold Change of
all samples for each gene from the original log2 Fold Change value.
The centered data of all samples were then plotted into two distinct
heat maps: any comparison (Fig. 3A} and P vs HPP (Fig. 3B). The
rows of the heatmaps {genes) were ordered by foldchange, and the
columns {C, P and HPP} were arranged by hierarchical clustering.

2.7. Realtime PCR

1 pg of total RNA of each sample was reverse-transcribed using
QuantiTect® Reverse Transcription Kit (Qiagen, Hilden, Germany}
which included a DNase treatment according to the manufacturer’s
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protocols. Relative quantitative real-time PCR was performed using
LightCycler® 96 System {Roche, Mannheim, Germany} with 5 pl
of FastStart Essential DNA Green Master Mix {Roche Diagnostics
CGmbH, Mannheim, Germany}and 2.5 pl of cDNA resulting in a final
volume of 10 pl. Amplification parameters were identical for each
primer pair (10min at 95°C preincubation, 10s denaturation at
95 *Cwas followed by 10 s annealing at 60/65 °C and 15 s extension
at 72 °C for 40 cycles). Reactions were performed in triplicates.
Messenger RNA expression levels of Glycerinaldehyd-3-
phosphat-Dehydrogenasef (GAPDH) {Vandesompele et al., 2002),
collagen type Il oy chain {COL2A1} (Varas et al., 2007); collagen
type 1 «; chain (COL1A1} (Neidlinger-Wilke et al., 2005}, aggre-
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Table 1
Gene sequences of primers.

Table 2
Numpber of up/down-regulated genes.

Gene Annealing Sequence Treatments Up-regulated Down-regulated Total number
temperature genes genes of genes

GAPDH forward 60 TGCACCACCAACTGCTTAGC C vs. HPP 2573 2468 5039

GAPDH reverse 60 GGCATGGACTGTGGTCATGAG Cvs. P 2169 2135 4304

COL2A1 forward 65 GTTATCGAGTACCGGTCACAGAAG P vs. HPP 152 95 247

COL2A1 reverse 65 AGTACTTGGGTCCTTTCGGTTTG

ACAN forward 65 CAGCACCAGCATCCCAGA

ACAN reverse 63 CAGCAGTTGATTCTGATICACG regulated and down-regulated genes when comparing C vs P, C vs

COL1A1 forward 65 TGACCTCAAGATGTGCCACT HPP or P vs HPP is sh . - "

COL1AT reverse 65 ACCAGACATGCCTCTTGTCC oS Vs 13 SHOWILIL Pableiz: NeIwo-lIcaLNents SIOWE

MMP-13 forward 60 GACTTCACGATCGCATTGCTG large effects on gene expression relative to the control. The two

MMP-13 reverse 60 GCATCAACCTGCTGAGGATGC stimulations also differed in up-and downregulated genes to a cer-

can (ACAN) (Varas et al., 2007) and matrix-metalloproteinase 13
{MMP-13) (Hong et al., 2009) were tested. Mean relative quantifi-
cation values were calculated by the ADCt method using GAPDH as
an endogencus control. Sequences of primers are shown in Table 1.
Each primer pairwas tested and only 90-100% efficient primer pairs
were used for the analysis.

2.8. Statistical analysis

At least 2 independent sets of experiments for each condition
were performed in triplicate. Data were pooled and expressed as
mean =+ standard error of the mean (SEM). Results were analyzed
using one-way analysis of variance {ANOVA} followed by Tukey's
post-hoc test with GraphPad Prism 5 (GraphPad Software, Inc. USA).
P-values < 0.05 was considered to be statistically significant.

3. Results
3.1. Bioreactor

Perfusion within the bioreactor was monitored in order to
exclude inhomogeneous perfusion conditions caused by a non-
laminar flow. Finite element method (FEM} analysis was performed
to analyze velocity within wells. FEM showed that, velocities of
the fluid within the bottom of all wells were nearly identical rang-
ing between 5 and 6.5 pum/s {Fig. 2} and that no velocity gradient
existed. At the inlet and outlet of the bioreactor the velocity of the
fluid was higher due to the smaller diameter.

3.2, Sequencing

3.2.1. Count of up/down- regulated genes

Sequencing analysis comparing gene expression patterns of C,
P and HPP provided multiple significant changes (p<0.05} in gene
expression according to the log2 Fold Change. The number of up-

tain degree (Table 2).

3.2.2. Heat maps and hierarchical cluster analysis

The clustering showed separation into three groups, consistent
with the three different treatments and a high similarity between
the replicates. Both treatments showed a large variation to the con-
trol group {(Fig. 3A), but a relatively high similarity between the
treatments (P and HPP} (Fig. 3B}.

Cartilage relevant genes, which changed more than 2-fold
{p<0.05) between HPP and C and hetween P and C are displayed in
Table 3. Sox9 was upregulated by HPP {1.5-fold) and P {1.4-fold).

The fold changes of genes {p<0.05} comparing P and HPP
displayed an upregulation of cartilage specific integrin alpha 10
ITGA10 {1.4-fold), pleckstrin homology-like domain A1 (PHLDA1)
expression {1.3-fold}, ANKH inorganic pyrophosphate transport
regulator (ANKH) expression (1.3-fold}, ACAN expression {1.3-
fold}, Chitinase 3-Like 1 {CHI3L1} expression (1.3-fold), podocan
(PODN) expressicn (1.2-fold}, Tenascin C (TNC) expression {1.2-
feld} and a downregulation for ectonucleotide pyrophosphatasef
phosphodiesterase 2 (ENPP2) expression (1.2-fold}and matrix met-
alloproteinase 3 {MMP 3) expression {1.5-fold).

The following link has been created to allow review
of the record GSEGS206 while it remains in pri-
vate status: http:/fwww.nchi.nlm.nih.gov/geo/query/facc.
cgi?token=cdunucumhfirhyv&acc=GSE69206

3.3. Real time PCR

The HPP cultures expressed a significantly higher {3.1-fold;
p<0.05) COL2ZA1T mRNA level compared to C. For P treatment
cultures showed an upregulation {2.4-fold) of COL2ZA1 mRNA
expression compared to C, which was not significant according to
Tukey's test. No significant difference of COL2A1 expression was
found when comparing P and HPP.

For ACAN there was no significant difference cbserved between
HPP and C. There was a significant lower ACAN expression level
{decreased 2.4-fold) observed in cultures from P compared with C.

Table 3

Up- and down-regulated genes from gene card “cartilage” in HPP and P cultures compared to C.
Gene symbol Gene name Fold change

HPP vs. C Pvs.C

COL2A1 Collagen type 1 1 4.066239 3424199
CYTL1 Cytokine-like 1 3.631163 291454
GDF3 Growth differentiation factor 5 2.936348 3.092956
COMP Cartilage oligomeric matrix protein 2.064972 2.028494
MMP3 Matrix metallopeptidase 3 -5.36686 —4.72598
CHI3L2 Chirinase 3-like 2 —3.06323 —3.13046
MMP13 Matrix metallopeptidase 13 (collagenase 3) —2.92568 —2.905
ADAMTS4 ADAM metallopeptidase with thrombospondin type 1 motif 4 -3.16154 —2.68689
MDF1 MyoD family inhibitor -2.73354 -2.7729
CRISPLD1 Cysteine-rich secretory protein LCCL domain containing 1 -2.38318 —-2.51458
COL27A1 Collagen type XXVl alpha 1 —2.26605 -2.49131
EME1 Essential meiotic structure-specific endonuclease 1 —2.32827 —-1.9803
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Fig. 4. Gene expression levels of (A) COL2A1, (B) COL1A1, (C) ACAN, (D) MMP 13 and (E) COL2A1/COL1A1 ratio expressed by chondrocytes cultured for 4 days in P and HPP

conditions relative to controls.

COL1A1 mRNA expression levels were significantly lower for HPP
{1.8-fold} and P (2.2-fold} compared with C. The COL2A1/COL1A1
quotient was significantly higher for HPP (4.8-fold } and P {4.0-fold }
conditions compared with C. MMP 13 expression levels of P and
HPP decreased by 3.9-fold and 3.1-fold respectively compared with
C (Fig. 4).

4. Discussion
A simplified bioreactor system was constructed, which exam-

ined the effect of HPP and P versus control simultaneously. Both
treatments changed the gene expression levels of human chondro-

30

cytes significantly. Sequencing illustrated similarities between the
two treatments. Specifically, HPP and P increased COL2A1 expres-
sion and decreased COL1A1 expression according to sequencing
and RT-PCR results. The COL2A1/COL1A1 quotient was significantly
higher for HPP and P compared with C.

A full gene expression profile of human chondrocytes undergo-
ing HPP and P was displayed. Well known cartilage genes like COMP
and S0X9 were upregulated by HPP and P respectively. Further-
more, genes which have not been commenly tested in bioreactor
studies were described in addition. CYTL1, which is required for
the maintenance of cartilage homoeostasis {Jecn et al, 2011}, was
upregulated by HPP and P. GDF5, which is able to raise the expres-
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sion of COL2A1, SOX9 and ACAN (Murphy et al, 2015} was also
elevated by HPP and P. The sequencing results give a first insight
into how both stimulations enhance cartilage differentiation.

Both treatments were also able to inhibit catabolic effects. HPP
and P decreased the expression of MMP-3, MMP-13 and ADAMTS4,
which play an important role in ACAN degradation and devel-
opment of osteoarthritis {Song et al, 2007). In regards to the
literature, changes of hydrostatic pressure have been shown to
increase the expression of catabolic molecules in bovine chondro-
cytes on collagen gels, whereas an off-loading hydrostatic pressure
reduced catabolic mRNA { Mizunoand Ogawa, 2011}. The simplified
bioreactor system using a static hydrostatic pressure set-up with
off-loading and a high-density monelayer culture reached benefi-
cial effects in both anabolic and catabolic processes for HPP and P.
It may be assumed that the loading regime used in combination
with the high cell density was combating the destructive processes
in chondrocytes.

Despite of the similarities demenstrated in the clustering anal-
ysis and mRNA expression, HPP showed more beneficial effects
than P regarding chondrocyte differentiation. HPP treatment main-
tained ACAN expression while P decreased it. When comparing
HPP and P there was a significant difference in ITGA1Q {Camper
et al., 1998), which has been shown to interact with collagen type 2
{(Durr et al., 1993} and mediates chondrocyte adhesiveness (Mitani
etal, 2009). HPP treated cultures also showed a significantly higher
expression of TNC, an adhesion-modulatory extracellular matrix
molecule {Huang et al., 2001). This might further indicate that
hydrostatic pressure promotes adhesive forces (Kim et al., 2008)
also in human chondrocytes. Enhanced adhesion might be a reason
why HPP resulted in stronger effects on the chondrogenic develop-
ment than P.

In conclusion our results demonstrated that both HPP and P
benefit cartilaginous cells but hydrostatic pressure was needed in
addition to perfusion to eveke the full beneficial effects on chon-
drocytes. As the effects gained by adding hydrostatic pressure were
not significantly superior to effects obtained by pure perfusion, the
parameters of hydrostatic pressure might require further optimisa-
tion. Our findings furthermore demonstrated that sequencing can
be a useful tool in exploring interrelationships in bioreactor studies.
The simplified bioreacter could be a financially rewarding alterna-
tive to conventional bicreactor systems and be suitable for clinical
use in expanding chendrocytes for cartilage repair.
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Summary

Articular cartilage has poor self-repairing capacity. Hence tissue engineering is regarded
as a promising approach for cartilage regeneration. Hydrostatic pressure (HP) and/or
perfusion (P) have been widely used in tissue engineering studies to increase the
chondrogenic activity of chondrocytes. The objective of this study was to establish a
hydrostatic pressure bioreactor which permits perfusion and in a second step, to
investigate the effect of HP and P on human chondrocytes.

There were various types of bioreactors used in previous studies, although only a few
included a perfusion system. The absence of a perfusion system causes frequent manual
intervention but bioreactors with perfusion systems were considered to be too complex.
Therefore, a simple design for a bioreactor which allows applying HP and P was
necessary for further studies. For HP studies involving a perfusion system, the effect of
perfusion has been neglected. When applied simultaneously the individual effect of HP
and P was still unknown. In this study, a novel bioreactor was established. With this
system, HPP and P were applied on human chondrocytes respectively. Complete gene
profile was generated by RNA-sequencing.

The bioreactor was validated by finite element model, computational fluid dynamics and
cell proliferation test. The results showed that the bioreactor could provide dynamic HP
of 0.1 Mpa, 0.001-0.1 Hz by controlling the valves and pump by a computer.
Furthermore, the bioreactor and stimuli did not affect proliferation of the chondrocytes.
HPP and P were applied on human chondrocytes utilizing the bioreactor system
mentioned above. A complete gene profile was generated by RNA-sequencing. Highly
relevant biomarkers such as COL2A1, COL1A1, ACAN and MMP 13 were examined by
real-time PCR. Both treatments showed a large variation to the control group, but a
relatively high similarity between the treatments (P and HPP). HPP and P increased
COL2AL expression and decreased COL1AL, Both treatments were also able to inhibit
catabolic effects. HPP and P decreased the expression of MMP-3, MMP-13 and
ADAMTS4. HPP treatment maintained ACAN expression while P decreased it. When
compared with P, HPP also increased expression of ITGA10 and TNC which are involved
chondrocyte adhesiveness.

Taken together, both HPP and P benefit cartilaginous cells but hydrostatic pressure was
needed in addition to perfusion to evoke the full beneficial effects on chondrocytes. As
the effects gained by adding hydrostatic pressure were not significantly superior to effects
obtained by pure perfusion, the parameters of hydrostatic pressure might require further

optimization. Our findings furthermore demonstrated that sequencing can be a useful tool
33



in exploring interrelationships in bioreactor studies. The simplified bioreactor could be a
financially rewarding alternative to conventional bioreactor systems and be suitable for
clinical use in expanding chondrocytes for cartilage repair without causing
dedifferentiation of the expanded cartilage cells. This would resolve a mayor problem of

current autologous chondrocyte transplantation (ACT) treatments.
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Zusammenfassung

Gelenkknorpel besitzt ein ungenugendes Selbstheilungsvermdgen. Daher werden
Methoden des Tissue Engineerings als vielversprechender Heilungsansatz gesehen.

Dabei wird hydrostatischer Druck (HP) und/oder Perfusion (P) héaufig in Tissue
Engineering Studien eingesetzt, um die chondrogene Aktivitat von Chondrozyten zu
erhohen.

Das Ziel dieser Studie war es einen neuartigen Hydrostatikdruck-Bioreaktor zu etablieren,
der zusétzlich die Perfusion der Zellen zulasst um in einem zweiten Schritt den Effekt von
sowohl hydrostatischem Druck als auch der Perfusion bzw. deren Kombination zu
untersuchen.

Es wurden verschiedenste Bioreaktoren in bisherigen Studien eingesetzt, allerdings nur
eine kleine Anzahl besitzen zusatzlich eine Perfusionssystem. Das Fehlen eines
Perfusionssystems erfordert h&ufiges, manuelles eingreifen. Dies ist aufwandig und
erhoht die Gefahr von Kontaminierung und Anwendungsfehlern. Jedoch wurden
Bioreaktoren mit Perfusionssystemen als zu Komplex angesehen. Daher war es
notwendig, einen einfach designten Bioreaktor zu entwickeln, welcher sowohl die
Belastung mit hydrostatischem Druck als auch einen Perfusion zul&sst. AuRerdem wurde
bisher in Studien mit hydrostatischem Druck und einem Perfusionssystem der Einfluss
der Perfusion vernachl&ssigt. Daher gab es keine Angaben zum Einfluss der Perfusion. In
den hier beschriebenen Studien wurde aus diesen Griinden ein neuartiger Bioreaktor
konstruiert. Mit diesem System wurde dann der Einfluss von HP bzw. P auf
Knorpelzellen untersucht und unter anderem umfangreiches Genprofil der so stimulierten
Knorpelzellen mit Hilfe von RNA-Sequenzing erstellt. Zuerst wurde der Bioreaktor
wurde Uber ein Finite Elemente Model und eine numerische Stdémungsberechnung
charakterisiert sowie ein Proliferationstest (WST-1 — Test) durchgefiihrt. Die Ergebnisse
zeigen, dass der Bioreaktor mit einem dynamischen hydrostatischen Druck von 0,1 Mpa
bei einer Frequenz von 0,001-0,1 Hz betrieben werden kann, wobei die Ventile und die
Pumpe von einem Computer gesteuert werden. Dies hatte auserdem keinen negativen
Einfluss auf die Proliferation der im Bioreaktor kultivierten Chondrozyten. HPP und P
wurden in einem zweiten Experiment auf humanen Knorpelzellen appliziert. Danach
wurde ein umfangreiches Genprofil mittels RNA-Sequencing erstellt. Hochrelevante
Biomarker wie Collagen2A1, Collagen1A1, Agrecan, und MMP 13 wurden mit Hilfe von
real-time PCR untersucht. Beide Stimuli zeigten grofRe Unterschiede zur Kontroll-Gruppe
aber keine groRen Unterschiede zwischen den Stimuli P und HPP. Beide Stimuli hatten

eine Erhohung der COL2A1 und eine Erniedrigung der COL 1A1 Expression zur Folge.
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Damit unterdruckten beide Stimuli einen katabolen Effekt. HPP und P verminderten
weiterhin die Expression von MMP-3, MMP-13 und ADAMTS4. HPP wirkte erhaltend
auf die ACAN Expression wahrend nach Perfusion allein diese vermindert war. Im
Vergleich zu P war bei HPP die Expression von ITGA10 und TNC, beides beteiligt an der
Chondrozyten Adhasion, erhoht.

Zusammengefasst hat sowohl HPP als auch P einen positiven Effekt auf den Erhalt der
chondrogenen Eigenschaften von kultivierten Chondrozyten wobei der Effekt der
Kombination von hydrostatischem Druck und Perfusion einen zusatzlichen Vorteil
gegeniber der Perfusion zeigte. Allerdings konnte in dieser Studie mit den untersuchten
Parametern keine signifikanten Unterschiede gezeigt werden. Daher sollte der Parameter
Hydrostatischer Druck in nachfolgenden Untersuchungen weiter optimiert werden.
Unsere Ergebnisse zeigen weiterhin, dass das Erstellen eines Genprofils mittels RNA-
Sequencing ein natzliches Instrument bei der Untersuchung der Zusammenhéange der
Parameter bei Untersuchen von Bioreaktor-Studien sein kann. AuBerdem zeigt diese
Studie, dass ein Bioreaktor mit vereinfachtem Design eine attraktive Alternative
gegeniber konventionellen Bioreaktoren oder Kultivierungsmethoden sein kann, um als
klinische Methode zur Expansion von Chondrocyten zur autologen Chondrozyten
Transplantation (ACT) eingesetzt zu werden, ohne dass die expandierten Zellen lhre
chondrogenen Eigenschaften verlieren. Dies wirde ein signifikantes Problem der

gegenwartig angewandten ACT ldsen.
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