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General Introduction

Articular cartilage

Articular cartilage is a smooth, white tissue that covers the ends of
articulating bones. It enables them to move nearly friction-free, making
joint movement smooth and painless. It also functions as a shock absorber,
distributing load after impact to prevent damage to the underlying bone

(1.

The tissue consists in essence of very few main components. Only one
cell type maintains an extracellular matrix that consists in large part of
just two structural proteins. It might, therefore, easily be assumed that
damage to articular cartilage is readily repaired. However, damaged
cartilage, resulting either from trauma or from a progressive disease like
osteoarthritis, heals very poorly. Natural healing fails to reestablish the
native organization of the extracellular matrix and surgical intervention has
only limited success in long term follow up.

The relatively simple composition of articular cartilage, combined with a
high prevalence of damage to the tissue, make it an attractive target for
the development of cell based therapies for tissue repair. Unfortunately,
the avascularity of the tissue, combined with its unique architecture, pose
significant challenges for such therapies. The problem of creating large
pieces of cartilage in vitro is especially daunting.

Composition of articular cartilage

Articular cartilage is an avascular, aneural and alymphatic tissue [2]. The
wet weight of articular cartilage consist of only 20% of major structural
proteins, the remaining 80% primarily being water and inorganic salts
[3]. The dry weight of cartilage consists for more than 90% of only two
extracellular matrix proteins, proteoglycan and collagen type Il. The
extracellular matrix that is comprised of these proteins is maintained by
one cell type that represents a fraction (1-5%) of the wet weight of cartilage
[4], the chondrocyte. Although the main constituents of articular cartilage
are few, they belie a complex system with little self-renewing capacity.
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Proteoglycans

Proteoglycan are a main part of articular cartilage, making up 5-10%
of the wet weight of articular cartilage [3]. It consists of a core protein
(aggrecan) to which numerous glycosaminoglycans (GAGs) are attached
(figure 1). The core protein contains three globular domains (G1 and G2 at
the N-terminus, and G3 at the C-terminus) [5]. Proteoglycans do not exist
in isolation within the extracellular matrix, but as proteoglycan aggregates.
These aggregates consist of a central filament of hyaluronic acid (HA)
to which up to 100 aggrecan molecules are attached [6]. Attachment of
aggrecans at the G1 domain to the central HA filament is stabilized by the
presence of link proteins [7].

The central HA filament is a high molecular-mass GAG that is synthesized
at the plasma membrane by hyaluronan synthases (HAS) [8]. Because
HA is synthesized at the plasma membrane, it is directly extruded in
the pericellular region. It is, therefore, likely that proteoglycan aggregate
formation occurs initially in this region [6]. In humans, three isoforms
of HAS (HAS1, HAS2 and HASS3) exist [9] that produce HA of differing
chain lengths [10]. HAS3 produces the shortest, and HAS2 produces the
longest chain lengths. In cartilage, primarily HAS2 and HAS3 mRNAs are
expressed [11], while HAS1 appears especially abundant in synovial cells
[12]. Within cartilage, HAS2 expression appears to be the highest and
to be of crucial importance during embryonic development, as HAS2
knockout mice die mid-gestation [13]. However, the exact role of the
different isoforms remains to be elucidated.

The GAGs attached to the core protein of aggrecan are highly negatively
charged chondroitin sulfate (CS) and keratan sulfate (KS). Each core
protein can be linked to approximately 100 CS and 50 KS chains [14]. The
presence of such high amounts of polyanionic glycosaminoglycan chains
results in a negative fixed charge density (FCD). This fixed negative charge
attracts positive ions into the tissue. Consequently, water is attracted,
resulting in swelling of the tissue.
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Figure 1: Schematic structure of the proteoglycan aggregate. The core protein

of aggrecan is attached to the large hyaluronic acid filament at the G1 region by
association with a link protein. Polyanionic sulfate groups radiate from the core
protein. (http://www.ilo.org/safework_bookshelf/english?content&nd=857170059)

Collagens

The swelling caused by the attraction of water is limited by the major
extracellular matrix protein in cartilage, collagen. Several types of
collagen exist in articular cartilage, but type Il is the predominant form,
constituting 85-95% of the total collagen [15]. The other types include
type Ill, V, VI, IX and Xl, with type Ill, IX and XI making up the largest
part of the remaining collagens [16]. In addition, collagen type X can be
found in hypertrophic cartilage and the zone of calcified cartilage [17].
Every collagen molecule consist of three polypeptide chains (a-chains)
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[18]. The composition of the a-chains depends on the type of collagen
and can be either homotrimeric (three identical chains), as is the case
for Collagen type Il [19], or heterotrimeric (two identical al chains and
a distinct a2 chain). The primary structure of the polypeptide is a repeat
of three amino acids (Gly-Xaa-Yaa). Steric reasons impose that the first
amino acid always is glycine (Gly), as any other amino acid would disrupt
the helical conformation. In addition, a large part (>30%) of the Xaa and
Yaa positions are filled by proline and hydroxyproline respectively. After
post-translational modification (e.g. the hydroxilation of proline residues),
the individual a-chains intertwine to form a triple helix reticulum [20]. This
triple helix still contains large propeptides at both the N- and the C-termini
that are cleaved after secretion into the extracellular space [21]. Cleaving
of the propeptides reduces the water solubility of the collagen molecules
and results in their aggregation into fibrils.

While several types of collagen exist in articular cartilage, it is a co-
polymer of types Il, IX and Xl that forms the backbone polymeric template
[16]. Collagen type IX can be covalently bound to both collagen type Il and
type IX itself [22]. Collagen type Xl is primarily crosslinked with itself and it
believed to limit lateral growth of the collagen type Il fibril [23].

Chondrocytes

The only cell type present in articular cartilage is the chondrocyte (although
reports on the presence of cells with multi-lineage potential, i.e. stem cells
are also emerging [24, 25]). Chondrocytes are responsible for production of
the extracellular matrix during growth and for maintenance of its integrity
after growth arrest. To direct its function, chondrocytes respond to various
external cues such as growth factors [26, 27], mechanical loading [28, 29]
and cellular environment (e.g. oxygen tension) [30, 31].

Zonal distribution
Distribution of collagen, aggrecan and chondrocytes throughout the

tissue is not homogeneous. Running from the articular surface to the
subchondral bone, articular cartilage can be divided into four zones, i.e.

11



General Introduction

superficial, transitional, deep and calcified cartilage (figure 2) [32]. These
zones differ distinctly in their orientation of collagen fibers and distribution
of chondrocytes [33], as well as their aggrecan content [34]. In the
superficial zone (10-20% of the cartilage thickness) the collagen fibrils are
oriented parallel to the articular surface to provide high tensile strength to
withstand stresses generated during joint loading. The transitional zone
(20-70%) has a random organization of fibrils, while in the deep zone
(70-100%) these fibrils are oriented perpendicular to the zone of calcified
cartilage. This orientation results in the arch-like structure described in the
early 20th century by Benninghoff [35].

While the collagen content does not vary significantly with depth, the
amount of aggrecan does increase from the superficial to the deep zone.
As a result the compressive modulus varies with depth [36] to provide a
smooth transmission of loads.

Not only the composition of the extracellular matrix varies with depth,
the content and morphology of chondrocytes is also depth-dependent.
At the superficial zone the chondrocytes exhibit a flattened morphology,
are clustered horizontally and are present at a higher density than in
deeper zones [37, 38]. Chondrocytes of the superficial zone also produce
proteoglycan-4 (PRG-4), a superficial zone protein believed to be involved
in maintaining the lubrication properties of cartilage [39]. The middle
zone is less densely populated with chondrocytes and they have a more
spherical morphology. Finally, chondrocytes of the deep zone are larger
and arranged in vertical columns.

12
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} Superficial zone (10-20%)

Middle zone (60-60%)

Deep zone (30%)

‘.“ o0 @ Calcified cartilage and
”‘ @ ocococo0@e@ subchondral bone

Figure 2: The zonal organization of articular cartilage

Cellular environment

Due to its avascularity, chondrocytes have to derive nutrients and
oxygen primarily from the synovial fluid through diffusion [40], although
recent studies also suggest a role for the subchondral bone [41]. As a
result, chondrocytes experience oxygen tensions that are far below
those experienced by most other cell types. In vivo, the pO2 of cartilage
decreases from the superficial zone, where the pO2 is close to that of
the synovial fluid (i.e. 10%), to the deep zone at the layer of calcified
cartilage to nearly 1% [42-46]. While availability of oxygen is vital to cell
survival, chondrocytes are well adapted to execute their function with
minimal amounts of oxygen. For example, chondrocytes primarily employ
anaerobic metabolism for the generation of ATP [47, 48].

Under these anaerobic conditions, ATP production is limited to the energy
equivalents that are generated by conversion of pyruvate to lactate.
Lactate is an acid that lowers the pH of the pericellular environment.
Removal of this waste product from the tissue is hindered by diffusion
limitations. Consequently, the pH of the pericellular environment is more
acidic than that of other tissues. The pH of osteoarthritic cartilage can
be as low as 5.5, as measure in grade 3 OA patients undergoing total
hip replacement surgery [11953972] [50]. The presence of GAGs and
expulsion of water by loading does not just cause an increase in [H+],
but the tonicity (osmotic pressure) of the interstitial fluid on the whole is
increased. In healthy cartilage, the tonicity ranges from 380 to 450 mOsm
[51, 52]. In OA, the degeneration of the collagen network and the depletion
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of GAGs results in a decrease in extracellular tonicity that depends on the
stage of the disease. As a result, the tonicity of osteoarthritic cartilage can
vary between 280 and 350 mOsm [51, 53]. Oxygen tension, together with
extracellular pH and tonicity, forms a set of environmental stimuli that,
through various pathways, can have a profound effect on cells that are
exposed to them.

Joint loading not only causes a rise in extracellular pH and tonicity, it
also creates a mechanical component that chondrocytes experience.
This mechanical environment of chondrocytes creates fluid flows, (shear)
stresses and cellular deformation. This deformation can be roughly 20%
based on normal joint loading [54]. While this normal joint loading might
be a prerequisite for healthy joint function [55, 56], excessive loading
or normal loading of damaged cartilage can be detrimental and lead to
osteoarthritis.

Osteoarthritis

The ability to move about freely without pain is a given for most people.
The impact that pain during movement has on our quality of life becomes
apparent even from such simple afflictions as a muscle ache. Osteoarthritis
(OA) is a chronic disease that affects the articulating surfaces of joints,
making movements painful and thereby severely impacting quality of life
[57]. Over 10% of the population older than 60 suffers from OA to some
degree [58] and this percentages increases to 60% for people aged 75
and up [59]. It is estimated this figure will only increase over the next years
[60], since OA is primarily an age-related disease and the average age of
the population steadily rises. This makes OA a highly relevant disease both
socially (because of the loss of quality of life) and economically (because
of loss of productivity). The economic burden in the Netherlands, for
example, is estimated at almost 900 euro per patient per month in the
working population [61].

Osteoarthritis is a multi-factorial disease, and includes inflammation of the
synovium and changes to the subchondral bone, but it is characterized
primarily by degradation of the articular cartilage.
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Development of OA

The etiology of OA is complex and far from fully understood [62-64], but
it is believed that an interplay of systemic, genetic, environmental and
biomechanical factors contribute to the development of the disease.
Also, trauma in early life such as meniscal tears, pattelar fractures and
osteochondral lesions can lead to OA [65, 66]. Aggrecans are most
likely the first constituent of cartilage to be affected by OA [3]. Aggrecan
is progressively depleted concurrent with the severity of the disease.
The initial loss is counteracted by increased synthesis, but production
eventually fails to keep up with degradation, resulting in a net loss of matrix.
In addition, OA is characterized by increased degradation of collagen type
Il. Collagenases, such as matrix metalloproteinases (MMP-)1 and -13, are
responsible for the degradation, which results in irreversible damage to the
matrix. The resultant weakened fibril network is no longer able to correctly
withstand the swelling of the tissue and increased hydration ensues.

Current treatments for OA and cartilage defects

Several techniques exist to repair defects in articular cartilage, all of
which are aimed at restoring function and reducing pain. Unfortunately,
no technique exists yet that fully recovers the biomechanical properties
of articular cartilage.

One of the simplest procedures available is arthroscopic lavage, usually
combined with debridement. Aimed at reducing mechanical symptons
and preventing further damage to articular surfaces, this technique
has questionable benefits as results were not improved compared to a
placebo procedure [67].

With drilling or microfracture the subchondral bone is penetrated to
stimulate the formation of new articular cartilage [68, 69]. This relatively
simple technique has excellent short term results [70-72] but the
regenerated tissue is fibrocartilage with inferior biomechanical properties
compared to native tissue. However, due to the simplicity and low costs
of the procedure, microfracture is often the first choice for treatment of
articular defects [73].
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Osteochondral autografting (mosaicplasty) tries to circumvent the
production of fibrocartilage associated with microfracture by transplanting
full thickness osteochondral plugs from less-weight bearing regions of the
knee joint to holes drilled in the defect site [74-76]. Although success has
been reported [77] it still requires harvest from a healthy donor site, with
the risk of associated donor site morbidity, and it is limited to relatively
small defect sizes.

Autologous chondrocyte implantation (ACI), first described by Brittberg et
al [78], uses an approach in which chondrocytes, isolated from a non-load
bearing part of the articular cartilage, are expanded ex vivo then placed
back in a defect and covered by a periosteal flap. Since its inception, the
technique has been further developed and may now also include cells
seeded on a three dimensional matrix. This matrix-induced autologous
chondrocyte implantation (MACI) relies on the use of a biomaterial to
provide extra mechanical integrity and load bearing capacity.

Tissue engineering

Tissue engineering refers to the part of science that aims to reconstruct
(“engineer”) tissues ex vivo for reimplantation [79]. In that light, the
technique of (matrix-induced) autologous chondrocyte implantation can
be considered a form of tissue engineering. Traditionally following the
paradigm of autologous cells combined with a three-dimensional scaffold
and growth factor stimulation, tissue engineering has since become vaster
than the original concept. For one, the use of autologous cells that are
native to the tissue (i.e. chondrocytes for cartilage) is no longer a given.
Inching away from those cells, the use of cells with pluripotent capacity
from other donor tissues, like bone-marrow, is getting increasingly
important. But regardless the source, these cells have to be grown in a
manner that ensures retention of, or differentiation into, a phenotype that
is needed for tissue generation in vitro or in vivo. Secondly, the use of
biomaterials to provide a three-dimensional structure has raised questions
about the interaction of cells with their new environment. Lastly, the culture
environment can be tailored in numerous ways that suit a specific cell type
or application. Clearly, all permutations that arise from considering these
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aspects of tissue culture make for a vast and interwoven field comprised
of different areas of expertise.

Challenges in cartilage tissue engineering

The limited availability of autologous chondrocytes suitable for
reimplantation is the reason these cells need to be expanded in vitro
to obtain sufficient cell numbers. Expansion of chondrocytes is one of
the main reasons for inferior tissue engineered cartilage constructs as
it causes the cells to express progressively less of the matrix proteins
that are specific for articular cartilage. Instead, they (de)differentiate
towards a more fibroblast-like phenotype, losing their characteristic round
morphology and expressing higher levels of the dedifferentiation markers;
collagen type | and versican [80, 81].

As a result, production of cartilage specific extracellular matrix is severely
hampered. Production of collagen type Il is the major limitation, as GAG
content can reach values comparable to native tissue [82-85]. Collagen
type Il, however, only reaches 15-35% of the native content [86-89] is
specific studies. The limited production of collagen might have several
causes. A dedifferentiated phenotype of expanded chondrocytes clearly
causes a decrease, but even primary chondrocytes do not produce
enough collagen type Il. GAG production might impede collagen synthesis
[90], the altered biochemical environment can affect the self-assembly of
the collagen fibrils [91] while a change/reduction in mechanical stimulation
can also reduce production or even cause fibril degeneration [92].

The lack of production of structural proteins also has implications for the
mechanical functioning. While proteoglycan content can create sufficient
compressive properties, the lack of collagen type Il causes vastly inferior
tensile properties. Use of biomaterials can aid in maintaining mechanical
functioning, but full integration into the surrounding tissue is generally not
successful.

Raw collagen content is not sufficient when trying to repair a tissue with
such a specific architecture. The specific zonal organization of articular
cartilage and the collagen fiber orientation within these zones contribute
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massively to the mechanical properties of the tissue. Recapturing this
organization in in-vitro culture will be especially difficult, although steps
are being taken [93-95].

Bioreactors in tissue engineering

A common approach to maintain or regain the proper phenotype of
expanded chondrocytes is it to try and mimic the natural environment
of these cells as closely as possible. The term "bioreactor" in tissue
engineering and biochemistry refers to a device that monitors and
controls the culture process to support the growth of cells or tissues. For
tissue engineering purposes, this usually means that a unique bioreactor
is needed for every specific tissue type [96].

For cartilage, culture at physiological conditions includes maintaining
cells at an oxygen tension and pH that approximates the physiological
situation, seeding/embedding them in a three dimensional environment
and applying physiological loading. Several attempts to mimic the natural
environment, at least in part, have been described in literature [97-99].
However, this approach poses several issues. First of all, seeding cells
in a three dimensional scaffold and maintaining viability for prolonged
culture periods raises questions about mass transport of nutrients and
waste products in 3D constructs [100]. Mechanical stimulation of the
construct can aid in the transport of nutrients to deeper locations [101],
but this stimulation should create stresses that aid in ECM production, not
hamper it.

Finally, while the native environment of chondrocytes is well described,
it is not certain that this environment is also the optimal environment for
cartilage culture in vitro. Especially when tissue culture is started with
expanded chondrocytes or stem cells, whose phenotype is very different
from primary, adult chondrocytes, the optimal culture environment might
differ significantly from the in vivo situation.

Bioreactors can also be employed to establish the best culture settings.
The ability of bioreactors to tightly control a variety of parameters allows
isolation of the effects of a single parameter on cells, or to evaluate the
interplay between two or more parameters (e.g. hypoxia and pH). This

18



Chapter 1

type of control is also required to identify the molecular pathways involved
in these cultures.

Cell signaling pathways involved in environmental and physical
stimulation

The control of the culture environment, made possible through the use of
bioreactors, can be used to investigate the effect that different parameters
have on cells. This use of bioreactors leads to better understanding of
the mechanistic pathways that govern cell function under both normal
and pathological conditions. Knowledge of the involvement of specific cell
signaling pathways can lead to the development of targeted strategies.

It is clear that physical stimulation can alter cell signaling. For example,
mechanical loading in the physiological (low) range of intensity have anti-
inflammatory effects. This can lead to reduced levels of catabolic genes
and increased expression of extracellular matrix components such as
aggrecan and collagen type Il [102].

Hypoxia-inducible factor 1a (HIF-1a) has been shown to be a key
transcription factor for chondrocyte survival under hypoxic conditions
[103], while HIF-2a appears to induce the chondrocyte phenotype
through upregulation of SOX9 [104]. Hypoxia also has an effect of the pH
homeostasis of chondrocytes [105], showing that the interplay of various
control pathways is essential. The various effects of all these parameters
needs to be elucidated to be able to devise a robust regenerative medicine
strategy for cartilage repair.

Aim and outline of this thesis

As outlined in the general introduction, there are various ways to direct cell
behavior by altering the physical environment. The challenging combination
of mechanical stress and a hypoxic in the in vivo environment, makes
the use of external physical stimulation especially interesting for articular
chondrocytes. Various aspects of the use of external stimuli to study and
manipulate chondrocytes in vitro are explored in this thesis.
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In Chapter Il the effect of mechanical stimulation on expanded
chondrocytes is explored. The use of autologous chondrocytes, expanded
in vitro to sufficient numbers for reimplantation, is standard in autologous
chondrocyte implantation. These expanded chondrocytes express lower
amounts of the chondrogenic markers collagen Il and aggrecan, but
they might also respond differently to the mechanical environment of the
articular cartilage after reimplantation.

Mechanical stimulation is but one aspect of the physical environment
of chondrocytes. The use of bioreactors for the control of the culture
environment of cells is the topic of chapters lll, IV and V. Chapter IlI
describes a novel system for the control of culture parameters (e.g. oxygen
tension and pH). These parameters directly influence several important
pathways related to cell metabolism, extracellular matrix production and
differentiation.

In Chapter IV the effects of bioreactor-controlled culture parameters
(oxygen tension and pH) on chondrocyte redifferentiation are investigated.
The mechanisms through which one of these parameters, hypoxia, exerts
its effect on chondrocytes is still largely unknown. One of the most
important growth factors involved in maintaining chondrogenic phenotype
is Transforming Growth Factor-p (TGF-). Its expression under hypoxia
in relation to chondrocyte redifferentiation is investigated in this Chapter.

Chapter V explores the effects of an often overlooked culture parameter;
the effect of osmolarity and the mechanism through which it regulates
chondrocyte differentiation.

The potential of stem cells for regenerative medicine applications is clear,
but myriad questions remain on the way cells can be conditioned or steered
towards a specific phenotype so to better function after reimplantation in
vivo. Hypoxic culture can be employed to pre-condition MSCs to enhance
survival after introduction into a hostile environment such as infarcted
heart tissue, it might enhance proliferation to speed up production for cell
therapy and it can also direct differentiation in vitro. Chapter VI, therefore,
reviews the various uses of hypoxic culture as a tool to manipulate MSC
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behavior in culture and discusses the potential clinical implications.

In Chapter VIl the various studies are discussed and results are extrapolated
into a hypothesis on the proper use of physical stimuli with bioreactors to
direct chondrocyte phenotype.
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In-vitro expansion affects the response of chondrocytes to mechanical stimulation

Summary

Expansion of autologous chondrocytes is a common step in procedures
for cartilage defect repair. Subsequent dedifferentiation can alter cellular
response to mechanical loading, having major consequences for the cell’s
behavior in vivo after reimplantation. Therefore, we examined the response
of primary and expanded human articular chondrocytes to mechanical
loading.

Primary and expanded chondrocytes were stretched at either 0.5% or
3.0% at 0.5 Hz, 2 h per day, for 3 days. Gene expression levels of matrix
components (aggrecan (AGC1), lubricin (PRG4), collagen type | (COL1),
type Il (COL2) and type X (COL10)) as well as matrix enzymes (matrix
metalloproteinase 1 (MMP1), MMP3, MMP13) and SOX9 were compared
to unstretched controls. To evaluate the effect of a chondrogenic
environment on cellular response to stretch, redifferentiation medium was
used on expanded cells.

In primary chondrocytes, stretch led to mild decreases in AGC1, COL1
and COL10 gene expression (maximum of 3.8-fold) and an up-regulation
of PRG4 (2.0-fold). In expanded chondrocytes, expression was down-
regulated for AGC1 (up to 21-fold), PRG4 (up to 5.0-fold), COL1 (10-fold)
and COL2 (2.9-fold). Also, expression was up-regulated for MMP1 (20-
fold) and MMPS3 (up to 4-fold), while MMP13 was downregulated (2.8-
fold). A chondrogenic environment appeared to temper effects of stretch.

Our results show that expansion alters the response of human
chondrocytes to stretch. Expanded chondrocytes greatly decrease gene
expression of matrix constituents and increase expression of MMPs,
whereas primary chondrocytes hardly respond. Our data could be
a reference for optimization of cell sources or expansion protocols for
reimplanted chondrocytes.
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Introduction

In autologous chondrocyte implantation (ACI) procedures, cartilage is
harvested from an autologous donor site and isolated chondrocytes are
expanded in vitro to obtain sufficient cell numbers before implantation
into the defect site. However, during expansion culture, chondrocytes lose
their specific chondrocytic phenotype and become more fibroblast-like
[1, 2]. This phenotypical change, called dedifferentiation, is accompanied
by a decreased gene expression of cartilage specific markers like
collagen type Il (COL2) [3]. This process might also alter the response
of chondrocytes to extracellular stimuli. The current work studied the
response of chondrocytes to mechanical stimulation after dedifferentiation
resulting from monolayer expansion.

In their natural environment, chondrocytes are constantly deformed as a
result of loading due to normal daily activities. Guilak et al.[4] estimated the
loss of cell height of chondrocytes resulting from physiological loading to
be approximately 20%. In vivo deformation will also occur in reimplanted
chondrocytes after ACI. Normal physiological loading is generally
regarded as a prerequisite for the maintenance of proper articular joint
functioning, while injurious loading can lead to cartilage degeneration.
Dynamic compression of bovine explants or three-dimensional scaffold
cultures has indeed shown a stimulatory effect in vitro, not only on load
bearing matrix components [5-11], but recently also on lubricin (PRG4)
[12]. Other forms of mechanical stimulation like fluid flow induced shear
stress [13, 14]Jand mechanical stretch [15, 16] also elicit a response in
primary bovine chondrocytes.

In human normal, healthy chondrocytes Millward-Sadler et al.[17] found
that cyclic stretch has an anabolic effect, as was shown by an increase
in aggrecan (AGC1) expression and decrease in matrix metalloproteinase
3 (MMP3) expression. This effect was not seen in osteoarthritic (OA)
chondrocytes, where no change in AGC1 or MMP gene expression
was observed. This difference might be attributed to a change in
mechanotransduction pathways between normal and OA chondrocytes
[18-20]. In another study with human cartilage, Plumb and Aspden [21]
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also showed that cyclic loading was not stimulatory in cartilage explants
from human femoral heads. These results are contradictory to those
found for young bovine chondrocytes, where loading was stimulatory [5-
7]. Not only the source of chondrocytes determines the cell’s response
to mechanical loading. Wiseman et al.[22] showed that bovine articular
chondrocytes in agarose constructs exhibited decreased proliferation
and proteoglycan synthesis after monolayer expansion uponmechanical
stimulation compared to primary chondrocytes.

Since expansion and the associated dedifferentiation of human
chondrocytes is an essential step in ACI-like procedures, the effect of
expansion on the matrixforming capacities warrants further investigation.
Therefore, we investigated, through real-time reverse transcriptase
polymerase chain reaction (RT-PCR) analysis, how human articular
chondrocytes, after monolayer expansion, respond to stretch depending
on their expansion and corresponding differentiation state. In addition, we
examined whether a specific chondrogenic environment, which leads to
redifferentiation to the chondrogenic phenotype, alters the response of
expanded chondrocytes to stretch in terms of gene expression.

Materials and Methods

Cell culture

Cartilage was obtained from patients undergoing total knee replacement
surgery (after approval by the local ethical committee; MEC2004-322).
Full thickness cartilage was harvested, treated with 0.2% protease in
physiological saline solution (Sigma, St. Louis, MO, USA) for 90 min and
subsequently digested overnight in basal medium [Dulbecco’s modified
eagle medium (DMEM), 4.5 g/l glucose with 10% Fetal Calf Serum (FCS),
0.1% gentamicine and 0.6% fungizone (all Invitrogen, Scotland, UK)]
supplemented with 0.15% collagenase B (Roche Diagnostics, Mannheim,
Germany). The following day, the harvested cell number was determined
using a heamacytometer. The primary chondrocytes were then either
seeded at a density of 7500 cells/cm2 in a T175 culture flask for expansion
culture or seeded at a density of 300,000 cells/well in collagen type |
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(COL1) coated Flexcell six-well plates (Flexercell, McKeesport, PA, USA).
The cells plated for expansion were cultured for three passages. These
expanded chondrocytes were then seeded at a density of 300,000 cells/
well in the Flexcell COL1 coated six-well plates (figure 1).

Mechanical stimulation

Cells were left to adhere firmly to the flexible membrane of the six-well
plate during a 5 day pre-culture with basal medium. On day 5, cells were
stretched using a modified Flexcell set-up (Flexercell, McKeesport, PA,
USA) inside an incubator (370C, 5% CO2). This set-up was previously
described [23]. Briefly, a low pressure created under the six-well plates
pulls the flexible membrane over a loading post, resulting in homogenous
biaxial strain. The size of the loading post and the level of the pressure
correlate to the amount of stretch applied to the adherent cells. Loading
posts of 25 mm and 30 mm diameter were used, resulting in applied
strains of 3.0% and 0.5%, respectively. Cyclic stretch at a frequency of
0.5 Hz was applied twice daily for 1 h with a 1 h rest period. This protocol
was repeated for 3 days. Unstretched controls were placed in the device
without stretching the membranes.

Redifferentiation medium

To examine the effects of a chondrogenic environment, experiments were
also conducted with redifferentiation medium [2]. This medium consisted
of DMEM high glucose, 1:100 insulin-transferrin-selenium A supplement
(ITS) + (BD Biosciences, Bedford, MA, USA), 10 ng/ml transforming growth
factor-b2 (TGF-b2) (recombinant human, R&D Systems, Abington, UK),
10 ng/ml insulin-like growth factor-1 (IGF-1), 25 mg/ml L-ascorbic acid
2-phosphate (both from Sigma, St. Louis, MO, USA), 0.1% gentamicine and
0.6% fungizone (both from Invitrogen, Scotland, UK). The redifferentiation
medium was added at the onset of stretch.

PCR

Directly after the last stretch cycle total RNA was isolated using the
Nucleospin Il kit according to the manufacturer’s instructions (Machery-
Nagel, Diren, Germany) and nucleic acid content was determined
spectrophotometrically (NanoDrop_ ND1000, Isogen Life Science,
The Netherlands). For cDNA synthesis and real-time quantitative PCR
(gPCR) methods see Uitterlinden et al.[24]. An ABI7000 was used for
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Table 1

List of primers

Gene Acc.No. Primer Nucleotide sequences
GAPDH BC_083511 HsGAPD_F ATGGGGAAGGTGAAGGTCG
HsGAPD_R TAAAAGCAGCCCTGGTGACC
HsGAPD_FAM CGCCCAATACGACCAAATCCGTTGAC
AGC1 NM_001135 HsAGC1_F TOGAGGACAGCGAGGCC
HsAGC1_R TCGAGGGTGTAGCGTGTAGAGA
HsSAGC1_FAM ATGGAACACGATGCCTTTCACCACGA
MMP1 NM_002421 HsMMP1_F CTCAATTTCACTTCTGTTTTCTG
HsMMP1_R CATCTCTGTCGGCAAATTCGT
HsMMP1_FAM CACAACTGCCAAATGGGCTTGAAGC
MMP3 NM_002422 HsMMP3_F TTTTGGCCATCTCTTCCTTCA
HsMMP3_R TGTGGATGCCTCTTGGGTATC
HsMMP3_FAM AACTTCATATGCGGCATCCACGCC
MMP13 NM_002427 HsMMP13_F AAGGAGCATGGCGACTTCT
HsMMP13_R TGGCCCAGGAGGAAAAGC
HsMMP13_FAM CCCTCTGGCCTGCTGGCTCA
SOX9 NM_000346 HsSOX9_F CAACGCCGAGCTCAGCA
HsSOX9_R TCCACGAAGGGCCGC
HsSOX9_FAM TGGGCAAGCTCTGGAGACTTCTGAACG
ool NM_000088 HsCOL1_F CAGCCGCTTCACCTACAGC
HsCOL1_R TTTTGTATTCAATCACTGTCTTGCC
HsCOL1_FAM CCGGTGTGACTCGTGCAGCCATC
CcoL2 NM_033150 HsCOL2_F GGCAATAGCAGGTTCACGTACA
NM_001844 HsCOL2_R CGATAACAGTCTTGCCCCACTT
HsCOL2_FAM CCGGTATGTTTCGTGCAGCCATCCT
COL10 NM_000493 HsCOL10_F CAAGGCACCATCTCCAGGAA
HsCOL10_R AAAGGGTATTTGTGGCAGCATATT
HsCOL10_FAM TCCAGCACGCAGAATCCATCTGA
PRG4* NM_005807 HsPRG4_F TTGCGCAATGGGACATTAGTT
HsPRG4_R AGCTGGAGATGGTGGACTGAA

*SYBRGreen | assay.
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cycling. Tagman™ or SybrGreen™ | assays were performed on AGC1,
proteoglycan 4 (PRG4, alias lubricin or superficial zone protein), COL1,
COL2 and COL10, MMP1, MMP3, MMP13 and transcription factor
(sex determining regionY)-box 9 (SOX9). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used for normalization. All primer and probe
nucleotide sequences for gene amplifications are listed in Table 1.

Data analysis

Expression was normalized to GAPDH and expressed relatively using
the 2-(AACt) method of Livak [25]. Subsequently, expression levels of
unstretched control conditions were set to 1 and stretched conditions were
plotted relative to controls. Results are means plus standard deviation.
Statistical significance was determined using a KruskaleWallis test (SPSS
Inc., Chicago, IL, USA) prior to testing stretched vs unstretched conditions
by ManneWhitney test. Differences were considered significant when P
< 0.05. For every experiment with primary cells, six control wells were

Table 2
Number of donors and technical repetitions for
every experimental condition

Condition Stretch level n Number

of donors
Primary chondrocytes Control 19 4
0.5% 11 4
3.0% 12 4
Expanded chondrocytes Control 12 3
on basal medium 0.5% 9 3
3.0% 9 3
Expanded chondrocytes on Control 6 2
redifferentiation medium 0.5% 6 2
3.0% 6 2
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Isolated chondrocytes

N

________ Seed in monolayer Seed in Flexcell plates

PO ¢ ¢ 5 day preculture
________ Passage in monolayer 3 day stretch on basal medium

P1 {

________ Passage in monolayer PCR analysis of gene expression

P2 {

________ Seed in Flexcell plates

P 5 day preculture

3 day stretch on basal medium 3 day stretch on redifferentiation medium

4 I

PCR analysis of gene expression PCR analysis of gene expression

Figure 1: Layout of experimental set-up

used for each donor, while three wells were used for 0.5% and three wells
for 3.0% strain. The first experiment with expanded cells had the same
set-up as the experiments with primary cells. For the other experiments
with expanded cells, three wells were used for unstretched controls on
basal medium and three wells were used for unstretched controls with
redifferentiation medium. For both stretched conditions (0.5% and 3.0%),
three wells per plate were used with basal medium and three wells were
used with redifferentiation medium. Table 2 summarizes experimental
details: some wells were lost due to low cell yield after harvest.

Results

Effect of expansion culture on levels of gene expression

Upon expansion in monolayer culture, gene expression of COL1 was
up-regulated while SOX9 expression was down-regulated, typical for
dedifferentiation toward a more fibroblast-like phenotype (figure 2).
At the same time, COL2 is hardly expressed and COL10 expression is
completely absent in dedifferentiated chondrocytes, also consistent with
the shift toward a fibroblast-like state. Also, expression levels of MMP1,
MMP3 and MMP13 were considerably lower after expansion.
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Figure 2: Relative gene expression levels of unstretched primary chondrocytes
versus expanded (P3) chondrocytes. * indicates significant difference (P< 0.05).
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Effect of stretch on primary chondrocytes

Gene expression of matrix components (AGC1, PRG4, COL1, COL2 and
COL10) was moderately altered by stretch in PO chondrocytes (figure
3). AGC1 and COL1 were down-regulated in a response to mechanical
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Figure 4: Gene expression of expanded, dedifferentiated chondrocytes under
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stimulation of both 0.5% and 3.0% strain levels. Gene expression of
AGC1 was only slightly altered, a 1.8-fold down-regulation was found at
0.5% strain and 1.6-fold change at 3.0% strain. COL1 showed a 3.8-fold
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decrease in gene expression level compared to control at 0.5% strain and
a 2.1-fold decrease at 3.0% strain. COL10 was also marginally down-
regulated (2-fold) at both strain levels. Gene expression levels of COL2
remained unaltered when loaded with either 0.5% or 3.0% strain, while
levels of PRG4 were slightly up-regulated compared to control, 1.8-fold
at 0.5% and 1.9-fold at 3.0%. Stretch did neither statistically significantly
alter the gene expression of MMP1, MMP3 and MMP13, nor did it change
SOX9 expression levels.

Effect of stretch on expanded chondrocytes

P3 cells showed a much larger response to stretch (figure 4) than primary
cells. Gene expression of most matrix proteins (AGC1, PRG4, COL1 and
COL2) was severely down-regulated after stretching of the cells. AGC1
and COL1 showed the most significant change in gene expression.
Expression levels of AGC1 were 15.6-fold lower at 0.5% when compared
to unstretched controls, while 3.0% resulted in a 11-fold decrease. COL1
was down-regulated approximately 10-fold for both 0.5% (11.9-fold)
and 3.0% strains (8.0-fold). Gene expression of PRG4 was also lower
when cells were stretched at 0.5% (5.0-fold decrease) or 3.0% (2.5-fold
decrease). After expansion, COL2 expression was absent in chondrocytes
from one donor. In those cases where COL2 was still expressed, stretching
downregulated its expression levels (up to 2.9-fold for 0.5% stretch).
COL10 was not expressed in any donor after expansion. In expanded
chondrocytes, MMP1 and MMP3 were both up-regulated after stretching.
MMP1 showed a 20-fold upregulation while MMP3 was up-regulated
3.5-fold (at 0.5% strain) or 2.3-fold (at 3.0% strain). MMP13 was down-
regulated in response to cell straining at both 0.5% (2.8-fold) and 3.0%
(1.9-fold). Again, no effect of stretch on SOX9 gene was found.

Effect of stretch on expanded cells in a chondrogenic environment

On redifferentiation medium, expanded chondrocytes reexpressed COL2
and COL10, indicating a return to a more chondrogenic phenotype. COL1
and PRG4 expression was also higher on redifferentiation medium. Gene
expression of MMP1 and MMP13 was also up-regulated on redifferentiation
medium. This chondrogenic environment did not significantly change the
alterations in gene expression levels of matrix components by expanded
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Table 3
Summary of results

Gene Condition and trend of relative expression
No stretch, Stretch, Stretch, Stretch, P3,
P PO? p3? redifferentiation
medium*

AGC - ! Ll !
PRG' = 1 ! !
coL 1 ! Ll !
cov L = ! =
oL ND ! ND =
MMP ! _ 11 1
MMPe Ll - 1 1
MMP1° 1l = l =
SOX® 1l — — —

1Basal gene expression in expanded chondrocytes relative to primary controls (no strain,
Fig. 2) and strain-related changes in expression in primary2, expanded chondrocytes3
and expanded chondrocytes stretched on redifferentiation medium4. Relative trends are
indicated by symbols (Y, down-regulation; [, up-regulation; %, unchanged) with multiple
arrows indicating stronger effects.

Single arrow: 0e10-fold change, double arrow: 10e100-fold change, triple arrow:
100e1000-fold change. ND, not detected.

chondrocytes associated with stretch (figure 5). AGC1 and COL1 were
still severely downregulated, while PRG4 was again only moderately
downregulated. COL2 was re-expressed on redifferentiation medium, but
here stretch also appeared to down-regulate gene expression. No effect
of stretch was found on mRNA levels of COL10 gene expression. MMP1
expression was still up-regulated, but to a lesser extent compared to basal
medium. MMP3 expression was still significantly upregulated in stretched
conditions compared to unstretched controls on redifferentiation medium.
MMP13 was no longer significantly down-regulated. Overall an expression
pattern was found that was similar to that found with basal expansion
medium, but the effects seemed somewhat tempered. General trends for
all conditions are summarized in Table 3.
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Discussion

Our results indicate that in vitro expansion affects the response of
chondrocytes to a mechanical stretch protocol. Real-time RT-PCR
analysis revealed a decrease in expression of genes encoding for matrix
components as well as a rise in expression of matrix degrading enzymes
after stretching of expanded chondrocytes. In primary chondrocytes
the response was markedly less substantial and significant. We also
studied the effect of a chondrogenic environment that is known to direct
dedifferentiated chondrocytes back toward a chondrogenic phenotype.
These partially redifferentiated chondrocytes showed similar effects as the
expanded, dedifferentiated chondrocytes, however, the effects of stretch
appeared to be tempered. This is consistent with the shift toward the
primary phenotype, since primary chondrocytes reacted only marginally
to stretch.

The observation of up-regulation of the matrix degrading enzymes MMP1
and MMP3 after stretch is consistent with the notion that chondrocytes
assume a more fibroblast-like phenotype upon dedifferentiation in respect
that some studies report increased (pro-)MMP expression following
(injurious) loading. For example, increased (pro-)MMP expression and
activation was found in ligament fibroblasts [26], patellar tendon fibroblasts
[27], scleral fibroblasts [28], uterine cervical fibroblasts [29] and cardiac
fibroblasts [30] after loading with stretch. However, this up-regulation was
not found in all types of fibroblast. Sambajon et al.[31] found no difference
in proteinase activity of synovial fibroblasts after stretch. However, matrix
degradationis also part of the remodeling process and it cannot be excluded
that the rise in expression of MMP1 and MMP3 after short-term stretch
follows from a remodeling attempt by the cells. But one might expect a
concurrent elevation in matrix components in case of remodeling, which is
not seen in our experiments. Obviously, the translation of changes in gene
expression to expression on protein level is not straightforward and short
term effects might differ from long-term (in vivo) effects. Therefore, to be
able to interpret our results from a practical viewpoint, protein expression
and enzymatic activity should be assessed and the consequences for
long-term protein expression need to be established.
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Interestingly, expression levels of MMP13, the collagenase whose
affinity for COL2 is the greatest [32], were down-regulated after cyclic
stretch. This difference in response might be attributed to the fact that
the collagenases MMP1 and MMP13 differ in their spatial distribution
[33]. MMP1 is mainly expressed in the superficial cartilage layer, while
MMP13 is chiefly expressed in the deep zone, where different deformation
is experienced by the chondrocytes. Other than very marginal changes in
the expression of AGC1 and COL1 and COL10, primary chondrocytes did
not show a marked response to stretch. This is in line with the findings
of Millward-Sadler et al.[17], who found that expression levels of AGC1,
MMP1 and MMP3 were unchanged in primary chondrocytes from OA
patients after application of short-term cyclic stretch. The discrepancy with
primary chondrocytes from healthy cartilage, which showed an increase
in AGC1 expression and a decrease in MMP3 expression, was attributed
to phenotypical alterations in OA chondrocytes. In OA chondrocytes,
these changes might include altered expression of integrins, cytokines
and growth factors. Indeed, integrins, and especially the fibronectin
receptor integrin a5b1, are involved in mechanotransduction [34] of both
normal and OA chondrocytes. Although the exact mechanisms by which
this transduction occurs are not yet fully understood, they appear to
include initiation of integrin-dependent signaling cascades. Expression
of integrins and integrin-associated proteins is altered in chondrocytes
upon expansion [35], which could account for the differences in response
between primary and expanded chondrocytes found in this study.

Our model system utilizes monolayer culture with stretching (elongation) in
the lateral direction, whereas the three dimensional in situ loading involves
compression of the cells embedded in a matrix that includes solid, water
and charges that control deformation upon loading. Knight et al.[36] showed
that compression (of alginate) leads to contralateral elongation, although
the exact deformation of the cell depends on the mechanical properties of
the cell relative to its surrounding [37]. Plumb and Aspden [21] found that,
contrary to healthy bovine cartilage, cyclic compressive loading was not
stimulatory in cartilage biopsies from human femoral heads. Lee et al.[38]
found decreased mRNA levels of COL2 and AGC1 following shear stress
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loading of chondrocytes of patients suffering from OA. Also, Wiseman et
al.[22] showed that, after three to four passages, healthy bovine articular
chondrocytes seeded in agarose showed reduced glucosaminoglycan
(GAG) synthesis after dynamic compressive loading. Nugent et al.[12]
showed, with a shear deformation model, an up-regulation of PRG4 with
the same order of magnitude as the primary chondrocytes in our stretch
model system. Despite these consistent responses, the model systems
never accurately represent the in vivo situation, where conditions such
as deformation and environmental parameters are actively controlled.
This limits the interpretation for the in vivo situation, where other factors,
including cell attachment, molecular environment with different serum
conditions and a complex loading situation might all influence the cell’s
response.

In conclusion, this study clearly shows that expanded human chondrocytes
respond differently to stretch than primary chondrocytes. The down-
regulation of both major componentsin articular cartilage, AGC1 and COL2,
as well as the up-regulation of matrix degradative MMPs in the expanded
chondrocytes after stretch might be regarded as degradative, although
the effects of this altered gene expression on protein level still remain
to be studied. If expanded chondrocytes in ACI-like procedures have a
similar expression response after in situ loading, this cell source might
not be the optimal choice for such a procedure. Consequently, it might be
that other cell sources, redifferentiation protocols prior to implantation or
limiting deformation (e.g., by movement restricting post-surgical therapy
or use of a rigid scaffold) improve the cell’s capacity to form a functional
extracellular matrix and reduce enzymatic activity. However, implanted
chondrocytes should also become involved in remodeling of the matrix,
starting with degradation that might lead to better incorporation with
the host matrix. From the current study, providing short-term RNA-level
responses, we have no information regarding the long-term consequences
for the matrix and its in situ incorporation potential. Our findings may
therefore be regarded as a reference point for future studies that aim to
optimize protocols for tissue formation by expanded chondrocytes.
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Effects of individual control of pH and hypoxia in chondrocyte culture

Summary

Effects of oxygen tension (pO2) and pH on gene and protein expression
and metabolic activity of human chondrocytes were independently
assessed. Chondrocytes were cultured under a range of pH (6.4-7.4) and
different pO2 (5 and 20%) during 5 days in a bioreactor. Effects on gene
expression, DNA content, protein expression, and metabolic activity were
determined.

Linear regression analysis showed that gene expression of type | collagen
(COL1), SOX9, and VEGF is significantly lower at acidic pH, while
expression of aggrecan, type Il collagen, and HIF1A is pH-independent.
Higher protein levels of VEGF were found under low pO2. Acidic pH
severely lowered VEGF release into medium, glucose consumption, and
lactate production. Extracellular pH proved to more potently influence
cell function than oxygen tension, the latter showing down-regulation of
COL1 gene expression and up-regulation of VEGF protein under hypoxia.
Hypoxic culture inhibits COL1 mRNA expression pH-dependently, while
expression of SOX9 is largely hypoxia independent, but pH dependent.
Expression of HIF1A and VEGF revealed divergent pH dependencies.

Subtle fluctuations in extracellular pH and oxygen tension clearly influence
chondrocyte metabolism and marker expression. Sophisticated pH and
oxygen control not only allows study of (patho)physiological changes, but
also opens new venues in cartilage tissue engineering.
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Introduction

Compared to other cells, chondrocytes experience an acidic and hypoxic
environment in vivo.[1] Because chondrocytes derive oxygen and
nutrients from the surrounding synovial fluid (and to some extent from the
underlying subchondral bone), oxygen tension in native cartilage is lower
than in most other tissues. Estimates put the oxygen tension in cartilage
at values around 7-10% in the superficial zone [2-4] and as low as 1%
in the deeper zones,[1, 5] although there is also evidence that this fall
is not as drastic in healthy cartilage.[6] In pathological conditions these
values can drop even further, possibly due to elevated metabolic activity
of the inflamed synovial tissue.[7] Under these anaerobic conditions, ATP
production is limited to the energy equivalents that are generated by
conversion of pyruvate to lactate. This acidic end product, in turn, lowers
the pH of the extracellular environment. In degenerated spinal discs,
for example, values below 6.5 have been measured.[8] Chondrocytes
primarily utilize an anaerobic metabolism, even when enough oxygen is
available.[9] Additionally, water expulsion during joint loading increases
the ionic concentration, further reducing extracellular pH.[10]

Common tissue engineering approaches rely on mimicking the in vivo
situation. Mimicking this hypoxic and acidic state in vitro does not
automatically translate to improved tissue engineering results. In fact,
the effect of hypoxia on proliferation, (re)differentiation, and matrix
production is still a topic with much controversy. Low oxygen tension has
beneficial effects on dedifferentiated bovine chondrocytes in alginate,[11]
but effects appear to differ between species, differentiation state, and
metabolic condition.[12] While the pH in cartilage in vivo is slightly acidic,
a pH of approximately 7.2 seems to favor chondrocyte matrix synthesis.
[18, 14] However, the mechanism by which pH influences matrix synthesis
remains largely unknown. For instance, pH might alter growth factor
function, cytokine expression, or limit incorporation of extracellular matrix
components.[15, 16]

More than being just indicators for the state of a tissue culture, oxygen
tension andpHthemselves can influence cell behavior. In bioreactor design,
this moves the use of oxygen tension and pH determination from a purely
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descriptive readout parameter to a tool to control the cell’s metabolism.
Knowing how to manipulate a cell’s metabolism using environmental
parameters that can be controlled in a bioreactor is invaluable in tissue
engineering processes.

Successful cartilage tissue engineering relies on the proper balance
between synthesis of its two prime matrix constituents (i.e., aggrecan
and collagen type Il) and their breakdown, which allows for remodeling.
Aggrecan and collagen type |l, whose transcription is in part controlled
by transcription factor SOX9, make up the bulk of the extracellular matrix
in healthy cartilage, while collagen type | is associated with osteoarthritic
changes. Hypoxia inducible factor-1a (HIF1A) is a key transcription
factor in chondrocyte survival under hypoxic conditions even in healthy
chondrocytes.[17] However, one of its best known target genes, vascular
endothelial growth factor (VEGF), might be involved in the pathophysiology
of osteoarthritis (OA).[18] Its expression is linked to up-regulation of
matrix-degrading matrix metallo-proteases (MMPs) in osteoarthritic
chondrocytes[19] and bovine cartilage explants.[20]

Here, we introduce a bioreactor that allows independent control of
extracellular pH and oxygen tension (pO2). Hence, effects of both
parameters can be assessed accurately and independently in a semi
high-throughputmanner. To understand how these parameters can
influence chondrocyte function, we examined effects of pH and pO2 on
gene and protein expression and secretable factors. These findings will
aid in determining optimal conditions for bioreactor culture, as well as in
understanding pathological processes in chondrocytes.

Materials and Methods

Micro-24 Bioreactor

For experiments into the effects of environmental parameters, a bioreactor
system (Applikon B.V., Schiedam, The Netherlands) was tested that allows
control over pO2 and pH (figure 1A). Because both pO2 and pH can be
set, maintained, or adjusted for every individual well of a custom-made
24-well plate (cassette), multiple conditions can be tested in a single
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Figure 1: A: The micro-bioreactor. B: The complete lay-out of the sensory and control

elements of the custom 24-well cassettes.

experiment.

pO2 and pH are measured through two fluorescent sensor patches
(Presens, Germany) at the bottom of every single well on the custom-
made 24-well plates, which function independent of medium composition.
Individual well temperature is controlled through the use of a heater and
temperature sensor, situated on the bioreactor. A hydrophobic membrane
inlet in the center of the well allows control of pO2 and/or pH. pO2 can
be controlled through one-way or two-way gas-input, depending on the
oxygen demands of the culture. Hypoxic conditions are created through
infusion of nitrogen (N2), while air or pure oxygen is used as the counter-
gas. The pO2 setpoint is maintained with a proportional-integral-derivative
(PID) control, whose settings for optimal accuracy and speed depend on
the culture system used. Similarly, pH is controlled by infusion of CO2 (to
lower pH) orNH3 (to raise pH). A complete overview of the bottom of a
well is given in Figure 1B.

An orbital shaker system, together with sparging of control gasses, ensures
homogeneity of the medium through mixing. As a result, depending on
the nature of the culture system, addition of an antifoam agent might be
required.
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Oxygen control: accuracy measurements

We established the time needed to reach setpoint and subsequent
fluctuations around setpoint during a 5 day period. Four milliliters of
DMEM-HG (Invitrogen, Scotland) with 20 ppm Antifoam A (Sigma-Aldrich)
was used in every well and shaker speed was set to 100 rpm. The pO2
was logged by the bioreactor at a sample rate of one measurement per
minute, during 5 days. Within 30 min the pO2 was within 3% of the preset
concentration. Deviations were limited to <1% pO2 over a culture period
of 5 days for the lowest setpoint and increased slightly to 2% for the
highest pO2.

pH measurements: agreement with standard reading and sensor
drift

Phosphate-buffered solution (PBS; Gibco) was added to every well
of a 24-well cassette. Temperature in each well was set to 370C and
ambient temperature under the hood of the bioreactor was kept at 350C.
Shaker speed was set at 500 rpm and neither pH nor pO2 control was
activated. The pH was measured by the bioreactor every minute and pH
data were logged every 20 min for 2 weeks and an offline measurement
was performed daily for every single well using a Metronm 713 pH meter
(Metrohm, Herisau, Switzerland). Agreement between pH determination by
the bioreactor and offline measurement using a pH-probe was assessed
by the Bland-Altman method comparison procedure[21] using GraphPad
Prism software. A strong correlation was found between the two types
of measurement (Pearson r=0.9503). Bland-Altman analysis revealed that
there was no consistent bias (mean ApH is 0) and normal distribution of
ApH was found (limits of agreement are -0.1 and +0.1). Difference between
online and offline measurements (ApH) did not increase in time and the
average difference remained zero, which indicates that the measurement
with light-sensitive fluorescent sensor patches did not suffer from
photobleaching for up to 14 days.

Cell culture

Cartilage was obtained from two patients (ages 65 and 62) undergoing
total knee replacement surgery for osteoarthritis (after approval by the local
ethics committee; MEC2004-322). Full thickness cartilage was harvested,
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treated with 0.2% protease in physiological saline solution (Sigma-Aldrich,
Zwijndrecht, Netherlands) for 90 min and subsequently digested overnight
in basal medium (DMEM, 4.5 g/L glucose with 10% fetal calf serum [FCS],
50 mg/mL gentamicine, and 1.5 mg/mL fungizone [all Invitrogen, Scotland])
supplemented with 0.15% collagenase B (Roche Diagnostics, Mannheim,
Germany). The following day, the harvested cell number was determined
using a hemocytometer. The primary chondrocytes were then seeded at
a density of 7,500 cell/cm2 in T175 culture flasks for expansion culture.
The cells plated for expansion were cultured for three passages in basal
medium. Alginate beads were created with third passage chondrocytes in
1.2% low viscosity alginate (Keltone LV; Kelco, Surrey, UK) by dripping a
1.2% alginate suspension with 4 million cells per mL though a 2300 gauge
needle into a CaCl2 solution. After 10 min the beads were washed twice
with physiological saline and once with basal medium and transferred to a
T175 culture flask with 150 mL basal medium. After 4 days of preculture,
24 beads were transferred to every well of a 24-well plate, designed for
use with a micro-24 bioreactor.

Experimental lay-out

Arange of pH (6.4-7.4 with intervals of 0.2) was applied over 18 of 24 wells
and pO2 was maintained at 5% pO2. The remaining six wells were kept
at 20% pO2 at a pH of either 6.8 or 7.2 (three wells for every condition).
The pO2 and pH control were both sampled every minute and data were
logged every 5 min. The beads were cultured in 4 mL of chondrogenic
medium (DMEM high glucose, 1:100 ITS, 10 ng/mL TGF-b2, 10 ng/mL
IGF-1, 25 mg/ml L-ascorbic acid, and 50 mg/mL gentamicin and 1.5 mg/
mL fungizone) supplemented with 20 ppm Antifoam A (Sigma-Aldrich).
Alginate beads and medium were harvested for analysis after 5 days of
culture, without refreshing the medium. Chondrocytes from two patients
were used and every condition was performed in triplicate per donor (total
of n=6 per condition).

DNA content

Nine beads per well were digested (33 beads) overnight at 560C in
papain digestion buffer (200 mg/mL papain in 50 mM ethylene diamine
tetraacetate [EDTA] and 5 mM L-cystein hydrochloride). The amount of
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DNA in each papaindigested sample was determined using an ethidium
bromide assay with calf thymus DNA (Sigma-Aldrich) as a standard.

RNA isolation and quantitative RT-PCR

Per well, 15 alginate beads were pooled and dissolved in 150 mL/bead
55mM sodium citric acid and spun down for 8 min at 1,600 rpm at
40C. Cell pellets were resuspended in 1.8 mL RNABee (TEL-TEST Inc.,
Friendswood, TX). After addition of 0.2 mL chloroform, samples were spun
down for 20 min at 13,000g. Total RNA was isolated from the supernatant
using the Qiagen RNA Micro Kit according to the manufacturer’s
instructions (Qiagen, Hilden, Germany) and nucleic acid content was
determined spectrophotometrically (NanoDrop ND1000; Isogen Life
Science, lJsselstein, The Netherlands). Both cDNA synthesis and real-
time quantitative PCR methods were described earlier,[22] except that an
ABI7000 was used for cycling.

Gene expression analysis of aggrecan (AGC1), collagen type | (COL1),
type Il (COL2), and type X (COL10), SOX9, HIF1A, and VEGF was
performed. RT-PCR primers for aggrecan, collagen type |, Il, X, and SOX9
were previously described.[23] Primers for 18S rRNA, HIF1A, and VEGF
are listed in Table 1. Primer specificity was ensured by BLASTn search
and presence of a single PCR product in agarose gel electrophoresis
(data not shown). All assays were verified to have similar amplification
efficiency. Relative expression levels, normalized to 18S rRNA as the
most stably expressed of three reference genes (data not shown), were
calculated using the 2-2ACt method.[24] Linear regression analysis using
GraphPad Prism software was used to determine the relation between
gene expression and extracellular pH. Differences between 5% pO2 and
20% pO2 as well as the difference between pH 6.8 and 7.2 under 20%
pO2 were assessed with an unpaired Student’s t-test using GraphPad
Prism software.

Immunoblotting and ELISA

Presence of HIF1A protein was determined through Western Blot analysis.
Total protein was isolated by successive organic extraction and subsequent
alcoholic precipitation from the phenolic interphase obtained during RNA
isolation. Protein was suspended in 0.75% w/v SDS and quantified using
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Table 1
Oligonucleotide primers for 18S, HIF1A and VEGF
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BCA Protein Assay Reagent (23228; Pierce). Fifteen micrograms of total
protein per condition was separated by SDS-gel electrophoresis on a 10%
gel (Precise Protein Gel; Pierce). Proteins were electro-transferred to PVDF
membranes (Roti-PVDF; Carl Roth, D-76185 Karlsruhe, Germany) using a
semi-dry Trans-Blot SD system (Bio-Rad). The membranes were blocked
with 5% nonfat dry milk in 1X tris-buffered saline (TBS) containing 0.1%
Tween-20 and subsequently incubated overnight at 40C with the primary
antibody (anti-HIF1a, sc-10790, 1:200; Santa Cruz). After incubation
with secondary goat antirabbit-HRP conjugate (P-0448, 1:1,500; DAKO),
antigen-specific signals were detected chemiluminescently (SuperSignal
West Pico Substrate; Pierce).

Medium was spun down and supernatant stored at 80oC until analysis.
One hundred microliter of medium was used for VEGF ELISA according
to the manufacturer’s instructions (DVE0O; R&D Systems, Abingdon, UK).
Linear regression analysis using GraphPad Prism software was used to
investigate the relation between extracellular pH and VEGF release. Again,
differences between 5% p0O2 and 20% pO2 as well as the difference
between pH6.8 and 7.2 under 20% pO2 were assessed with an unpaired
Student’s t-test using GraphPad Prism software.

Metabolic activity

Glucose and lactate concentrations in culture medium were determined
using commercially available kits according to the manufacturer’s
instructions (respectively, Sigma-Aldrich and Trinity Biotech plc, Wicklow,
Ireland). Glucose consumption was calculated by subtracting the
determined concentration from the initial concentration in the medium.
Linear regression analysis using GraphPad Prism software was used to
investigate the relation between extracellular pH and glucose consumption
and lactate production. Again, differences between 5% pO2 and 20%
pO2 as well as the difference between pH 6.8 and 7.2 under 20% pO2
were assessed with an unpaired Student’s t-test using GraphPad Prism
software.
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Results

Gene expression

Expression of several genes showed a clear dependence on extracellular
pH (figure 2). Most notably, COL1, SOX9, and VEGF showed a significant
correlation with extracellular pH, with lower pH inhibiting their expression
(Table 2), while the expression of AGC1, COL2, and HIF1A was pH
independent. COL10 was undetectable by PCR.

Aggrecan gene expression was independent of pO2 at pH 6.8 and 7.2 as
5 and 20% showed similar levels. Under hypoxic conditions, there was no
clear correlation of aggrecan expression with extracellular pH. Collagen
type | expression showed a strong dependency on extracellular pH under
hypoxic conditions. Interestingly, a strong peak at pH 7.4 was found. In
normoxic conditions this dependency on extracellular pH was even more
pronounced, judging from the difference between pH 6.8 and 7.2 at pO2
20%. Moreover, a hypoxic environment seemed to inhibit collagen type
| expression at higher extracellular pH (7.2). Collagen type Il expression
was low in all samples, which is related to the use of dedifferentiated
chondrocytes. Consequently, variations between biological duplicates
were large compared to other genes and no dependency on extracellular
pH or pO2 was found.

For SOX9, low extracellular pH again seemed to inhibit gene expression
under both hypoxic and normoxic conditions. A hypoxic environment did
not alter gene expression compared to a normoxic environment under any
extracellular pH. Contrary to its target gene, VEGF, HIF1A expression did
not depend on extracellular pH. Somewhat counter intuitively, expression
of HIF1A was lower under hypoxic conditions. As a whole, VEGF
expression appeared higher at hypoxic conditions. Most interestingly, its
expression was dependent on extracellular pH under hypoxia, again with
lower extracellular pH inhibiting the expression of this growth factor.

HIF1A and VEGF are well known hypoxia-regulated genes. Because
HIF1A expression is known to be controlled at the post-transcriptional
level, we also examined its expression on a protein level. Additionally, the
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Figure 2: The pH-dependence of gene expression of chondrocytes in alginate beads:
Relative mRNA levels for AGC1, COL1, COL2, SOX9, HIF1A and VEGEF after five days of
culture were determined by quantitative RT-PCR and normalized to 18S rRNA. .* indicates
p-value <0.05 (N=6).
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protein levels of VEGF were determined.

Protein expression

HIF1A Immunoblotting

HIF1A protein expression did not exhibit dependency on extracellular
pH under either oxygen tension. After 5 days of culture, HIF1A was not
significantly increased under 5% pO2 compared to 20% pO2 (data not
shown).

VEGF ELISA

Following its gene expression, ELISA showed a strong dependency of
VEGF release into the medium on extracellular pH under both oxygen
tensions (figure 3). Moreover, lower oxygen tensions increased VEGF
release compared to high oxygen levels with the same extracellular pH
(figure 3). At extracellular pH 6.8, VEGF release was 50% higher at 5%
pO2, compared to 20% pO2. At extracellular pH 7.2, VEGF release was
20% higher at lower pO2. At higher oxygen tension, the inhibitory effect
of lower extracellular pH was already significant between pH 6.8 and 7.2.

Metabolic Activity

No significant difference in DNA content was found between the conditions
in our experiments, indicating no excess cell death occurred during 5
day culture at low pH or pO2 (figure 4). In chondrocytes, both glucose
consumption and lactate production depend on extracellular pH, but not
on pO2 (figure 5A,B). Low pH inhibits glucose consumption and lactate
production. Linear regression analysis showed a significant correlation
between extracellular pH and glucose consumption and lactate production
(Table 2). R2 was 0.45 and 0.87, respectively (p<0.0001).

The independence of oxygen is consistent with previous reports that
chondrocyte metabolism is mainly anaerobic. Consequently, the expected
mole ratio of lactate production over glucose consumption is ~2.0 (figure
5C).
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VEGF release
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Figure 3: Relative VEGF release into the culture medium after five days at

different pH levels and oxygen tensions, measured by ELISA.* indicates p-value
<0.01 (N=6). Values are normalised to the average of pH 7.4 / pO2 5%.
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Figure 4: DNA content per culture well. DNA content (Kg/well) is independent
of extracellular pH or pO2, indicating that no differences in cell death or
proliferation occurred under these conditions. (N=3).
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Discussion

We introduced a novel bioreactor for studying environmental parameters
and showed that chondrocyte culture is very sensitive to changes in
environment. In our study, extracellular pH proved to more potently
influence cell function than pO2. We showed that gene expression and
metabolism can be severely inhibited by low pH. Similarly, growth factor
synthesis (VEGF) was inhibited by a drop in extracellular pH, even within
the physiological range. These results call for continuous monitoring and
control of medium pH during in vitro culture for cartilage tissue engineering
purposes.

Medium acidification during culture is common for most cell types and is
usually counteracted with periodic refreshing. However, pH effects can
be substantial even with small changes, which would warrant a change
in frequency of refreshment or other means of extracellular pH control.
In bovine chondrocytes, the effect of a range of pH was previously
investigated by Wu et al.[14] In that study, inhibitions of low pH on lactate
production and glycosaminoglycan (GAG) synthesis were observed in
primary chondrocytes in agarose. The pH range investigated by Wu et
al. (pH 6.6-7.3) had no effect on collagen synthesis or cell number. While
our data confirmed this in that we could not find an effect on collagen
type Il transcription and proliferation (data not shown), we observed an
altered expression of collagen type |. Because primary chondrocytes
express collagen type I, rather than type |, this pH effect would not be
apparent in primary cells. In contrast to primary chondrocytes, expanded
chondrocytes shift their expression from primarily collagen type Il to more
collagen type I. Consequently, for passaged chondrocytes, pH-mediated
effects on collagen expression might be more apparent for collagen type
I. Effects on COL10 could not be assessed as the expression of this
hypertrophic differentiation marker was undetectable in our cells.

Human chondrocytes have been shown to express acid-sensing ion
channels as a means to sense changes in extracellular pH[25] and several
pathways that govern intracellular pH recovery after exposure to acidic
loads have been suggested for chondrocytes. A pivotal role has been
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Figure 5: In cultured chondrocytes, glucose consumption (A) and lactate
production (B) depend on pH, but not on oxygen tension. (C) The molar ratio of
lactate production over glucose consumption. (N=6).

proposed for the Na+/H+ exchanger,[26, 27] but other systems like a Na+-
and HCO3-dependent exchanger [28, 29] or the Na+-independent H+-
ATPase exchanger[29] might also contribute. So far, it is unknown which
of these mechanisms contributes the most to intracellular pH recovery in
expanded chondrocytes.

Accurate control of extracellular pH and pO2 is valuable both in
determining optimal conditions for regenerative medicine applications
and investigating underlying biological mechanisms. In our study, pH was
the more potent influence of the two environmental parameters studied.
We tested 5% pO2 as it has been reported that this is the average pO2

66



Chapter 3

Table 2
Overview of results
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Linear regression analysis of pH effects assessed with GraphPad Prism® software.
Linear regression coefficient R2 was determined for the pH range of 6.4-7.4 for gene
expression, VEGF release, glucose consumption and lactate production. A p-value of
<0.05 indicates a significant correlation with extracellular pH.
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experienced by chondrocytes in vivo.[12] While control of pO2 is not
a new concept, it is still a poorly understood aspect in chondrocyte
metabolism and cartilage tissue engineering. Generally, one hypoxic
condition is tested against the normoxic (20% p02) and possibly anoxic
condition. In cartilage tissue engineering, 5% pO2 is often used as the
generic physiological, hypoxic tension experienced by chondrocytes in
vivo. This distinction between a hyperphysiological condition (20% pO2)
for chondrocytes and a pO2 that is used to represent the whole range
of more physiologically relevant oxygenation levels might underestimate
the biological effects this environmental parameter can exert. Previous
findings by Lin et al.[30] indicated that HIF1A up-regulation in response to
hypoxia in chondrocytes is significantly higher for pO2s that fall far below
physiological levels for normal chondrocytes. Future research might focus
on these effects in more detail. For this purpose, the bioreactor provides
an excellent tool given its ability to accurately control pO2 over a wide
range.

Low pO2 is associated with increased stability of HIF1a on protein level.
HIF1a is degraded under normoxic conditions, but stabilized under
hypoxic conditions, because the prolyl-hydroxylase that primes HIF1a for
degradation uses oxygen as a cofactor.[31] Stabilized HIF1a dimerizes
with HIF1B, allowing it to translocate to the nucleus where it can bind
to promotor regions of hypoxia-responsive genes. Western blot analysis
showed increased HIF1a protein levels under hypoxic conditions only at
later time points, but no significant difference was found for the protein
levels under varying pH (data not shown). However, we confirmed that
small amounts of HIF1a can also be found under normoxic conditions.[32]
VEGF, a well-known HIF1a target gene, was not only up-regulated under
hypoxic conditions, but its expression was also higher at higher pH. The
dependency of VEGF expression on extracellular pH may have relevant
consequences: VEGF promotes angiogenesis and vascular invasion
in late stage OA[33] and a lower environmental pH under pathological
conditions may modulate vascularization and the progression of the
disease. However, one should note that the PCR assay we used did not
discriminate between VEGF variants, but rather detected all currently
known VEGF variants. Further experiments are needed to shed more light
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into the 22 dependency of the multiple VEGF isoforms.

Some of the effects of hypoxia on chondrocyte redifferentiation that were
reported in earlier studies [5][34-37] might have been masked in this study
by the use of growth factors that also induce redifferentiation. Hypoxia
has been shown to increase TGF-b2 expression in other cell types, such
as in human umbilical vein endothelial cells (HUVEC),[38] while in our
study this growth factor was already added to the medium to induce
redifferentiation.

In this article we introduced a novel bioreactor for the investigation of
environmental parameters in cell and tissue culture. This bioreactor
allows accurate and independent control of three important environmental
parameters in cell culture, pO2, pH, and temperature. However, some
technical issues, inherent in the bioreactor design, need to be addressed.
Ammonia, which was used to maintain extracellular pH, is toxic in high
concentrations (above 2 mM) at which it inhibits cell proliferation,[39]
but significantly only at rather high pH values. Our experiments focused
on sub-neutral pH values and ammonia concentrations were far below
toxic levels and did not significantly influence proliferation (data not
shown). Also, addition of small amounts of a chemical antifoaming agent
is required to prevent foam formation caused by sparging of the control
gasses. While high concentrations of antifoam can have an adverse effect
on cell survival,[40] the amounts necessary were well below cytotoxic
levels (data not shown).

We showed the effects pH and pO2 can (independently) exert on gene
expression and metabolic level. The effects of pO2 and pH on cell cultures
and their underlying mechanisms can be studied in a semi high throughput
manner by applying a range of these parameters within one experiment.
Our data show that modulating extracellular pH or pO2 even within the
physiological range alters chondrocyte metabolism and the expression
of relevant genes. Depending on the way gene expression and metabolic
activity relate to cell function, pH and pO2 can be used to direct the culture
process. Moreover, they might also give new insights into the underlying
biological processes of endochondral ossification and the development
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or progression of osteoarthritis. Understanding how cells react to signals
imposed by their environment not only benefits tissue engineering
efforts, where optimization of the culture process will lead to improved
engineered constructs, it also aids our understanding of developmental
and pathological processes.
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TGF-B2 is critically involved in the preservation of the chondrogenic phenotype under hypoxic conditions

Summary

Culturing chondrocytes in oxygen tension that more closely resembles
their in vivo environment has been shown to have positive effects on
matrix synthesis. In redifferentiation of expanded chondrocytes, hypoxia
increased collagen type Il immunostaining. However, the mechanism by
which hypoxia enhances redifferentiation is still unknown. We employed
novel bioreactor technology to investigate the role of TGF-3, a growth
factor heavily implicated in matrix production, in chondrocytes under
hypoxia.

Dedifferentiated chondrocytes in alginate were cultured for 48 hours
under hypoxic (1% pO2) or normoxic (20%) conditions, using specialized
bioreactor technology. Gene expression of hypoxia (GDF1-, PHD3, HAS2,
VEGF, COX2) and chondrocyte markers (SOX9, COL2A1, COL1A1, AGCH1
and MMP13), as well as components of the TGF-fB signaling pathway
(TGF-B isoforms, receptors, and downstream effectors) were analyzed by
qPCR after 48 hours. In addition, protein expression of COL2 and TGF-32
were evaluated. To further elucidate the involvement of the TGF-B2, we
used siRNA and ALKS5 inhibition.

Hypoxic culture showed robust upregulation of hypoxic markers as
well as upregulation of SOX9 and COL2. TGF-f2 was the only isoform
that was upregulated under hypoxia on both gene and protein level. In
addition, both type | receptors (ALK1 and ALK5) were upregulated under
hypoxia, but type Il and Ill receptors were unresponsive. TGF-f2 siRNA
abrogated the hypoxia-induced COL2 expression, as did ALKS5 inhibition,
giving a strong indication that this pathway is involved in chondrocyte
redifferentiation under low oxygen tension.

Hypoxic culture is a common approach for cartilage tissue engineering,
but its underlying mechanisms are still poorly understood. We show here
that increased TGF-B2 signaling through ALK5 plays a role in hypoxia-
induced redifferentiation of chondrocytes.
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Introduction

Articular cartilage is covering the surface of all diarthrodial joints in the body
where it provides frictionless articulation and resistance to compressive
forces. Due to the avascularity of this tissue, chondrocytes rely on diffusion
primarily from the surrounding synovial fluid for their supply of oxygen and
nutrients. Consequently, articular chondrocytes reside in an environment
that is naturally hypoxic compared to other tissues. A pO2 of 7-10% is
estimated for the pericellular regions in the superficial zone of articular
cartilage, while the pO2 might be as low as 1% in the deeper zones near the
calcified cartilage [1-4]. Chondrocytes are well adapted for survival in this
hypoxic environment. For example, they mainly use anaerobic metabolism
for the generation of ATP, thereby minimizing consumption of oxygen [5].
However, chondrocyte isolation and subsequent expansion exposes these
cells to oxygen tension that far exceed physiological values. Culturing
chondrocytes under oxygen tensions that more closely resemble their in-
vivo environment (i.e. “hypoxic”) has been shown to have positive effects
on matrix synthesis. Increased proteoglycans (PG) and collagen synthesis
has been found in several studies, although findings are not always
conclusive. In fact, effects appear to depend on cell source, species and
exact oxygen tension [6]. In healthy bovine chondrocytes, hypoxia showed
increased MRNA expression of aggrecan (AGC1) and TIMP-1, but a slight
decrease in collagen type Il (COL2A1) mRNA at near anoxic condition in
one study [7]. On the other hand, increased proteoglycan deposition and
COL2 synthesis was found in another study [8]. During redifferentiation
of expanded chondrocytes, low oxygen tension also appears to increase
collagen type Il immunostaining [9].

TGF-B appears to play a major role in cartilage repair and multiple
micro-environmental factors are potentially regulating the chondrocytes
phenotype directly or indirectly by modulating TGF-f signaling. TGF-B is
the prototypic member of the TGF-B superfamily of growth factors, which
further includes, among others, activins and inhibins, nodal, myostatin and
bone morphogenetic proteins (BMPs) [10]. Three mammalian isoforms of
TGF-B (1, 2 and 3) exist and while their active forms mostly have similar
actions on cells in vitro, they also have non-redundant functions in vivo [11,
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12]. This highly pleiotropic growth factor plays a key role in various cellular
processes, including inhibition of cell growth, induction of apoptosis and
production of extracellular matrix proteins.

In endothelial cells, hypoxia (1% pO2) was shown to upregulate TGF-32
on the transcriptional level, peaking after 48 hours [13], while in dermal
fibroblasts hypoxia upregulates the synthesis of the B1 isoform [14]. In
redifferentiating bovine chondrocytes, complete anoxia appeared to
slightly affect TGF-B expression [7], but this study did not distinguish
between the different isoforms, nor did it investigate oxygen tensions
between 0% and 5% pO2. Martin et al. [15] showed that in fresh bovine
chondrocytes short term hypoxia (5% pO2) had a modulatory effect on
TGF-B expression, but no longer-term effects were investigated, nor did the
authors examine effects in human OA chondrocytes. . Other extracellular
parameters also affect TGF- signaling; while low pH can facilitate TGF-3
signaling by activating its latent form [16, 17] other parameters, such
as plasmin-mediated proteolysis [18], can also influence this signaling
pathway [19]. The controversy around ambivalent effects of TGF-B on
articular chondrocytes has been recently reviewed [20, 21] and appears
to depend on the context of the culture: the presence of cytokines, the
culture method (monolayer versus 3D culture) [22] or even the phase of
the cell cycle [23]. In chondrocytes, TGF- has been mainly implicated in
the production of COL2 [24-26]. TGF-2 has been described as the more
potent stimulatory isoform (compared to TGF-B1) for chondrogenesis,
proteoglycan synthesis and cell proliferation in rabbit chondrocytes [27].
TGF-B2 is also unique among the three isoforms in that it lacks a RGD
integrin-binding sequence in its precursor [11] and is the only isoform with
multiple CRE elements immediately upstream of its P1 promoter [11]. Of
note, the CREB family of transcription factors has recently been shown to
be activated by hypoxia [28].

Canonically, TGF-B ligands bind to the TGF-f type Il receptor (TGFBRII)
which, in most cells, then recruits the type | receptor activin-like kinase 5
(ALKS5). The tetrameric receptor complex subsequently phosphorylates the
intracellular effector molecules Smad-2 and -3, which, after translocation
to the nucleus, regulate transcriptional activity in the target cell [29].
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However, recently it was shown that in some cells (e.g. endothelial cells
and chondrocytes) TGF-B can also signal through an alternative receptor,
ALK1 [30]. Signaling via this receptor leads to phosphorylation of
Smad1/5/8 rather than Smad2/3. It was postulated that the ratio of ALK5
and ALK1 signaling is responsible for the seemingly contradictory effects
of TGF-B in chondrocytes [31]. In addition, Smad-independent pathways
may fine-tune the response to TGF-f in different contexts [24]

In this study we hypothesize that hypoxia affects TGF-B signaling in
redifferentiating human chondrocytes. Moreover, we postulate that the
positive effects on COL2 expression in hypoxic culture of redifferentiating
chondrocytes is caused by upregulation of components of the TGF-f3
signaling pathway. The different TGF-3 isoforms as well as their receptors
are investigated on gene expression and protein level, employing
pharmacologic receptor inhibition and TGF-B2 RNAI to shed light on the
underlying molecular effects.

Materials and Methods

Cell culture

Cartilage biopsies of 8 patients undergoing total knee replacement surgery
(after approval by the local ethical committee; MEC2004-322) were used
for this study. Full thickness cartilage was harvested, treated with 0.2%
protease in physiological saline solution (Sigma-Aldrich, Zwijndrecht,
Netherlands) for 90 minutes and subsequently digested overnight in basal
medium (DMEM, 4.5 g/L glucose with 10% Fetal Calf Serum (FCS), 50
pg/ml gentamicine and 1.5 pg/ml fungizone (all Invitrogen, Scotland, UK))
supplemented with 0.15% collagenase B (Roche Diagnostics, Mannheim,
Germany). The following day, the harvested cell number was determined
using a haemocytometer. The primary chondrocytes were then seeded at
a density of 7,500 cell/cm2 in T175 culture flasks for expansion culture.
The cells plated for expansion were cultured for three passages. Alginate
beads were created with second passage chondrocytes in 1.2% low
viscosity alginate (Keltone LV, Kelco, Surrey, UK) by dripping a 1.2%
alginate suspension with 4 million cells per ml though a 23” gauge needle
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into a CaCl2 solution. After 10 minutes the beads were washed twice
with physiological saline and once with basal medium and transferred a
T175 culture flask with 150 ml basal medium with 25 mM L-ascorbic acid.
After five days of pre-culture beads were transferred to a p24 bioreactor
(Applikon Biotechnology, Schiedam, The Netherlands). Chondrocytes
were also stimulated with 10 ng/ml TGF-B2 for 48 hours and 7 days under
1% or 20% pO2 and expression levels of key chondrocyte marker COL2
were compared to unstimulated controls.

Bioreactor culture

The bioreactor system used for hypoxic culture has been previously
described by our group [32]. Briefly, 30 beads were transferred to every
well of a specific 24 well cassette, designed for use with the p24 bioreactor.
Four milliliter of redifferentiation medium (DMEM, 4.5 g/L glucose with
1:100 ITS+ premix, 10 ng/ml IGF-1, 25 pg/ml L-ascorbic acid and 50 pg/
ml gentamicin and 1.5 pg/ml fungizone) was added to every well. Oxygen
tension was lowered by continuous sparging with nitrogen. Oxygen
tension was maintained at the desired set-point (either 1%, 5% or 20%
pO2) by using air as a counter gas. Medium pH was maintained at 7.2
using CO2.

RNA isolation and quantitative RT-PCR

Alginate beads were produced as described earlier by our group [33, 34]
and after dissolution cells were resuspended in 350 yL RNABee (TEL-
TEST Inc., Friendswood, TX, USA). After addition of 60 pl chloroform,
samples were spun down for 20 minutes at 13,000xg. Total RNA was
isolated from the supernatant using the Qiagen RNA Micro Kit according
to the manufacturer’s instructions (Qiagen GmbH, Hilden, Germany) and
nucleic acid content was determined spectrophotometrically (NanoDrop®
ND1000, Isogen Life Science, IJsselstein, The Netherlands). In compliance
with MIQE guidelines [35], good RNA integrity (RIN =8.8; BioAnalyezr
2100, Agilent Technologies, Amstelveen, Netherlands) and absence of
PCR inhibitors (data not shown) was ensured. Reverse transcription was
performed using the RevertAid First Strand cDNA Synthesis Kit (Thermo
Thermo Fisher Scientific Inc., Rockford, IL) with mixed priming (oligo-
d(T):random hexamers, 3:1 v/v) according to the supplier’s instructions.
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Both cDNA synthesis (0.5-1 g total RNA/reaction) and real-time
quantitative PCR (10-15 ng cDNA/reaction) method, with specificity and
efficiency controls, as well as data normalization to a reference gene index
were described in detail elsewhere [36] . Briefly, the geometric mean of
CT-values of pre-evaluated endogenous calibrators 18SrRNA, beta-2
microglobulin (B2M), ubiquitin (UBC), beta-actin (ACTB), hypoxanthine
phosphoribosyltransferase 1 (HPRT1) and beta-2 microglobulin (B2M)
[87] was used to normalize expression data. Relative expression was
then calculated using the 2- Ct method [38] as described previously by us
[36]. RT-PCR primers of ECM components (aggrecan, collagen type | and
type Il, SOX9, matrix metalloproteinase-13 (MMP13), markers of hypoxia
(PHD3, VEGF, GDF10, HAS2 and COX2), TGF-B isoforms (TGF-B1, -B2
and -B3), TGF-B receptors (ALK1, ALK5, TGFBR2, BGCAN and EGN)
and targets of TGF-f3 signaling (plasminogen activator inhibitor-1 (PAI-1)
and inhibitor of DNA binding 1 (ID1)) were also previously described [36,
39-41]. Cycling was performed on an ABI7000 (Applied Biosystems) with
60°C annealing and a standard two-step protocol.

Immunoblotting

After RNA isolation, polypeptides were purified from the phenol-ethanol
supernatant layer left over by dialysis. Briefly, upon 1:4 dilution, pooled
phenol layers from three independent bioreactor experiments were dialyzed
against 0.2% (w/v) SDS for 16, 4, and 2 hours, respectively, using Spectra/
Por®3 (Carl Roth GmbH & Co.KG, Schoemperlenstr., Karlsruhe, Germany).
Subsequently, dialysates were centrifuged (10,000 x g, 10min, 4°C) and
supernatants concentrated using Centriprep YM-3 (Millipore, Billerica, MA)
according to the manufacturer’s instructions. Polypeptide concentration
was determined using routine bicinchoninic acid (BCA) protein assay
reagent (Thermo Fisher Scientific Inc., Rockford, IL) as described earlier
[42] and immunoblotting was performed as described elsewhere by our
group [43]. Concisely, equal amounts of polypeptides were separated
by routine SDS-PAGE, subsequently transferred by electro-blotting and
detected on an Odyssey infrared imaging system (Li-Cor Biosciences)
as described earlier [44], but using primary polyclonal goat anti-Col2a1,
polyclonal rabbit anti-Sox9 [43] and mouse monoclonal anti-B-tubulin (G-
8; Santa Cruz Biotechnology Inc., Santa Cruz, CA) antibodies. For dot
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blot analyses, the pooled polypeptide fractions were spotted onto 0.45
pm nitrocellulose membranes using a Bio-Dot® Apparatus (both: Bio-
Rad, Miinchen, Germany) and processed as described above for Western
blots, except that an anti-human TGFO2-specific antibody (Proteintech,
Chicago, IL; 1:1,000) was used. Densiometric quantification data (ImagedJ
software, version 1.47) were normalized to B-tubulin and displayed relative
to controls, as reported by Caron et al. [43].

ALKS inhibition

ALK5 activity was inhibited using a novel, specific ALK5 inhibitor (SB-
525334, Sigma-Aldrich; 10 uM) [45] added two hours prior to induction of
hypoxia (1% pO2). Ten beads were harvested after 48 hours of hypoxia
for RNA isolation as described above. Specificity of the inhibitor was
confirmed using gRT-PCR analysis on ALK5 and ALK1 specific target
genes PA-1[46, 47] and ID1 [31, 48], respectively.

RNA interference (RNAI)

We used our established lentiviral vector technology for nontransient
shRNA-mediated gene silencing in primary chondrocytes [36], employing
commercially available, pre-validated shRNA clones (Sigma-Aldrich,
MISSION shRNA library). Briefly, BamHI/Munl restriction fragments of
the parental pLKO.1-puro vector containing one out of five different,
sequence-verified anti-human TGF-2 shDNAs were subcloned into
corresponding restriction sites of recipient vector pRRL.PPT.PGK.
GFPpre. Lentiviral particles were produced in HEK293T cells by transient
transfection using a calcium phosphate protocol. Cells transduced with
a lentiviral vector lacking the TGF 2-specific ShRNA expression cassette
(CTRL) and a non-targeting scrambled shRNA sequence (SCR), which did
not significantly differ from CTRL (not shown) [36], served as controls.
Quantitative RT-PCR was subsequently used to determine the knockdown
efficacies: TRCN0000033425 (RNAi-1) and TRCN0000033427 (RNAi-2)
were selected as best performing shDNA clones, reaching 75-80% of
NM_003238 mean knock-down efficacy at a MOI of 1.5 in HEK29T cells
(data not shown). In subsequent experiments, P1 OAHACs from three
donors were seeded and transduced at a MOI of 2 with RNAIi-1 and RNAi-
2 for + 18 hours as described earlier [36]. Cells were then used as passage
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2 cells in monolayer culture (10,000 cells/cm?2) and cultured under hypoxia
or normoxia for 48 hours.

Results

Hypoxia and chondrogenic markers

To validate our culture system, we first confirmed the expression of
accepted marker genes that have been shown to be hypoxia-responsive in
different species and in vitro settings [40, 49-51]. We, therefore, used these
genes as robust indicators of cellular hypoxia on mRNA level: a highly
significant upregulation was found for four out of five of these markers
under 1% pO2 (figure 1A). When compared to the 20% pO2 “normoxic”
controls, PHD3 and VEGF were the most hypoxia responsive, displaying
a more than 20-fold upregulat ion under 1% pO2, while GDF10 and COX2
were upregulated almost 7-fold. Expression of HAS2 was not significantly
affected by hypoxia, although data suggested its responsiveness to
hypoxia in chondrocytes [40, 52].

Next, we studied the expression levels of selected chondrocyte
differentiation stage specific markers: hypoxia induced COL2A1-specific
transcription factor SOX9 [53-55] significantly (4-fold), along with that of
COL2A1 (6-fold) itself. In contrast, collagen type | (COL1A1) expression
was downregulated under the same condition (figure 1B), leading to an
improved COL2/COL1 ratio (data not shown). Interestingly, we could
only detect a non-significant trend towards upregulation of the core
protein of key proteoglycan (PG) aggrecan (AGC1) after 48 hours of low
oxygen pressure. Of note, the key chondrocyte hypertrophy marker
matrix metalloproteinase 13 (MMP13) [56] showed a non-significant trend
towards downregulated under these conditions. We further verified the
expression of key chondrocyte phenotype markers, SOX9 and COL2, on
protein level by Western blot analysis and confirmed a significant, more
than 3-fold, upregulation of both (figure 1C).

Hypoxia mediated TGF-p isoform expression

Since the TGF-B system plays a crucial role in cartilage homeostasis
and repair, we investigated its oxygen pressure-dependent regulation in
articular chondrocytes. Of all three human isoforms, hypoxia specifically
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Figure 1: Relative gene expression of hypoxia- and chondrocyte-specific
markers. Expression of accepted indicators of hypoxia in chondrocytes
(A) next to that of chondrocyte differentiation-specific markers (B) after
48h in bioreactor culture. Representative protein expression of SOX9,
collagen type Il (COL2A1) and B-tubulin (loading control) (C). Hypoxia (1%
pO2, black bars) and normoxia (20% pO2, grey bars). Molecular weight
markers (kDa) are indicated on left and normalized quantitative data above
respective bands. ** p<0.01, ** p<0.001.

only induced TGF-B2 expression in human articular chondrocytes:
Following 48 hours of 1% p0O2 TGF-2 mRNA was significantly up-
regulated by 60% as compared to the normoxic control (20% pO2).
Expression of the other two isoforms (TGF-B1 and -B3) was not altered
under these conditions (figure 2A). Subjecting human chondrocytes to
5% pO2 did also not significantly alter the expression of TGF-3 isoforms
(data not shown). Consequently, we further focused on comparing 1%
pO2 to 20% pO2. To verify if the detected changes on mRNA level could
be biologically meaningful, we also performed TGF-B2 immunoblots to
demonstrate a similar magnitude of regulation on protein level (figure 2B).
Exogenously applied TGF-B2 is known to induce COL2 expression
in rabbit perichondrial cells cultured in alginate beads [57], but little is
known about its effects under hypoxic conditions. Therefore, we tested
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Figure 2: Oxygen tension-dependent changes in gene and protein
expression of TGF- and collagen. Relative mRNA abundances of the three
mammalian TGF-3 isoforms after 48 hours (A). Expression of TGF-32 protein
under normoxia and hypoxia with representative blots below (B). Effects of
hypoxia and stimulation with exogenous TGF-f32 (10 ng/mL) on the induction
of COL2A1T mRNA (C) and COL2 protein expression (D). Representative
immunoblot signals are shown below their respective quantification chart.
Hypoxia (1% pQO2, black bars) and normoxia (20% pQO2, grey bars).* p<0.05
** p<0.01 *** p< 0.001.

if this isoform would be able to also induce COL2 expression in human
articular chondrocytes. Under normoxic conditions (20% pO2) exogenous
TGF-B2 did not significantly upregulate COL2 mRNA expression (figure
2C). In contrast, as shown before (figure 1B), hypoxia itself was able to
induce COL2 expression to some extent. However, there was a prominent
synergistic induction once exogenous TGF-f32 was applied under hypoxic
conditions: COL2A1 mRNA was significantly induced 5.7-fold. On protein
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level, a similar trend was confirmed, resulting in a synergistic 4-fold
induction of collagen type Il under low oxygen pressure in the presence of
TGF-B2 (figure 2D).

Hypoxia and TGF-f3 receptor expression

To further shed light on the hypoxia-mediated TGF-f signaling, we looked
into the expression of relevant TGF-3 receptors. Hypoxic culture led to a
significant upregulation of the expression of both type-1 receptors, ALK1
and ALK5 (figure 3A), which more than doubled (approximately 120%
increase) compared to the normoxic condition. In contrast, expression
of the type Il (TGFBR2) and type lll receptors (BGCAN and EGN) was
unaffected by changes in oxygenation levels (figure 3B and 3C).
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Figure 3: Oxygenation-dependent expression of TGF- (3 receptors. Type |
receptors ALK1 and ALK5 (A) next to type Il receptor (B) and Ill receptors (C).
Hypoxic conditions (1% pO2) are shown as black bars and normoxic conditions

(20% p0O2) as grey bars. ** p<0.01, *** p<0.001
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TGF-f signaling interference

Hypoxia induced COL2 expression in human articular chondrocytes in vitro
and TGF-B2 was the only isoform of this cytokine that was also induced
upon oxygen deprivation in these cells. In addition, applying exogenous
TGF-B2 (10 ng/mL) to these cells synergistically induced collagen type
Il expression on mRNA and protein level (figure 2C/D) exclusively under
hypoxic conditions. Therefore, we used isoform-specific shRNAs to
investigate if a specific knockdown of TGF-B2 could selectively suppress
COL2A1 levels under hypoxic conditions.

First, we evaluated the knockdown efficacy of five commercially available
shRNA sequences by screening residual TGF-B2 expression levels in
HEK293 cells as reported earlier [36]. In our hands only two constructs
(RNAI-1 and -2) reached at least 70% knockdown efficacy (data not shown)
and were chosen for further experiments using primary human articular
chondrocytes. In primary chondrocytes we first verified the TGF-3 isoform
specificity and knockdown efficacy of the two most efficient shDNAs
constructs 48 and 96 hours, respectively, after lentiviral transduction
(figure 4A, only RNAI-1 is shown). RNAI selectively suppressed only
TGF-B2 expression without negatively affecting the other two mammalian
TGF-B isoforms. The shRNA expression was shown to result in a stable,
about 70% (as compared to non-targeting controls, normalized to 1),
efficient knockdown in cells 48 hours after transduction and 48 hours later
(96h) in alginate beads.

In primary human chondrocytes in alginate beads in a bioreactor culture
system, hypoxic conditions alone non-significantly (p=0.0556) upregulated
COL2 mRNA expression in the non-targeting controls (CTRL). Addition
of exogenous TGF-B2 (10 ng/ml) to these hypoxic cells prominently
and synergistically increased COL2 expression even further (figure 4B).
In contrast, effective TGF-B2 RNAi by means of non-transient lentiviral
shRNA expression (RNAi-1 and -2) significantly suppressed this induction
in COL2 expression. The TGF-B2 RNAI suppressed the COL2 expression
to below that of the non-targeting control (figure 4B).

87



TGF-B2 is critically involved in the preservation of the chondrogenic phenotype under hypoxic conditions

b2
tn

c
=] =1
‘B 2.0 £
0 w
@ w
515 g
a I
3 3
® 1.0 u
e @
3 =
T 0.5 =
< =
& [
0.0 &«

48 96 48 96 48 96 CTRL CTRL CTRL RNAi-1 RNAI-2

TGF-j11 TGF-12 TGF-12 TGF-BZ - - + - -
A B L JL :

r r
20% pO; 1% pO;

* *
s r 1
c
= * *
g i
g
.1
w
@ 2
2
5 s T T
x
o4
coL2 PAI-1 D-1
pO; (%) 20 1 1 20 1 1 20 1 1
ALKSI - -+ - -+ S S

C

Figure 4: Specificity and efficacy of TGF- B 2 RNAi and TGF-0 receptor inhibition.
Confirmation of the TGF- isoform specificity and knockdown efficacy of the
lentiviral shDNA vectors in primary chondrocytes (A). Suppression of hypoxia-
induced and TGF-B mediated COL2 expression in primary chondrocytes by
TGF-B2 RNAI (B). A specific small molecular receptor antagonist (SB-525334,
ALK5i) was used to confirm ALK5 participation in the TGF-p2 mediated
downstream signaling. PAI-1 and ID-1 served as established TGF-f inducible,
but strictly ALK5- and ALK1-dependent, controls (C). Hypoxic conditions (1%
pO2) are shown as black bars and normoxic conditions (20% pQO2) as grey bars.
* p<0.05, ** p<0.01, *** P<0.001

Finally, we aimed at identifying the receptor that mediates this TGF-p2-
dependent upregulation of COL2 expression under hypoxic conditions.
To this end, we used a highly ALK5-specific, novel type | receptor
inhibitor under the same experimental conditions. While hypoxia, again,
reproducibly induced COL2 expression under hypoxic conditions, the
presence of the small molecular ALK5 antagonist SB-525334 (ALKS5i)
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fully abrogated this effect (figure 4C): COL2 induction was suppressed to
control levels. Interestingly, in contrast to blocking TGF-B2 itself, COL2A1
MRNA levels were indistinguishable between normoxic controls and the
hypoxic condition with ALK5i. The established TGF-B-inducible and ALK5-
dependent expression of PAI-1 [30, 31] revealed a very similar pattern to
that of COL2A1. The expression of ID-1, which is reported to be TGF-$3-
inducible but in chondrocytes ALK1-dependent [46], was not induced by
hypoxia nor affected by ALKSi (figure 4C).

Discussion

In the present study, we used a sophisticated bioreactor system to
stringently feedback-control the dissolved oxygen concentration in
culture media of 3D-cultured chondrocytes to show that hypoxia (1%
p0O2) induces COL2A1 expression. We further hypothesized that hypoxia
facilitates TGF-3 signaling, which via ALK5, synergistically contributes to
an improved phenotype by inducing the expression of key chondrocyte
marker COL2A1 in redifferentiating human chondrocytes.

We first validated our culture system and confirmed the robust expression
of well established hypoxia-responsive marker genes (figure 1A). Hypoxia
inducible factor, HIF, expression and transcriptional activity are regulated
by oxygen-sensitive prolyl hydroxylases (PHD1-3), of which PHD3 was
shown to be most prominently regulated by sustained hypoxic culture
in other cells [58]. We confirmed its strong, 20-fold, induction in hypoxic
chondrocytes. Others reported VEGF, GDF10, HAS2 and COX-2 (PTGS2)
as hypoxia responsive genes [40, 49-51]. Expression of vascular endothelial
growth factor, VEGF, is hypoxia-inducible in cartilage cells [59], but the
magnitude of its induction (20-fold, figure 1B) was unexpected. Lafont et
al. [40] earlier reported a rather moderate, approximately 3-fold induction,
of this gene, which may be an underestimation due to their microarray-
based analysis or result from the fact that these authors analyzed healthy
human chondrocytes from osteosarcomas. The fold-change of GDF10 and
COX-2 expression in the present study is in nice agreement with earlier
reported QPCR data [40].
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Hyaluronan, a key component of the chondrocytes’ ECM, is synthesized
by a family of hyaluronic acid synthetases (HAS). HAS2, which is a
particularly important isoform, was upregulated by hypoxia in our cultures,
but just not significantly due a large standard deviation. Others [40, 52]
also reported its positive hypoxia-dependency, although the fold change
of hypoxia-induced HAS2 regulation was moderate (<3-fold). We further
evaluated the hypoxia-dependency of selected other components of the
chondrocytes’ ECM, like SOX9, collagens, key proteoglycan aggrecan
and hypertrophy marker MMP13 (figure 1B). COL1 expression was not-
significantly regulated in our study, but slightly, about 50%, suppressed
in another study using human chondrocytes in hypoxic 3D-culture [52].
The trend towards upregulation of AGC1 under 1% pO2 in our study was
not significant. This may be a timing issue as AGC1 expression seems to
respond early [40]. Overall, AGC1 seems to be only moderately induced by
hypoxia [40, 52], which is apparently sufficient to double the sGAG content
in cultured human chondrocyte pellets [52] and the trend in our data may
thus still be biological meaningful. The magnitude of hypoxia-induced fold
changes in SOX9 and COL2A1 expression in human chondrocytes seem
to be rather robust and similar between our data and earlier studies [40,
52]. Therefore, we propose that these genes can be viewed as robust
indicators of cellular hypoxia on mRNA level. A plethora of data suggests
that, for tissue engineering, being able to improve COL2A1 expression may
be more relevant than controlling AGC1. Since COL2A1 can be regarded
as the prime marker for redifferentiation, with SOX9 driving its expression
[60], we verified the induction of both key factors on protein level.

TGF-B ligands were already described as secreted polypeptides capable
of inducing collagen production in general [61] and in cartilage in
particular [25, 26]. We found a significant and selective upregulation of
specifically the TGF-p2 isoform, which was verified on protein expression
level (figure 2A and 2B). This led us to postulate that the endogenously
produced TGF-B2 isoform is critically involved in the hypoxia-driven
induction of COL2a1. Exogenous TGF-32 is known to upregulate COL2a1
in redifferentiating chondrocytes [26, 57] and its expression has also
been shown to be hypoxia-driven in other cells [13]. Subjecting human
chondrocytes to 5% p0O2, instead of 1% pO2, did not significantly alter
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the expression of TGF-2 (data not shown), which suggests a potential
contribution of hypoxia inducible factors (HIF) to hypoxic COL2a1
production. The promoter regions of the TGF- isoforms are appreciably
different from each other [11] and characterization of the 5’ UTR of the
human TGF-3 genes also revealed that TGF-2 has the longest regulatory
region of all isoforms to regulate its transcription and translation [11].
TGF-B2 was shown to auto-induce its own mRNA after just 3 hours [62].
Of note, blocking HIF-1a can also reduce TGF-f stimulated collagen
production [63]. TGF-B2 is also different from the other two isoforms in
that it needs betaglycan for signaling. TGF-B/Smad3 signaling is then
able to inhibit terminal hypertrophic differentiation of chondrocytes [64].
Even low concentration of 1ng/mL of TGF-B can quickly upregulate its
own receptors. In our study, protein levels of TGF-02 were also increased
under hypoxia over two-fold (figure 2B). Since low concentrations already
have biological relevance, this increase can cause further downstream
effects.

To further shed light on the hypoxia-mediated TGF-B signaling, we also
screened the expression of relevant TGF- receptors. Hypoxic culture
significant increased expression levels of both type | receptors that
are involved in TGF-B signaling in chondrocytes (ALK1 and ALK5 [30,
31]), but did not alter the expression of TGFBR2 or BGCAN and EGN
(figure 3). We cannot exclude that post-transcriptional regulation affected
receptor protein levels differently as we were not able to investigate this
aspect; this will be addressed in future studies. A previous study also
reported upregulation of one type | receptor under short term hypoxia
(5% pO2 [15]), but only looked at ALK5. While BGCAN favors TGF-B2-
mediated signaling, EGN regulates TGF-B receptor endocytosis and
inhibits TGF-B signaling [65]. TGFBR2B (TbetaRII-B), a splice variant
of TGFBR2, is also prominently expressed by osteoarthritic human
chondrocytes and can form heteromeric complexes with all type I, Il and
Il receptors and can thereby enhance TGF-f3 signaling in chondrocytes
when being overexpressed [66]. However, expression of this variant is
another unexplored aspect that may have contributed to the upregulation
of COL2 levels under hypoxia. Interestingly, it is the ratio between the
two type | receptors that is suggested to dictate the TGF- response
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in chondrocytes [30, 31]. Although hypoxia upregulated both ALK1 and
ALKS5, post transcriptional effects of hypoxia on either type | receptor
might shift that balance on cell signaling level. Additionally, EGN, which
binds TGF-B1 and -3, but not TGF-32 [67, 68], can inhibit the ALK5-
mediated Smad2 phosphorylation (Smad2-P) in human chondrocytes
[69]. Interestingly, hypoxia non-significantly decreased EGN expression,
which would be in line with an ALK5-Smad2-P dominance between these
two signaling routes. Future experiments should look into phosphorylation
of Smads in this model to elucidate the active signaling routes involved.

Next, we employed RNAI to confirm a crucial contribution of TGF-2 to
the hypoxia-induced COL2 production. Upon confirmation of the isoform
specificity of the anti-TGF-B2 shRNAs (figure 4A), we showed that, in
primary human chondrocytes, severely hypoxic conditions (1% pO2)
alone only just non-significantly upregulated COL2 mRNA expression in
non-targeting controls (CTRL, figure 4B). Addition of exogenous TGF-f2
to these hypoxic cells, again prominently and synergistically, increased
COL2 expression. Non-transient lentiviral anti-TGF-B2 shRNA expression
significantly suppressed this induction in COL2 expression to below that
of the non-targeting control. This is in line with a cell signaling model in
which hypoxic conditions induce TGF-p2 synthesis in order to maintain a
autoregulatory loop that induces COL2 expression in these cells. However,
in cells which are actively expressing anti-TGF-2 shRNAs, the hypoxia-
induced nascent TGF-B2 mRNAs will be readily degraded. In these cells
any positive contribution of TGF-f32 signaling to the COL2 expression is
inhibited and cannot reach the same level as in the untreated hypoxic
cells. On the other hand, as the knockdown is never 100% efficient, the
residual TGF-B2 mRNAs in these cells may be sufficient to induce COL2
expression to just above normoxic control levels (figure 4B).

We further inhibited ALKS5 to elucidate its role during the TGF-B2-mediated
hypoxic induction of COL2 synthesis in human chondrocytes: while
hypoxia induced COL2, ALK5i suppressed it (figure 4C). In chondrocytes,
TGF-B signaling promotes HIF1A stabilization via ALK5 [70], which would
establish a positive feedback loop between hypoxia and TGF- signaling.
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When demonstrating the hypoxia- and TGF-B2-dependency of COL2
expression, we further used PAI-1 as an internal control: its expression was
recently shown to depend on both, TGF-f8 and HIF1A, in other cells [71].
Also, induction of PAI-1 crucially depends on SMAD3 and SMAD4 binding
[47]. Exposure of HUVEC cells to 1% pO2 resulted in SMAD binding to the
-77 to -40 bp region (“CAGA box”) in the TGF-[02 promoter and increased
TGF-B2 mRNA levels as compared to normoxic controls (20% pO2).
These authors used a 3TP-lux reporter, a Smad2/3-responsive construct
[72] similar to the Smad3-responsive CAGA12-lux reporter construct [73],
which is basically derived from the minimal SREs of the PAI-1 promoter,
to show the SMAD-dependency of TGF-[2 signaling in their system. Also
here, TGF-B2 mRNA was the only specifically induced TGF-f3 isoform [13].
Finnson [30] showed that COL2 and PAI-1 is stimulated by exogenous
TGF-B1 in chondrocytes. It has also been shown in hepatocytes that
the HRE site in the PAI-1 promoter could be a target for CREB binding
to mediate PAI-1 gene induction [74, 75]. Interestingly, TGF-B2 is also
the only isoform with multiple, hypoxia-sensitive, CRE elements within
400 nucleotides upstream of its P1 promoter [11]. Although TGF-B2 is
structurally similar to TGF-1, their biological responses may differ cell
type dependently. Interestingly, initial data suggest that cartilaginous
effects of TGF-3 at low concentration (1 ng/mL) are especially dependent
on low oxygenation levels below 5% [55].

Recently, Finnson et al. [30] also showed that endoglin enhanced TGF-
B1-induced Smad1/5 phosphorylation, but inhibits TGF-B-induced
Smad2 phosphorylation, and Smad3-driven transcriptional COL2 and
PAI-1 activation in chondrocytes. Our data support the notion that
hypoxia induces the ALK5-SMAD2/3 pathway rather than ALK1-Smad1/5
signaling. We further used suppression of inhibitor of differentiation 1 (Id1),
a downstream target of the BMPR2 pathway [76] to show the specificity of
ALK5i: ID1 expression is not induced by hypoxia and not affected by ALKS5i.
ID-1 has been shown to be an ALK1 downstream target in endothelial
cells [48]. Interesting here is that ALK1 also stimulates MMP13 expression
and we found a (non-significant) trend towards down regulation in MMP13
mRNA levels. The ID-1/PAl-1 ratio also increases with OA progression
(i.e. cartilage degradation) and that this is in line with a shift from ALKS
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to predominant ALK1 signaling [31]. From figure 4C it is apparent that
hypoxia increases the PAI-1/ID-1 ratio. We propose that this indicates
a hypoxia-mediated shift in TGFB signaling in favor of anabolic ALK5
signaling and ECM production. In addition, the Sp1 /Sp3 ratio is important
for COL2A1 expression by chondrocytes, but was not studied by us. The
levels of both transcription factors decrease with dedifferentiation [77] and
Sp1 overexpression increases COL2A1 expression. TGF-B/Smad3 signals
are essential for repressing articular chondrocyte differentiation. Without
these inhibition signals, chondrocytes break quiescent state and undergo
terminal differentiation [78]. It is interesting that Sp1 has been reported to
be down-regulated by TGF-B1 [41]; it would be interesting to see if this
also holds for TGF-B2 as our data would suggest the opposite.

In summary, our findings strongly suggest that the hypoxia-induced
TGF-B2 expression in human articular chondrocytes in vitro is responsible
for the subsequent induction of type Il collagen by these cells. We further
provide data supporting the notion that ALKS is critically involved in this
process. This study is the first to suggest that hypoxic culture conditions
for cartilage tissue engineering may benefit from an auto-regulatory TGF-f3
signaling loop by the chondrocytes.
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Physiological tonicity improves human chondrogenic marker

Summary

Chondrocytes experience a hypertonic environment compared with
plasma (280 mOsm) due to the high fixed negative charge density of
cartilage. Standard isolation of chondrocytes removes their hypertonic
matrix, exposing them to nonphysiological conditions. During in vitro
expansion, chondrocytes quickly lose their specialized phenotype, making
them inappropriate for cell-based regenerative strategies. We aimed to
elucidate the effects of tonicity during isolation and in vitro expansion on
chondrocyte phenotype.

Human articular chondrocytes were isolated and subsequently expanded
at control tonicity (280 mOsm) or at moderately elevated, physiological
tonicity (380 mOsm). The effects of physiological tonicity on chondrocyte
proliferation and chondrogenic marker expression were evaluated. The
role of Tonicity-responsive Enhancer Binding Protein in response to
physiological tonicity was investigated using nuclear factor of activated
T-cells 5 (NFAT5) RNA interference.

Moderately elevated, physiological tonicity (380 mOsm) did not affect
chondrocyte proliferation, while higher tonicities inhibited proliferation
and diminished cell viability. Physiological tonicity improved expression of
chondrogenic markers and NFAT5 and its target genes, while suppressing
dedifferentiation marker collagen type | and improving type ll/type |
expression ratios >100-fold. Effects of physiological tonicity were similar
in osteoarthritic and normal (nonosteoarthritic) chondrocytes, indicating
a disease-independent mechanism. NFAT5 RNA interference abolished
tonicity-mediated effects and revealed that NFAT5 positively regulates
collagen type Il expression, while suppressing type |.

Physiological tonicity provides a simple, yet effective, means to improve
phenotypical characteristics during cytokine-free isolation and in vitro
expansion of human articular chondrocytes. Our findings will lead to the
development of improved cell-based repair strategies for chondral lesions
and provides important insights into mechanisms underlying osteoarthritic
progression.
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Introduction

Hyaline articular cartilage is a connective tissue covering the ends of
bones in joints and is composed of specialized cells, chondrocytes that
produce a large amount of extracellular matrix. This matrix is crucial for
the unique biomechanical properties of this tissue and is composed of
a collagen fiber network, providing tensile strength and flexibility, and
abundant ground matrix rich in proteoglycans [1]. The glycosaminoglycan
(GAG) side chains of the proteoglycans are sulfated and responsible for a
characteristic high fixed negative charge density [2], which binds mobile
cations (mainly sodium). This binding determines the physiological tonicity
(that is, osmotic pressure) of the extracellular fluid around chondrocytes
in vivo, but the tonicity indirectly also largely depends on the quality of
the collagen network. Extracellular tonicity in healthy cartilage ranges
between 350 and 480 mOsm [3, 4]. In vivo, tonicity of the extracellular
fluid is dynamic and changes due to alterations in matrix hydration [5].
During cartilage degeneration (that is, in osteoarthritis (OA)), the collagen
matrix degrades and the GAG concentration diminishes, resulting in a
severity-dependent decreased tonicity of between 280 and 350 mOsm
[3, 6]. Currently, chondrocyte isolation and in vitro expansion culture are
performed in medium of nonphysiological tonicity (270 =+ 20 mOsm).
Several studies have already shown that chondrocytes are tonicity
responsive [7-9] and react with changes in matrix synthesis [4, 8, 10,
11], but focused on aggrecan (AGC1) core protein mRNA levels, AGC1
promoter activity and GAG production.

Molecular mechanisms involved in the hypertonic response of human
articular chondrocytes (HACs) are poorly understood. Hypertonicity
perturbs cells by causing osmotic efflux of water, resulting in cell shrinkage
[12, 13]. Cells react by a rapid uptake of ions, which increase cellular ionic
strength [14] with potentially detrimental effects [15-17]. The initial, rapid
response is the activation of transporters that exchange these ions for
compatible osmolytes [16, 18]. This process is controlled by Tonicity-
responsive Enhancer Binding Protein (TonEBP/NFAT5), which mediates
transcriptional activation of these transporters [16]. Nuclear factor of
activated T-cells 5 (NFAT5) is a member of the Rel family of transcription
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factors [19] and targets sodium/myo-inositol cotransporter (SMIT) [20,
21], sodium/chloride-coupled acid transporters (BGT1/SLC6A12) [20],
aquaporin channels (AQP1 and AQP2) [22], and calcium-binding proteins
(S100A4) [23-25]. Upon hypertonic stress, transcription of NFATS itself is
upregulated in several cell types [26-28], but the tonicity threshold and cell
signalling pathways required to activate NFAT5 may be cell type specific
[29]. Nothing is currently known about the expression or function of NFAT5
in HACs.

Chondral lesions from, for example, trauma or overuse, can cause joint
pain, immobility and eventually OA. The associated high prevalence - 60%
of all patients undergoing knee arthroscopy are diagnosed with a chondral
lesion [30] - and loss of quality of life makes cartilage damage a major
personal and economical burden. Treatment options for chondral lesions
are limited, and autologous chondrocyte implantation is the currently
most developed hyaline repair technique for the knee [31]. Characterized
chondrocyte implantation, employing phenotypical prescreening prior to
implantation, has recently improved structural repair [32].

Chondrocyte dedifferentiation during in vitro expansion for autologous
chondrocyte implantation is detrimental; but almost inevitably in standard
monolayer culture, spherical chondrocytes will gradually convert into
fibroblast-like cells [33, 34]. This morphological change is accompanied
by a shift in collagen expression towards less collagen type Il (COL2)
and more collagen type | (COL1) [34, 35]. Consequently, dedifferentiated
chondrocytes produce fibrocartilage in vivo, with an extracellular matrix of
inferior biomechanical properties due to higher collagen (especially type 1)
content and less proteoglycans compared with native hyaline cartilage [36].
Three-dimensional culture systems can partially prevent dedifferentiation,
but are labor intensive and essentially impair propagation. Chondrocyte
dedifferentiation might also play a role in the pathogenesis of OA, as the
ability of aging chondrocytes to produce and repair the extracellular matrix
is compromised [37] and as COL1 is shown to be present in chondrocyte
clusters in fibrillated areas of late-stage OA cartilage while it is absent in
healthy cartilage [38].
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In the present article we report that physiological tonicity (380 mOsm)
during isolation and monolayer expansion can suppress chondrocyte
dedifferentiation and that expression of the extracelluar matrix components
collagen type | and collagen type Il as well as aggrecan is NFAT5
dependent. We further show that NFAT5 contributes to the differential
regulation of both collagen types. This study provides a simple, yet novel
and effective, means to improve cell-based repair strategies for chondral
lesions and contribute to our understanding of OA progression.

Materials and Methods

Cartilage and chondrocyte isolation

After informed consent was obtained, human articular cartilage was
explanted from macroscopically normal areas of the femoral condyles and
tibial plateau of nine patients undergoing total knee replacement surgery
for OA (medical ethical approval MEC2004-322). In addition to preparation
of cartilage explants and isolation of HACs under standard conditions
(DMEM, 280 mOsm) as described by Das and colleagues [39], medium
tonicity was also adjusted to 380 mOsm, 480 mOsm or 580 mOsm by
addition of sterile NaCl. Enzymatic digestion, removal of undigested
fragments and subsequent chondrocyte culture were all reported earlier
[39]. The 280 mOsm and 380 mOsm isolations were also performed with
cartilage obtained from the femoral condyles and tibial plateau of two
non-OA donors (further referred to as normal donors) undergoing above-
knee amputation surgery after trauma.

Chondrocyte proliferation and DNA measurements

Primary (P0), passage 1 (P1), passage 2 (P2) and passage 3 (P3) HACs were
monolayer expanded in medium corresponding to their isolation tonicity
(280 mOsm, 380 mOsm, 480 mOsm or 580 mOsm), with an initial seeding
density of 6,000 cells/cm2. Cells were harvested daily for cell counts
and DNA assay between days 2 and 6. Experiments were performed in
duplicate from three OA donors (n = 6). At each passage, growth curves
were established by cell counts using Trypan Blue (catalogue number
T8154; Sigma-Aldrich, St. Louis, MO, USA) and DNA quantification. DNA
measurements were performed according to Karsten and Wollenberger
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[40] with slight modifications [41]. Doubling times within each passage
were calculated from the trend line of the exponential growth phase using
the equation:

y=x(0)exp(kx(t)
k=In2/T
where k is the growth constant and T is the doubling time.

Chondrocyte expansion

Primary HACs were cultured for expansion in monolayers at a seeding
density of 7,500 cells/cm2 in medium corresponding to their isolation
tonicity (280 mOsm, 380 mOsm, 480 mOsm or 580 mOsm). PO cells
to P3 cells were seeded in high-density monolayers (20,000 cells/cm2)
and were cultured for an additional 5 days and 7 days before analysis of
mRNA (quantitative RT-PCR) and protein expression (Western blotting),
respectively. Experiments were performed in triplicate from four OA
donors (n = 12). Additional experiments were performed in triplicate from
two healthy donors (n = 6) to investigate whether the hypertonic stress
response is specific for pathologically altered cells. To exclude sodium-
specific or chloride-specific effects, we performed experiments using
N-methyl-d-glucamine chloride (NMDG-CI) or sucrose to adjust the
medium tonicity to 380 mOsm.

Lentiviral NFAT5 gene knockdown

We used lentiviral vectors for nontransient shRNA-mediated gene
silencing in primary chondrocytes [42]. BamHI/Munl restriction fragments
of the parental pLKO.1-puro vector - each containing the U6 promotor
and one out of five different, sequence-verified antihuman NFAT5 shDNAs
(MISSION shRNA library [43]) -were subcloned into corresponding
restriction sites of recipient vector pRRL.PPT.PGK.GFPpre. This vector
was kindly provided by L Naldini (San Raffaele Telethon Institute for
Gene Therapy, Milan, Italy) [44, 45] and was optimized by A Schambach
(Department of Experimental Hematology, Hannover Medical School,
Hannover, Germany) [46] to express enhanced green fluorescent protein
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(eGFP) from the phosphoglycerate kinase promoter. Lentiviral particles
were produced in HEK293T cells by transient transfection using a calcium
phosphate protocol [47]. Cells transduced with a lentiviral vector lacking
the NFAT5-specific shRNA expression cassette served as controls.
All cells were grown in monolayers. TRCN0O000020020 was identified
as the best performing anti-NFAT5 shRNA clone by quantitative PCR-
based knockdown efficiency determination, and was used in subsequent
experiments.

P1 OA HACs from two donors were seeded (15,000 cells/cm2) and
cultured for 4 days in control medium (280 mOsm). Three hours prior to
transduction, cells were deprived of antibiotics, and then were transduced
forl+ 18 hours, refreshed with control medium with antibiotics and cultured
for an additional 4 days before harvesting for fluorescence-activated cell
sorting (FACS) analyses. Cells were resuspended in PBS with 10% FCS
and antibiotics, and were washed. Cells were collected and stained with
Hoechst 33258 (1 mg/ml; Molecular Probes/Invitrogen Corp., Carlsbad,
CA, USA) to discriminate between dead cells and live cells. FACS was
performed on the FACSAria (Becton Dickinson BV, Breda, The Nederlands),
and eGFP-expressing cells were collected (>50%, multiplicity of infection
~1) and reanalyzed for purity (>95%) using Cell Quest Pro Software
(Becton Dickinson Biosciences BV, Breda, The Nederlands).

The eGFP-expressing populations were seeded (10,000 cells/cm?2)
and cultured in control medium up to 80% confluency. Cells were then
switched to medium of 380 mOsm or were kept on control medium for 24
hours prior to RNA analysis.

RNA expression analysis

RNA isolation, purification, quantification and cDNA synthesis are
described elsewhere [48]. Expression levels of AGC1, SOX9 and COL2
were studied as chondrogenic markers, while COL1 was studied as a
dedifferentiation marker [34, 35, 49, 50]. Quantitative PCR assays for
COL2, SOX9, AGC1 and COL1 have been reported earlier [51].

To quantify expression of NFAT5 and its target genes, the following
primers were tested for similar amplification efficiency and specificity
according to Das and colleagues [39], and were used as 20 pl SYBRR
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Green | reactions: HsNFAT5_Fw, GGGTCAAACGACGAGATTGTG
and  HsNFAT5_Rv, TTGTCCGTGGTAAGCTGAGAA; HsS100A4_
Fw, GTCCACCTTCCACAAGTAC TCG and HsS100A4_
Rv, TCATCTGTCCTTTTCCCCAAG; and HsSLC6A12_Fw,
ACACAGAGCATTGCACGGACT and HsSLC6A12_Rv, CCAGAACTCGTC
TCTCCCAGAA. Data were normalized to an index of three reference genes
(GAPDH, UBC, HPRT1) that were pre-evaluated to be stably expressed
across samples [39]. Relative expression was calculated according to the
2-ACT method [52].

Western blot analysis

Cells seeded at high densities were washed twice with PBS and were lysed
in RIPA buffer [53] with addition of protease inhibitors. The total protein
concentration was quantified by the bicinchoninic acid assay according
to the manufacturer's protocol (#23225; Thermo Fisher Sci., Rockford,
IL, USA). Aliquots (10 pg) were subjected to 10% SDS-PAGE prior to
electroblotting onto nitrocellulose membranes (Protran BA83; Schleicher
& Schuell BV, s-Hertogenbosch, The Netherlands). Blots were blocked
in 5% low-fat dry milk in 1x PBS, 0.05% v/v NP-40, were incubated
with primary antibodies - anti-type Il collagen and anti-type | collagen,
both 1:100 (SouthernBiotech, Birmingham, Alabama, USA), or 1:10,000
anti-a-Tubulin (Sigma) - were washed, were incubated with secondary
antibodies (both 1:1,000; Dako Cytomation, Heverlee, Belgium) and were
chemiluminescently detected. Signals were quantified using Imaged 1.42
software [54].

Statistical analysis

Statistical analysis was performed using SPSS 13.0 software (SPSS Inc.,
Chicago, IL, USA). Data were compared between groups by Kruskall-
Wallis H test and post-hoc Mann-Whitney U test. Results represent the
mean + standard deviation, and P < 0.05, P < 0.01 and P < 0.001 were
considered to indicate levels of statistically significant difference.
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Results

Hypertonicity influences proliferation and survival of chondrocytes
We first determined the influence of tonicity on proliferation: OA HACs
isolated at 580 mOsm hardly attached or proliferated (figure 1D), and 2
days after seeding no viable cells were recovered. At 280 mOsm, 380
mOsm and 480 mOsm, respectively, cells did adhere but increasing
tonicity induced marked morphological changes: at 280 mOsm, cells
appeared fibroblast-like, stretched out and flattened with long filopodia
(figure 1A); while at 380 mOsm, cells were more sphere-shaped and had
shorter filopodia (figure 1B). At 480 mOsm, cells showed few filopodia and
appeared spherical (figure 1C). The differences in appearance remained
throughout the dedifferentiation period (PO to P3), but were most apparent
at earlier passages.

Using cell counts and DNA assays, doubling times were calculated from
growth curves established from each passage at three different tonicities
(280 mOsm, 380 mOsm and 480 mOsm). Throughout dedifferentiation,
OA HAGCs isolated at 480 mOsm showed severely inhibited proliferation
compared with cells at 280 mOsm and 380 mOsm (Table 1). In contrast,
doubling times of OAHACs at 280 mOsm and 380 mOsm never significantly
differed (Table 1). All further experiments were therefore performed at 380
mOsm (as high tonicity condition) and compared with 280 mOsm (control
condition).

TABLE 1
Proliferation of chondrocytes isolated and cultured at 280 mOsm, 380
mOsm and 480 mOsm

Chondrocyte proliferation (%)

Culture Condition Passage 0 Passage 1 Passage 2 Passage 3
280 mOsm 100 (68+28 100 (89+54 100 (67+48 100 (57+11
hours) hours) hours) hours)
380 mOsm 113+18 89+25 99+9 154+41
480 mOsm 675+405* 180+24* 168+28* 165+81*

Data presented as relative doubling times in percentage of cells cultured at 280 mOsm,
mean + standard deviation. The absolute doubling time + standard deviation in hours is

displayed in brackets. n = 6. mOsm, milliosmoles per kilogram of water. *P < 0.05.
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B 380 mOsm
D 580 mOsm

A 280 mOsm
C 480 mOsm

Figure 1: Hypertonic isolation and expansion of chondrocytes changes
chondrocyte morphology. Representative images (200x) of chondrocytes cultured
for 2 days at (a) 280 mOsm, (b) 380 mOsm, (c) 480 mOsm and (d) 580 mOsm.

Isolation and expansion of chondrocytes under hypertonic conditions
improves their phenotype

Next, we set out to determine whether expansion culture in physiological
tonicity improves the chondrocytic phenotype. Physiological tonicity
(380 mOsm) during isolation and subsequent passaging of OA HACs
significantly increased mRNA levels of both AGC1 (figure 2A) and SOX9
(figure 2B) at all passages. In expanded P3 chondrocytes in physiological
culture, AGC1 levels were still higher than in unpassaged PO chondrocytes
cultured under the standard culture conditions (280 mOsm).
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Figure 2: Hypertonic isolation and expansion increased marker gene expression

in osteoarthritis human articular chondrocytes. Relative expression of (a) AGCI,
(b) SOXO9, (c) COL2 and (d) COL2:COLLI ratio in primary (P0) and passaged (P1
to P3) chondrocytes cultured at 380 mOsm compared with 280 mOsm. (e¢) COL2
protein expression and (f) COL1 protein expression in PO and P1 osteoarthritis

human articular chondrocytes. Protein levels normalized to a-tubulin. Data are

mean =+ standard deviation, n = 12. Differences from cells cultured at 280 mOsm
are indicated: *P < 0.05, *™*P < 0.01 and ***P < 0.001.
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Figure 3: Hypertonic isolation and expansion increased chondrogenic marker
expression in nonosteoarthritic human articular chondrocytes. Relative expression
of (a) AGC1, (b) SOXO9, (c) COL2 and (d) COL2:COLI ratio in primary (P0) and
passaged (P1 to P3) nonosteoarthritic human articular chondrocytes (NHACs)
cultured at 380 mOsm compared with cells cultured at 280 mOsm. (e¢) COL2 protein
expression and (f) COL1 protein expression in P1 and P2 NHACs, normalized to
a-tubulin. Data are mean * standard deviation, n = 6. Differences from 280 mOsm
controls are indicated: *P < 0.05 and **P < 0.01.
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Physiological tonicity also significantly upregulated COL2 levels from 8.5-
fold in PO to 11.6-fold in expanded P3 chondrocytes (figure 2C) compared
with controls. In contrast, COL1 expression was significantly suppressed
in physiological conditions throughout culture. Consequently, we found a
significantly improved COL2/COL1 ratio during chondrocyte expansion
(figure 2D), from sevenfold in PO cells to 100-fold in expanded P3 cells.
Physiological tonicity also upregulated COL2 protein expression (figure
20C): levels significantly increased (between 1.5-fold and 2.2-fold) in PO,
P1 and P2 chondrocytes. In contrast, physiological tonicity significantly
decreased COL1 protein expression (figure 2F), from twofold in PO cells
to 13-fold in P1 cells.

Physiological tonicity also significantly increased AGC1 (figure 3A) and
SOX9 (figure 3B) mRNA levels in nonosteoarthritic human articular
chondrocytes (NHACSs). Furthermore, COL2 mRNA levels were significantly
upregulated, from 5.8-fold in PO cells to 270-fold in expanded P3 NHACs
(figure 3C). As in OA HACs, hypertonicity also downregulated COL1
expression with increasing passage number in NHACs: the COL2/COLA1
ratios increased during expansion (figure 3D), from 6.8- fold in PO cells
to 355-fold in expanded P3 cells. Correspondingly, COL2 protein levels
increased under these conditions (4.8-fold in P1 cells and 2.9-fold in P2
cells), while the amount of COL1 diminished (by 4.7-fold in P1 cells and
fivefold in P2 cells) (figure 3E, F).

NFATS B S5LC6A1Z
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O 20 mdsm
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. : & T
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i ]
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g 2
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Figure 4: Hypertonic conditions activate nuclear factor of activated T-cells 5 in
osteoarthritis human articular chondrocytes. Relative expression of (a) nuclear
factor of activated T-cells 5 (NFAT5) and its target genes (b) S100A4 and (c)
SLC6A12 in primary (P0) and passaged (P1 to P3) chondrocytes cultured at 380
mOsm compared with 280 mOsm. Data are mean + standard deviation, n = 12.
Differences are indicated: *P < 0.05, **P < 0.01 and ***P < 0.001.
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Hypertonicity activates NFAT5 in human articular chondrocytes
Compared with 280 mOsm controls, NFAT5 mRNA levels were significantly
increased in 380 mOsm OA HAC cultures (figure 4A), as was the expression
of established NFAT5 target genes S100A4 (in all passages; figure 4B) and
SLC6A12 (until P2; figure 4C). Similar effects were found in NHACs (data
not shown).

NFAT5 knockdown inhibits hypertonicity-induced chondrogenic
marker expression

Upon transduction, sorted eGFP-coexpressing OA HACs were switched
to 380 mOsm for 24 hours. In controls not expressing NFAT5-specific
shRNAs, an approximately twofold increase in NFAT5 mRNA levels
was observed upon hypertonic stimulation (figure 4A, P1). In contrast,
likewise challenged cells expressing anti-NFAT5 shRNAs showed an
approximately 75% reduction in NFAT5 levels (figure 5A). Following
NFAT5 knockdown, the NFAT5 targets S100A4 and SLC6A12 were also
no longer hypertonically inducible: S100A4 expression decreased twofold
and SLC6A12 was virtually undetectable upon NFAT5 RNAI (figure 5A),
confirming a functional NFAT5 knockdown. At 380 mOsm, NFAT5 RNAI
also downregulated chondrogenic markers: AGC1 by 80%, SOX9 by
32% and COL2 by 84%, as compared with non-RNAi controls (figure 5B).
Interestingly, expression of COL1 increased after NFAT5 RNAi in OA HACs
to ~300% of control levels (figure 5B).

Discussion

Isolation and expansion of adult HACs under physiological tonicity
(380 mOsm) improves expression of chondrogenic markers on mRNA
and protein levels. While other studies partially confirm that nonhuman
chondrocytes respond to tonicity with altered aggrecan and SOX9
expression [4, 8, 10], we are reporting beneficial effects of isolating and
expanding human normal and OA articular chondrocytes at physiological
levels (380 mOsm). In addition, we also studied collagen type Il expression,
generally acknowledged to be the most important chondrogenic marker.
As fibrocartilaginous collagen type | and hyaline collagen type |l expression
are differentially regulated in chondrocytes [34], analyzing the collagen
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type ll/type | expression ratios is informative of chondrogenic potential
[51]. Interestingly, NFAT5 seems to be crucially involved in this differential
regulation upon hypertonic challenge: it positively regulates collagen type
I, while suppressing collagen type | (figure 5B). Fibrocartilage, occurring
in areas subject to frequent stress like intervertebral discs and tendon
attachment sites, is more rich in collagen type | than is hyaline cartilage
[55]. Tonicity may thus provide a simple means to manipulate expression
of these two collagens for broader applications than regenerative
chondrocyte implantations (autologous chondrocyte implantation or
characterized chondrocyte implantation) alone [56].

Under our conditions, COL2 mRNA abundances measured by quantitative
PCR correlated well with protein synthesis as determined by Western
blots (figures 2 and 3). The same observation holds for COL1 expression
in the early passages, but not for COL1 expression in the later passages.

Hypertonicity induced an increase in NFAT5 abundance, and protein
synthesis rates were found to be proportional to the increase in mRNA
in MDCK cells [28] and mIMCDS3 cells [27]. NFAT5 mRNA is expressed
abundantly in chondrocytes throughout passages and is further induced
by hypertonicity. However, we failed to show NFAT5 protein expression by
Western blotting. Whether this failure is due to low protein abundance in
our cells or technical issues such as poor extraction efficiency of this very
large transcription factor remains to be elucidated in future experiments.

Hypertonicity induces cell shrinkage, which may activate Na+, K+, or
2CI- co-transport, allowing cellular accumulation of NaCl and KCI. The
beneficial effects on chondrogenic marker gene expression therefore
could have been caused by accumulation of specific inorganic ions or
specific channel activity rather than primarily tonicity-mediated effects. We
used NMDG-CI, a bulky substitute for small cations that is impermeable to
almost all known channels [57], and sucrose to exclude sodium-specific
or chloride-specific effects. We were not able to detect any significant
differences in gene expression patterns between the NaCl, NMDG-CI or
sucrose methods of tonicity alteration (data not shown).
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Figure 5: Nuclear factor of activated T-cells 5 knockdown inhibits hypertonicity-
induced chondrogenic marker expression. (a) Relative expression of nuclear
factor of activated T-cells 5 (NFATS5) and its target genes S100A4 and SLC6A12
in transduced chondrocytes either expressing (NFAT5 shRNA) or not expressing
(control) NFAT5-specific shRNAs, 24 hours after increasing tonicity to 380 mOsm.
(b) Effects of NFAT5 knockdown on chondrogenic markers AGC1, SOX9, COL2
and COL1. Data are mean * standard deviation, n = 6. Differences from cells
transduced with control virus are indicated: *P < 0.05 and **P < 0.01.

As our initial studies concerned adult HACs obtained from OA knee joints,
we aimed at eliminating interpretation bias due to the pathological state
of these cells. Using identically challenged NHACs, we showed that these
chondrocytes react similarly to the same order of tonicity with respect
to our marker genes: 380 mOsm significantly delayed the phenotypical
deterioration of NHACs as observed in control medium. This may imply that
physiological tonicity, postulated to be around 380 mOsm for chondrocytes,
is sensed by OA cells and normal cells in a similar fashion. We observed
a slightly faster decrease in AGC1 and COL2 mRNA levels in P2 and P3
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NHACs as compared with OA HACs. Late-stage OA chondrocytes from
fibrillated areas are dedifferentiated, flattened cells. The loss of a proper
spherical shape as an integral part of the chondrocytes phenotype [58, 59]
involves cytoskeletal changes [60]. Exposing these cells to physiological
tonicity as a redifferentiation stimulus probably induces a more enduring
response as compared with spherical, normal chondrocytes. Cell-based
therapies using the latter are usually restricted to younger individuals after
traumatic insults. Autologous chondrocyte implantation employing OA
cells may benefit relatively more from a hypertonic treatment protocol.

The precise molecular mechanism by which tonicity is sensed by cells is
still poorly understood. Hypertonicity increased NFAT5 mRNA abundances
have been shown for other cell types [26-28]. NFAT5 is thus accepted
as key transcription factor participating in the mammalian hypertonic
stress response. Our study is the first showing the functional expression
of NFAT5 in HACs. In both OA and normal chondrocytes, cellular NFAT5
mRNA levels are increased by 380 mOsm. In addition, mRNA levels of
the generally accepted NFAT5 target genes, S100A4 and SLC6A12 [20,
61], were induced accordingly after hypertonic challenge, underscoring
an involvement of NFAT5. It has recently been suggested that guanine
nucleotide exchange factors near the plasma membrane may be activated
through cytoskeleton changes or by changes in interactions with putative
osmosensors at the cell membrane in other cells [62]. The sensation of
such basic responses might not be different in chondrocytes than in other
cells. Rho-type small G proteins [63] and p38 kinases [64, 65] might also
act upstream of NFAT5 in chondrocytes. In IMCD cells, p38 mitogen-
activated protein kinase (MAPK) signaling was recently also shown to be
involved in the NFAT5-mediated hypertonic induction of the osmosensitive
[66, 67] serine-threonine protein kinase Sgk-1 [68, 69]. As p38 MAPK plays
important roles in chondrocytes and seems to be necessary for NFAT5
expression [20], further experiments employing pharmacological inhibition
or knockdown experiments in HACs will hopefully shed more light into this
signaling cascade in chondrocytes.

An increase in NFAT5 mRNA is usually transient with a cell type-dependent
time course and a twofold to fourfold upregulation [26, 28], which fits
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with our data. NFAT5 mRNA abundance might rapidly increase upon
hypertonic stress by a transient increase in its mRNA stability, mediated
by its 5'-untranslated region [27]. Whether 380 mOsm is a sufficiently high
tonicity to explain our increase in mRNA by this phenomenon, or whether
active transcription is involved, has to be addressed in other studies.
Interestingly, Tew and colleagues showed very recently that the mRNA
of SOX9, an important regulator of COL2 expression, is stabilized by
supraphysiological tonicity [70]. Therefore, 380 mOsm might also directly
contribute to SOX9 mRNA stability and abundance in our experiment,
rather than elevating promoter activity. COL2 regulation could thus be an
indirect effect of tonicity.

Interestingly, AGC1 seems to be more stably expressed in cultures
maintained at 280 mOsm compared with 380 mOsm, with a lower overall
expression in the former condition. Effects of tonicity on promoter activity
and mRNA stability of AGC1 are incompletely understood. Other groups
have described the complexity of osmotic stress on gene expression [71,
72]. It is tempting to speculate that gene expression may be influenced
by morphological changes between our conditions: while cells cultured
at 380 mOsm are rather round, cells cultured in monolayer at 280 mOsm
are rather flat and more fibroblast-like (see figure 1). Although we did
not investigate actin stress fiber formation in the present study, they are
usually more pronounced in fibroblastic cells and have been shown to
suppress SOX9 mRNA levels in chondrocytes [50].

Aggrecan expression, however, has been reported to be influenced by
both hypertonicity and hypotonicity [4, 8]. The promoter regions of both
collagen type Il and AGC1 contain a plethora of potential other binding
sites for transcriptional enhancers and suppressors, such as SOX5/6
[73, 74], Barx2 [75], B-catenin [76], c-Maf [77], PIAS [78], TRAP230 [79],
Bapx1 [80], and C/EBP and NF-kB [81]. Chondrogenic differentiation and
the SOX9 dependency of aggrecan and collagen expression may also be
differentially modulated by these transcriptional cofactors under different
tonicities. Interestingly, while the SOX9 dependency of COL2A1 expression
has been unequivocally shown, it may not actually be a key regulator of
COL2A1 promoter activity in human adult articular chondrocytes [82]. Of

120



Chapter 5

note, the human aggrecan promoter sequence has been shown to contain
a conserved NFAT5 binding site [83]. In nucleus pulposus cells, SOX9-
mediated aggrecan expression has recently been shown to critically
depend on PI3K/AKT signaling [84]. Moreover, while high NaCl rapidly
activates p38 MAPK, its action can be isoform specific and may exert
opposing effects on NFAT5 [85], which in turn may influence COL2A1
and AGC1 transcription differently in a tonicity dependent manner. We
are therefore currently looking into the underlying molecular mechanisms
regulating AGC1 and COL2 expression in both conditions.

With respect to regenerative medical applications, the high-end
hypertonic conditions used by Tew and colleagues can be considered a
limitation of that study. In our hands, these tonicity levels (= 480 mOsm)
induced chondrocyte death within 48 hours (figure 1D) and are probably
not applicable for chondrocyte expansion culture. To ensure sufficient
cell numbers for cell-based repair techniques, the proliferation capacity
of the isolated chondrocytes should not be compromised. Cell numbers
generally need to be increased during two passages (>4 to 10 times) for
clinical application [86, 87]. We found that supraphysiological conditions
(480 mOsm and 580 mOsm) clearly compromised survival rates, which is
in agreement with data by Racz and colleagues [17]. From our data, we
conclude that about 380 mOsm is optimal for both isolation and in vitro
expansion culture of HACs.

NFAT5 knockdown downregulates its own transcription by 75%
and compromises target gene induction (figure 5), being in line with
functionally active NFAT5 in chondrocytes. Constitutive homodimeric
NFAT5 molecules encircle DNA rather independently of tonicity in solution
[88], enabling NFAT5 to exert its biological activity over a wide tonicity
range [89, 90]. It is thus reasonable to assume that NFAT5 activity is
not generally compromised at 380 mOsm. However, other aspects are
involved in the regulation of NFAT5 as well as its target genes. Like other
proteins larger than 50 kDa [91], NFAT5 depends on nuclear localization
and export sequences for its nuclear translocation [26, 88, 91]. In most
cells, NFATS5 is equally distributed between the cytoplasm and the nucleus
at physiological tonicity (300 mOsm), whereas at 500 mOsm most of it
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localizes to the nucleus [19, 26, 89].

To demonstrate that the hypertonicity-induced chondrogenic marker
expression was indeed mediated by NFAT5, we used RNAI to confirm that
knockdown of NFAT5 significantly inhibited hypertonic induction of its own
transcription as discussed before, significantly suppressed the tonicity-
mediated induction of known NFAT5 targets, and, most importantly,
significantly eliminated the hypertonicity-mediated mRNA expression of
chondrogenic marker genes (COL2, AGC1, SOX9 and COL1).

Conclusions

We have shown that isolation and expansion of adult HACs in culture
medium of physiological tonicity (380 mOsm) improves chondrogenic
marker expression and extracellular matrix production through NFAT5.
We identified NFAT5 as a novel molecular target preserving chondrocytic
marker expression. Our data provide valuable insights for the development
of strategies for cellbased repair of chondral lesions, and contribute to the
understanding of mechanisms involving OA.
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Summary

Bone marrow-derived mesenchymal stem cells (MSCs) have demonstrated
potential for regenerative medicine strategies. Knowledge of the way these
cells respond to their environment in in-vitro culture and after implantation
in vivo is crucial for successful therapy. Oxygen tension plays a pivotal role
in both situations. In vivo, a hypoxic environment can lead to apoptosis,
but hypoxic preconditioning of MSCs and overexpression of prosurvival
genes like Akt can reduce hypoxia-induced cell death. In cell culture,
hypoxia can increase proliferation rates and enhance differentiation
along the different mesenchymal lineages. Hypoxia also modulates the
paracrine activity of MSCs, causing upregulation of various secretable
factors, among which are important angiogenic factors such as vascular
endothelial growth factor and interleukin-6 (IL6). Finally, hypoxia plays an
important role in mobilization and homing of MSCs, primarily by its ability
to induce stromal cell-derived factor-1 expression along with its receptor
CXCRA4. This article reviews the current literature on the effects of hypoxia
on MSCs and aims to elucidate its potential role in regenerative medicine
strategies.
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Introduction

The use of bone marrow-derived stromal cells in tissue culture was first
described by Friedenstein as early as 1966.[1-5] Since then, these cells
have been termed “mesenchymal stem cells” (MSCs) by Caplan et al.[6] for
their potential to differentiate along multiple mesenchymal lineages. Both
terms are now in common use. The use of MSCs for tissue engineering
purposes and their potential to differentiate along the bone, cartilage,
fat, and muscle lineages have been demonstrated, and their usefulness
for regenerative medicine approaches is clear.[7-18] MSCs might exert
their beneficial effects in various ways. They might differentiate directly
and function as a new cell type, but they might also function indirectly
through the release of trophic factors that fulfill an endocrine/paracrine
role. Their harvest from autologous donor sites is relatively harmless and
they can readily be cultured in vitro to obtain sufficient cell numbers for
reimplantation.

The issue of optimal culture conditions for cells has been under
investigation for many years. An important consideration is the optimum
oxygen tension in which to culture cells. Physiological oxygen tension
varies from as much as 12% in the blood to as low as 1% in the deep zone
of cartilage regions.[19] The oxygen tension in bone marrow has been
described to be between 4% and 7%[20] or perhaps as low as 1-2%.[21,
22] In any case, the oxygen tension is considerably lower in vivo than the
atmospheric oxygen tension (21%) of standard cell culture.[23]

Culture in oxygen tension that more closely represents the in-vivo situation
can have effects in several ways. Cooper et al.[24] and Zwartouw and
Westwood[25] described as early as 1958 that some cells proliferate more
rapidly in oxygen tensions that are lower than atmospheric. In their article,
Lennon et al.[20] also describe several other studies where many different
cell types showed increased proliferative rates when cultured under lower
oxygen tensions. In recent years, interest in the potential of MSCs for
regenerative medicine applications and the availability of more convenient
methods to alter oxygen tension in culture have led to publication of many
articles assessing the effects of low oxygen tension on MSC behavior
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and function. The issues of tissue ischemia, for example, after cardiac
arrest, and tissue-engineered construct failure due to lack of oxygen are
receiving growing interest in the field of regenerative medicine.[26-32]

Complementary to a recent review by Ma et al.,[22] this review focuses
on the role of hypoxia in critical aspects of bone marrow—derived MSC
behavior relevant to researchers in the fields of tissue engineering and
regenerative medicine (including survival, proliferation, differentiation, and
overall behavior) and addresses underlying mechanisms. This review gives
a comprehensive overview of studies performed to assess the effects of
low oxygen (pO2<10% for this review) on MSCs. This knowledge may
help to better tailor culture conditions to achieve the desired outcome of
a regenerative medicine approach.

Survival

An important possible clinical application of MSCs is their use in the repair
of cardiac tissue after myocardial infarction. Unfortunately, 99% of MSCs
die within 3-4 days after transplantation into the ischemic heart.[33-35]
The ability to survive in an environment that is deprived of both oxygen
and nutrient supply is necessary for successful myocardial tissue repair, as
prolonged viability is a prerequisite for angiogenesis.[35, 36] Similarly, tissue
engineering of cell-seeded constructs above a critical size (approximately
4-5mmg2) is often problematic because availability of oxygen and nutrients
for cells is limited by diffusion in these avascular constructs. This means
that cells residing deeper in the construct experience a hypoxic and
nutrient-deficient environment. Although cell death appears to be less
severe in other applications (e.g., in intervertebral disk[37, 38] or cartilage
repair[39]), for regenerative medicine approaches it is absolutely critical
that cells survive long enough to elicit a repair response.

Under ischemic conditions, cells cannot rely on oxidative phosphorylation
for the generation of adenosine triphosphate (ATP), because this pathway
depends on the availability of oxygen. The glycolytic pathway, which
functions independently of oxygen, provides a means for cells to generate
energy under conditions where oxygen availability is limited. The ability to
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successfully switch metabolic pathways from aerobic to anaerobic and
the availability of abundant glucose for ATP production are key elements
for cell survival under hypoxic conditions. This is illustrated in studies by
Zhu et al.[40] and Potier et al.,[41] who showed that rat MSCs were able
to withstand hypoxia only when they were not also deprived of serum.
Indeed, MSCs seem to employ the glycolytic pathway to maintain viability
when faced with hypoxic challenges.[42] Consequently, it was concluded
that serum deprivation, not hypoxia, is the main reason for apoptotic cell
death of MSCs in ischemia. However, hypoxia also leads to apoptotic
cell death after prolonged exposure. Mitochondrial dysfunction leading
to increased Caspase-3 activation is believed to be a major contributor in
this process.[40]

Contrary to other cell types like cardiomyocytes (which fail to survive
hypoxia even for 4 h), MSCs can withstand hypoxia (pO2<1%) for at
least 48 h.[43, 44] Unlike cardiomyocytes, MSCs are able to derive the
bulk of their ATP from glycolysis; moreover, the ATP requirement for MSC
survival is low.[43] In this scenario, the buildup of lactate due to increased
glycolysis and subsequent drop in pH might become an inhibiting factor
in the long term.

Cells can respond to oxygen tension through transcription factors, most
notably hypoxia inducible factor-1a (HIF-1a). HIF-1a is degraded under
normoxic conditions, but stabilized under hypoxic conditions, because
the prolyl-hydroxylase that primes HIF-1a for degradation uses oxygen
as a cofactor.[45] Stabilization of HIF-1a also appears to depend on
hypoxiainduced increase of phosphorylated Akt and p38 mitogen—
activated protein kinase (p38MAPK).[46] Stabilized HIF-1a translocates to
the nucleus, allowing it to dimerize with HIF-1b, so it can bind to promoter
regions of hypoxia-responsive genes. One of the target genes of HIF-1
is the glucose-6-phosphate transporter, which controls the rate-limiting
step in gluconeogenesis by glucose-6-phosphatase.[47] The increased
availability of glucose (through upregulated gluconeogenesis) would
help extend the survival of MSCs under hypoxic and serum-deprived
conditions, and it is believed that this is one of the mechanisms by which
MSCs survive a hypoxic insult.[47]
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Figure 1: Mesenchymal stem cell response to hypoxia. Bax accumulates in
the mitochondria, increasing the Bax/Bcl-2 ratio and causing mitochondrial
dysfunction. Subsequent activation of Caspase-3 leads to apoptosis.[40] Ina survival
response, Akt and p38 phosphorylation leads to stabilization of hypoxia-inducible
factor-la (HIF-1a)[46] and upregulation of Bcl-2.[48] Bcl-2 upregulation can
counteract the accumulation of Bax, leading to protection from apoptosis. HIF-1a
stabilization and translocation leads to induction of HIF-1a target genes, among
which are glucose-6-phosphatase transporter[47] and important angiogenic
factors such as vascular endothelial growth factor (VEGF) and IL6.[51]

Although MSCs are able to withstand hypoxic conditions for up to a few
days, they need to survive longer in ischemic tissue. Priming cultured
MSCs by hypoxic reconditioning can enhance their survivability by HIF-
1-dependent upregulation of erythropoietin (EPO)/erythropoietin receptor
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(EPOR) and antiapoptotic factors Bcl-2 and bcl-xL and accompanied
decreased caspase-3 activation.[48, 49] Additionally, proangiogenic
factor production, for example, vascular endothelial growth factor (VEGF)
and (IL6), is stimulated by hypoxic preconditioning. [48] These beneficial
effects are regulated by a complex array of signaling pathways that include
the Akt and ERK pathways.[50-52] Akt, activated by hypoxia and other
stimuli, has been shown to be necessary for cell survival,[53] likely by
its glucose metabolism—-modulating effects. Transplantation of genetically
engineered rat MSCs, which retrovirally expressed the prosurvival gene
Akt1, into ischemic rat myocardium showed reduced inflammation and
cardiomyocyte hypertrophy, while restoring 80-90% of lost myocardial
volume.[54] Hypoxia-induced Akt activation reduced proapoptotic Bax
expression by 27% while increasing Bcl-2 expression by 50%. The overall
reduction in apoptosis amounted to 80% within 24 h compared with green
fluorescent protein (GFP) controls. Gnecchi et al.[55] went a step further
and showed that in a left coronary artery ligation model (rat) conditioned
medium from hypoxic Akt-transformed MSCs was sufficient to inhibit
subsequent hypoxia-induced apoptosis. Figure 1 shows the interplay of
major factors involved in MSC survival response to hypoxia and hypoxia-
induced apoptosis.

Clearly, the poor long-term viability in vivo limits the therapeutic applications
of MSCs, but with the uncovering of signaling and apoptotic pathways
involved in MSC survival, dedicated strategies can be developed. In an
attempt to prolong in-vivo survival, Xu et al.[56] found that Lovastatin
could counteract hypoxia-induced apoptosis by upregulating pAkt and
ERK1/2. Another protective effect was found for Lysophospotidic acid.[57]
In a different approach, Liu et al.[58] adenovirally transfected MSCs with
angiogenin and found that MSC survival was enhanced in vivo compared
with untreated MSCs. Similarly, Li et al.[59] found increased survival with
MSCs that were modified to overexpress the antiapoptotic Bcl-2 gene,
while Tang et al.[30] used overexpression of the hypoxia-regulated heme-
oxygenase-1 gene to enhance MSC survival. Unfortunately, genetic
modification of MSCs has only limited clinical relevance because the
process is very labor intensive and carries risks inherent to genetic
modification.
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Proliferation

Although physiological oxygen tensions even in healthy tissue are well
below 21% pO2, more often than not cells are cultured at this oxygen
tension. Culture under oxygen tension in the physiological range can affect
the rate of proliferation of various cell types.[20] Indeed, Lennon et al.
showed that culture of MSCs, derived from bone marrow of 6-12-week-
old rats, under 5% pO2 resulted in roughly 40% higher cell number at first
passage compared with culture under 21% p02.[20] The results appeared
to persist even after passaging. Grayson et al.[60] showed that human
MSCs also displayed enhanced proliferation under reduced oxygen
tension (2% pO2) for seven passages, resulting in a 30-fold increase in
cell number compared with normoxic culture.[60]

On three-dimensional substrates, which are commonly used in tissue
engineering applications, MSCs displayed a prolonged lag phase in early
culture under reduced oxygen tension (2% p0O2). However, MSCs cultured
under 2% pO2 did not display a plateau-phase, but rather continued their
proliferation even after 23 days of culture, unlike MSCs cultured under
21% p02.[42]

From their studies, Grayson et al.[42] concluded that reduced oxygen did
not cause faster proliferation of MSCs, but rather extended the duration
of their proliferation. In contrast, D’lppolito et al. concluded that reduced
oxygen tension decreased population-doubling time in their marrow
isolated adult multilineage inducible cells, with a maximum at 3% p02.[61]
This result is more in line with other studies that found faster proliferation
of their bone marrow—derived mononuclear cells under 5% pO2[62] or
MSCs under 8% p02.[63] The latter showed that hypoxia increased the
number of G2/S/M period cells. Martin-Rendon et al. also attributed
increased proliferation, even short-term exposure to 1.5% p0O2, to more
rapid cell cycle progression,[64] but Rosova et al.[52] did not find this
increase when evaluating the effects of hypoxia on the short term (16 h).
Contrary to these findings, Hung et al.[65] found lower cell numbers when
expanding their human MSCs at 1% pO2 in 17% fetal bovine serum, but
the effect was smaller at higher seeding density.
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Overall, reduced oxygen tension in the physiological range increased
MSC number obtained after monolayer and three dimensional culture.
Whether extended proliferation capacity or decreased population
doubling time is responsible appears to depend on the exact pO2 as well
as cell type and other culture conditions. The mechanisms underlying this
altered proliferation are currently unknown, but Yun et al. suggested a role
for estradiol-17[3.[66] Table 1 summarizes the findings of the effects of
hypoxia on proliferation.

Expansion of MSCs under hypoxic conditions does not affect their
multilineage potential. Rather, it appeared to even increase expression of
Oct-4.[60] Oct-4 is an established indicator of enhanced pluripotency[61]
and might be regulated upstream by HIF-2a[60] or HIF-1a.[61]

Table 1
Effects of Hypoxia on proliferation

0, ten- Cell type Serum type/ Duration Proliferation Author Ref.
sion (%) concentration
1 Human MSCs 17% FBS 10 days Decreased rate of Hung 65
proliferation
1-3 Human MSCs Serum-free 18h No effect of hypoxia  Rosova 52
from BMA on cell viability
1,3 5, MIAMI 2% FBS for expan- 3, 7, 10, and Increase, highestat  D'lppolito 61
and 10 sion 15 days 3% pO,
1 and 50 BMMC (Cam- N/A (MSCGM 24 h 1.61-fold increase in - Martin- 64
brex, East [Cambrex]) viable cell number Rendon
Rutherford, NJ)
2 Human MSCs 10% FBS Upto6 30-fold increase Grayson 60
weeks
2 Human MSCs 10% FBS Up to 30 Increase after intial ~ Grayson 42
days lag
5 MNC from BMA  10% fetal calf P1-41090% Decreased time to Carrancio 62
serum (FCS) or confluency reach confluency
platelet lysate
5 Rat MSCs 10% FBS First pas- Mean increase Lennon 20
sage in cell number of
41.2%
8 Murine MSCs 10% FBS 7-8 days 2.8-fold increase Ren 63

MSCs, mesenchymal stem cells; FBS, fetal bovine serum
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Differentiation

The multilineage potential of MSCs is one reason for their appeal in
regenerative medicine. Differentiation along the various mesenchymal
lineages could be either enhanced or diminished under hypoxic culture.
Various groups have assessed multilineage potential either after hypoxic
preculture before differentiation or differentiation during hypoxia. Both
approaches are grouped in this section.

Osteogenic differentiation

It is difficult to state clearly the effects of hypoxia on osteogenic
differentiation. In an elegantly designed experiment, Lennon et al.[20]
cultured cells for several passages under 5% pO2 and then either
maintained them in 5% or 20% pO2 or switched to the opposite condition.
After this they assessed osteogenic differentiation capacity finding that 5%
pO2for the duration of the culture gave the largest osteogenic response
followed by cells cultured first in normoxia then 5% pO2. Switching from
5% pO2 to normoxia or culturing completely in normoxia produced less
mineralization by comparison. Several other articles have since described
the effects of hypoxia on osteogenesis. Salim et al. found no difference
between 21% pO2 and 2% pO2 on differentiation potential but observed
diminished osteoblastic differentiation at 0.02% p02.[67] They also found
that as little as 6 h of anoxia prevented osteoblastic differentiation in the
long term, and verified their results using osteoblasts. Grayson et al. found
an initial increase in mineralization after a preculture period in 2% pO2 but
observed no difference when culture was continued up to 19 days.[42] As
with Grayson et al., Martin-Rendon et al.[64] also assessed differentiation
potential of cells after a hypoxic preculture and also observed no difference
in osteoblastic differentiation of cells. Potier et al.[44] demonstrated
very variable results with some osteogenic genes being downregulated,
while others remained unchanged. However, they also stated that they
were unable to induce mineralization in these cells normally. In contrast
D’lppolito et al.,[61] Hung et al.,[65] and Muller et al.[68] observed reduced
osteogenic capacity of cells cultured under hypoxia or after hypoxia. As is
often the case, there were large differences in all experimental procedures,
perhaps most significantly whether differentiation was induced under
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hypoxic conditions or after a hypoxic preculture.

Chondrogenic differentiation

Fewer articles have assessed the effects of hypoxia on chondrogenic
differentiation of MSCs despite the obvious link with the in-vivo situation
(chondrocytesresideinavery hypoxic environment). The general consensus
is that either a preculture under hypoxic conditions or differentiation under
hypoxia increases chondrogenic gene expression[46, 64, 69] and other
chondrogenic markers,[43] or at least has no effect.[62] Scherer et al.[70]
showed that while 5% pO2 did not prevent chondrogenic differentiation
in the presence of chondrogenic medium, it alone was not sufficient to
induce chondrogenic differentiation. Little research has been performed
examining the signaling mechanisms involved in differentiation under
hypoxic conditions. However, Kanichai et al.[46] and Robins et al.[69]
have elucidated some of the mechanisms involved in chondrogenesis.
Upregulation of Sox9, an important transcription factor involved in
chondrogenesis, was shown to involve HIF-1a under hypoxia and this
involved both the p38MAPK and Akt pathways. Hirao et al. showed that
this effect, also mediated by p38MAPK, was independent of Sox9, though
this was observed in the C3H10T1/2 mesenchymal cell line.[71]

Adipogenic differentiation

Regarding adipogenic differentiation, it appears that hypoxia is also
beneficial for differentiation along this lineage. Most articles report either
an increase[42, 43, 63, 72]or no effect of hypoxia on adipogenesis.[60,
62] Only one article reports a significant drop in adipogenic activity when
MSCs were cultured continuously at 1% pQO2 for up to 21 days.[65]

In general, little work has been performed on understanding the
mechanisms behind the alterations in behavior of MSCs under hypoxic
conditions with the exceptions of a few articles. [46, 69]In conclusion,
effects of hypoxia on osteo-, chondro-, and adipogenic differentiation
capacity appear to be beneficial more often than nonexistent or negative.
However, the exact outcome seems to depend heavily on the exact
oxygen tension, time in culture, and the use of hypoxic preculture.

It should be noted that, as presented in Table Il, the results discussed apply
to cells derived from several different sources. For example, in this section
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we discuss the results of the effects of hypoxia on the differentiation of
immortalized human MSCs,[72] normal human MSCs,[42, 44, 60-62, 64,
67]rat MSCs,[20, 43, 46, 73] and mouse MSCs.[63, 69, 74]

Endocrine/Paracrine role

Apart from their own capacity to differentiate into various lineages,
MSCs can play an important role in various processes via secretion of
trophic factors. This has been evidenced, among others, by their ability
to promote expansion and differentiation of hematopoietic stem cells,[75]
enhance wound healing,[76] and support myocardial[77] and neuronal
repair.[78] More evidence for trophic factor-mediated effects of MSCs
can be found in their immunomodulatory role by inhibiting the proliferation
of antigen-activated peripheral blood mononuclear cells and production
of proinflammatory cytokines.[79-81] Inhibitory effects on various T cell
subsets, B cells, natural killer cells, and antigen-presenting cells have
been reported.[82] This can be achieved both through cell- membrane
contact and through soluble factors.[83, 84]

Hypoxia can influence a broad spectrum of factors, as was revealed by
screening with microarrays. Ohnishi et al. described that many genes were
upregulated when rat MSCs were cultured for 24 h in 1% pO2 compared
with normoxia.[85] Focusing on genes encoding secretory proteins, they
describe upregulation of several molecules involved in cell proliferation
and survival, such as VEGF-D, placental growth factor, pre-D-cell colony-
enhancing factor 1, heparin-binding epidermal growth factor, and MMP9.
For some of the genes they report on the effect of different oxygen
tensions and time period of hypoxia. Most genes were upregulated even
at 10% oxygen, with the effects becoming apparent after 24 h of hypoxia.
The observation that most genes are regulated after 24 h was confirmed
by Wu et al., who performed microarrays on a time course (4, 12, 24, 36,
48, and 72 h) using human MSCs at a pO2 of 3% and demonstrated that
different genes are regulated via different time courses.[86] Although most
genes were regulated after 24 h, as little as 4 h of hypoxia was reported to
increase VEGF secretion and MT1 (MMP) expression and decrease MMP2.
[74] Also, conditioned medium of MSCs after 6 h of hypoxia appeared to
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give a larger increase in hypertrophy of cardiomyocytes than shorter or
longer periods of hypoxia.[32]

Increased mMRNA expression did not always result in increased secretion
of factors in the medium. Human MSCs cultured for 72 h in 1% pO2
increased mMRNA expression of fibroblast growth factor 2 (FGF2) and 7,
IL1 and 6, placental growth factor, transforming growth factor-b, tumor
necrosis factor (TNF-a), and VEGF, but only for VEGF, FGF2 and IL6 did
this result in increased protein release in the medium.[87] The results of
Muir et al. confirmed increased expression of VEGF by hypoxia, but the
hs27 cell line derived from bone marrow expressed very low levels of FGF
and HB-EGF.[88]

Potier et al.[44] cultured human MSCs with a slowly decreasing oxygen
tension level. After 48 h of culture <1% oxygen was present and mRNA
expression of transforming growth factor-B3 was decreased, whereas
FGF2 and VEGF were increased. On the protein level VEGF was also
increased, but for FGF2 no effect was found. In this study the secretion
of IL6, IL8, and MCP1 was not significantly affected. In another study
where human MSCs were cultured for 2 days in hypoxia in a serum-free
medium (Potier used 10% FCS), IL6 and MCP1, next to VEGF, were found
in increased amounts in the medium.[51]

Hypoxia not only affects the secretion of soluble factors but also upregulates
CX3XR1 and CXCR4,[65, 89] as well as cMet (receptor for hepatocyte
growth factor).[52] These receptors can increase MSC migration and
homing to damaged areas. Although the immunomodulatory properties
of MSCs are known to be promoted under inflammatory conditions (e.g.,
in response to interferon-y (IFN-y[90])), no studies were available for the
effect of hypoxia on immunoregulatory properties of MSCs. Hypoxia
appeared to regulate the increased production of soluble factors (at
least of VEGF, FGF2, hepatocyte growth factor, and insulin-like growth
factor (IGF)), similar to lipopolysaccharide or TNF-a, via an NF-kappaB-
dependent mechanism,[91] which suggests that hypoxia might indeed
regulate immunoregulatory properties too.
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Thus hypoxia has been shown to influence the secretion of trophic factors
as well as the membrane markers associated with migration and homing
of MSCs. This suggests that hypoxic preconditioning of MSCs can be
used to improve the performance of MSCs in regenerative medicine
applications. Evidence for beneficial effects of hypoxic preconditioning
of MSCs is provided by small animal experiments. Preconditioning MSCs
for 24 h in hypoxia before implantation into myocardial infarction models
resulted in less death and a better angiogenic potential of the MSCs.[48,
92] The optimal time period of hypoxia to obtain this effect is not known.
Wang et al. used very short periods of hypoxia (10, 20, and 30 min) and
found effects on viability and angiogenic properties already after 10 min,
with larger effects after longer time periods of hypoxia.[93]

When MSCs were applied systemically, preconditioning demonstrated
improved migration of MSCs to injured brain.[89] The authors demonstrated
the role of increased CXCR4 by hypoxic MSCs that binds to stromal cell-
derived factor-1a (SDF-1a) that is expressed in the damaged brain.

Recruitment and homing

The precise mechanism how MSCs are mobilized into the bloodstream
is still not fully understood. Rochefort et al.[94] housed adult male rats
3 weeks in a hypoxic chamber, which caused chronic hypoxia[95] and
compared this to animals housed at normoxia. This in vivo rat model for
hypoxic MSC mobilization increased the pool of circulating MSCs 15-fold,
while maintaining transdifferentiation potential and immunophenotype
similar to that of MSCs. Moreover, this stimulus seemed to be relatively
cell-type specific as the pool of hematopoietic precursors remained largely
unaltered. However, chronic hypoxia could induce MSC mobilization by
a number of direct and indirect mechanisms, including modification of
local factors involved in the maintenance of MSCs. These factors can
include altered peripheral blood concentrations of chemotactic factors
specific for MSCs and/or increased vascular permeability favored by the
neoangiogenesis (described in a model similar to that by Rochefort et
al.).[96] Hypoxia also increases the in vitro migration capacity of MSCs,
which is likely an MMP-dependent phenomenon.[74] Endothelial cells
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under hypoxic conditions have been shown to stimulate MMP-2 and
VEGF expression by MSCs.[97, 98] More recently, Rosova et al. found a
possible role for hepatocyte growth factor and its receptor cMet, which is
upregulated under hypoxia.[52] The ability of implanted MSCs to migrate
to the site of damaged tissue has been shown in bone fractures and
cartilage defects,[39] myocardial infarction,[99] and cerebral injury.[100]
The question remains how MSCs are directed to the site of repair in vivo.
This process of migration may involve various chemokines, cytokines,
and integrins. Among the chemokines, the SDF-1/CXCR4 axis has been
reported to be constitutively expressed in a wide range of tissues.[101]
SDF-1 is a potent factor in mobilizing progenitors from the bone marrow
niche.[64] SDF-1(CXCL12) and its receptor CXCR4 are crucial for homing
and migration of stem cells, and the interaction of locally produced SDF-
1 and CXCR4 expressed on the MSC surface plays an important role in
the migration of transplanted cells. Although SDF-1 mediates homing
of stem cells to bone marrow by binding to CXCR4 on circulating cells,
the regulation of SDF-1 and its physiological role in peripheral tissue
repair remain poorly understood. An elegant model of graded soft tissue
ischemia in mice[102] showed that SDF-1 gene expression is regulated
by HIF-1 in endothelial cells. A selective in vivo expression of SDF-1 in
ischemic tissue in direct proportion to reduced oxygen tensions was
found. The recruitment of CXCR4-positive progenitor cells to regenerating
tissues is mediated by hypoxic gradients via HIF-1-induced expression of
SDF-1. A middle cerebral artery occlusion model for brain ischemia was
used by Wang et al.[89] to show that in MSCs expression of CXCR4 is
also hypoxia-inducible. The authors demonstrated that migration of green
fluorescent protein (GFP)-labeled MSCs to ischemic brain regions could be
blocked by AMD3100, a CXCR4-specific antagonist. SDF-1 mRNA peaks
after 3-5 days in ischemic cardiomyocytes.[103] Interestingly, the surface
expression of CXCR4 diminishes with serial passages in vitro,[104, 105]
while the intracellular majority of this receptor may be mobilized to the cell
surface upon hypoxic stimulation. Targeting the expression of these two
molecules might be a promising route to facilitate the therapeutic effects
of MSCs in regenerative medicine.

146



Chapter 6

Discussion

As with other cell types, there is no doubt that there are definite effects
of hypoxia on MSC behavior.[19] Unlike some cell types, MSCs can
survive hypoxic environments for several days by upregulating survival
pathways and increasing glycolytic metabolism. Cell numbers are also
increased when proliferating under low oxygen tension. Additionally,
differentiation into different mesenchymal lineages can be enhanced by
culture under some hypoxic conditions, but effects seem to depend on
various conditions like exact oxygen tension, time in culture, and the use
of hypoxic preculture. Finally, hypoxic conditions enhance the paracrine
role of MSCs by altered trophic factor release and it also plays an import
role in mobilizing MSCs and recruiting them to sites of injury. Clearly,
hypoxia plays a crucial role in many aspects of MSC culture and therapy,
but lack of consensus remains, especially when hypoxia is considered
for differentiation. There are many considerations that can lead to this
lack of consensus on findings. For example, the obvious consideration is
choice of oxygen tension. Many researchers use atmospheric oxygen as
the control but that is where the similarity ends. Fink et al. used a range
of tensions (1%, 2%, 3%, 4%, and 6%) as did D’lppolito et al. (1%, 3%,
5%, 10%, and 21%). Most other researchers use a single, defined oxygen
tension for the duration of their study.[20, 42, 43, 46, 60, 62-67, 69, 73]
Interestingly, some studies also used oxygen chelation methods or sealed
chambers, which result in continuously reducing oxygen levels until anoxia.
[44, 74] Other reasons for the discrepancies observed in the differentiation
potential include different serum concentrations and preculture conditions
used, duration of hypoxia, and whether differentiation was assessed
under hypoxic conditions or in atmospheric oxygen. Source of the
MSCs might have a large effect on the outcome of such experiments.
Donor age, for example, can have a clear effect, as young MSCs were
reported to respond better to anoxia and were more capable of continuing
upregulation of angiogenic genes after reoxygenation than old MSCs.
[106] Regardless of discrepancies, it is clear that oxygen tension is a vital
consideration in MSC biology and application. It is important to note that
almost all pO2 measurements, if made, were in the gas phase and will not
accurately represent the oxygen tension experienced by the cells. Due to
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technical limitations (previously described in Refs.[19, 22]) it is difficult to
determine the exact oxygen tension experienced by cells in culture. In
monolayer culture the oxygen has to diffuse through the culture medium
to reach the cells, which causes lower oxygen tensions near the cell
surface than those controlled in the incubator. This is demonstrated by
Fink et al., who showed a pO2 reading of 0.14% at the cell surface when
the oxygen tension was 1% in the gas phase. Similarly, the pericellular
oxygen tension was 15.1% in a culture under ambient air (21% p02).[72]
This problem is aggravated in three-dimensional culture where diffusion
limitations are even more severe, especially when matrix production
increases the construct’s density. Although the discrepancy between pO2
in the gas phase and liquid phase is obvious, it is important to note that
it depends on several factors like the height of the medium above the
cells, temperature, and mixing. Therefore, oxygen tension control (or at
least measurements) should be performed in the liquid phase to ensure
that the given oxygen tension accurately reflects the pO2 experienced by
the cells. Additionally, large fluctuations in oxygen tension can occur if
standard culture procedures are not performed under controlled oxygen
tension. Consequently, medium changes and passaging should be done
using preequilibrated medium in dedicated pO2-controlled flow hoods
to avoid fluctuations in pO2 during culture, since all these factors can
contribute to the variations and contradictions found within the literature.
As a result, the culture system and control method always need to be
considered when interpreting data on oxygen tension. In the future, a
standardized protocol for hypoxic culture might lead to more consensus
on the effect of hypoxia in MSC culture.

Conclusion

In this review we discussed the role of hypoxia on MSCs for regenerative
medicine. Hypoxic culture of MSCs will play an important role in future
strategies for regenerative medicine because it can enhance proliferation
and differentiation. Additionally, hypoxic preconditioning of MSCs before
implantation and associated hypoxia-conditioned medium can improve
cell survival in vivo, which has significant effects on long-term effectiveness
of MSC therapy. As the pathways involved in the various aspects of MSC
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culture are unraveled, optimal protocols for regenerative cell therapy will
move ever closer. Manipulating cell behavior through control of oxygen
tension will have a prominent place in these protocols. The ability to culture
cells and enhance their rate of proliferation, differentiation potential, and
in vivo survival simply by lowering oxygen tension offers exciting new
potential for the field of tissue engineering. The possibility of positively
altering cell behavior on this scale without the use of additional growth
factors, viruses, or other nonclinically relevant agents should attract the
interest of many researchers aiming to bring regenerative medicine closer
to the clinic.
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Discussion

A successful, long-term treatment for cartilage defects and osteoarthritis is
still a major unmet clinical need. Despite numerous attempts with various
cell- and biomaterial based solutions, there currently is no treatment to truly
restore cartilage functionality. Autologous chondrocyte implantation is still
the gold standard cell-based solution, although alternatives are clinically
available, such as INSTRUCT from CellCoTec. While the short-term
success of these new approaches can be encouraging, long-term effects
are often not superior to ACIl. While ACI and matrix assisted chondrocyte
implantation (MACI) provide significant improvements in histological and
clinical outcome compared to microfracture [1], major advancement can
yet be made by optimizing these procedures. Any cell based approach for
cartilage repair benefits from using cells that are optimally suited to perform
their function after reimplantation. To achieve this, it is imperative that the
culture parameters in vitro are tailored to provide the best environment for
cells. This thesis explored the impact that different parameters can have
when attempting to redifferentiate chondrocytes or obtain cells with the
best chondrogenic potential.

The chondrocyte residing in articular cartilage has long been acknowledged
to have mechanosensitive properties [2-6]. Since cartilage is loaded and
unloaded on a daily basis, it is not surprising that chondrocytes seem to
be able to respond to deformation of their environment (and consequently
themselves). Although normal, physiological loading is thought to be a
prerequisite for the maintenance of a healthy cartilage joint [7], this is not
so apparent for chondrocytes that have an altered physiological state.
Chondrocytes from diseased joints, as well as those that have shifted their
phenotype as a result of in-vitro culture expansion, respond differently to
changes in their mechanical environment than chondrocytes from healthy
cartilage. Chapter 2 shows that expansion of human articular chondrocytes
clearly alters their response to mechanical stimulation. As a consequence,
when evaluating the effects of mechanical loading on chondrocytes, not
only does the mechanical environment have to be accurately defined,
the cells themselves need to be properly characterized to be able to put
results of loading experiments in a correct light.

Bioreactor technology is able to provide such an accurately defined
mechanical environment, allowing them to simulate in-vivo processes.
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However, the mechanical environment of the chondrocyte in vivo is
complex and not defined solely by one type of loading. An intricate
interplay of hydrostatic pressure, compressive loading and shear makes
up the mechanical environment of the chondrocyte in articular cartilage [8,
9]. Various bioreactor designs have been employed to evaluate the effects
of these loading conditions, either individually or a combination, using
more complex systems. The effects of these loading conditions appear
to be anabolic in terms in ECM production, but only where they concern
physiological loading of primary chondrocytes from healthy tissue [2], as
high impact loading is regarded to be detrimental. In fact, the effects of
physiological loading even vary with the location of origin of the healthy
chondrocytes. Chondrocytes harvested from the superficial zone, for
example, respond differently to shear forces than those residing in the
deeper zones of cartilage [10], which can be attributed to their exposure
to these forces in vivo. With different responses to loading occurring even
within the population of healthy chondrocytes, it should not be surprising
that these responses also differ when chondrocytes are harvested from
diseased tissue.

It is well established that loading representing non-physiological, injurious
type situations can induce OA-like changes in primary chondrocytes [11-
14].What exactly constitutes a non-physiological load depends again on
the origin of the chondrocyte. The knee joint is loaded on a daily basis,
but the forces that it has to withstand vary with location. For this reason,
chondrocytes for ACI procedures are harvested from cartilage from non-
loadbearing regions of the tissue. The ability of these chondrocytes to
cope with a more challenging loading environment is further compromised
by expansion culture, as shown in Chapter 2 of this thesis. Mechanical
loading is often used to direct the differentiation of chondrocytes in three-
dimensional constructs. However, it appears difficult to establish the
optimal loading protocol that results in the highest anabolic response for
such constructs, especially when that response depends so heavily on
the exact phenotype of the cell.

Looking at the literature on mechanical loading of 3D construct, it is clear
exactly how difficult it is to find a protocol that accurately represents the
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in-vivo situation. Mechanical loading in vivo can be divided into several
components. Hydrostatic pressure, compressive loading and shear all play
arole in the daily loading of cartilage and as such should all be considered
when attempting to mimic the physiological situation using bioreactors.

Hydrostatic pressure might be the easiest form of loading to mimic in vitro.
A range of 7 to 10 MPa is considered to be physiological and intermittent
loading in this range has been shown to promote matrix synthesis in
various experimental designs [15]. However, increased apoptosis was
found in intermittently loaded constructs that made use of osteoarthritic
human chondrocytes[16], again highlighting the difficulty of translating
studies across species and between pathological states.

Uniaxial compressive loading using bioreactor systems can mimic the
direct contact between joint surfaces during gait. For articular cartilage
of the major weight bearing joints (such as knees and ankles), average
loadings of approximately 0.5 to 7.7 MPa and average compression
amplitudes of more than 13% have been measured during normal daily
movements [15, 17-19]. The way this loading is sensed by the cells
depends heavily on the type of material that is used to construct the 3D
environment and the way the cells interact with this material, but several
papers for both chondrocytes [3, 20, 21] and MSCs [22-24] claim a
positive effect on chondrogenic gene expression and GAG synthesis for
10% compression at 1 Hz.

Efforts have been made to more accurately mimic the in-vivo situation
using complex bioreactor systems that can apply several forms of loading
simultaneously. A combination of compression and shear can be used to
mimic deformation during various stages of joint loading, but it is difficult
to establish the degree to which this loading represents in vivo processes.
Deformations and loads at different locations (e.g. medial vs. lateral tibial
plateau) vary even in the same load cycle [25, 26]. Therefore, recapitulating
in vivo loading using bioreactor technology appears too complex for
regenerative medicine approaches. While the mimicking approach can
serve a purpose in predicting (patho)physiological processes using
well-defined chondrocytes/cartilage, the complexity limits the uses for
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therapeutic applications.

The environment of the chondrocyte is not only mechanically challenging.
Chondrocytesareexposedtoenvironmentalchallengesinbothphysiological
and pathophysiological conditions. Due to the lack of vascularization in
cartilage, parameters such as oxygen tension and pH are uncommonly
low even in a healthy joint. Chondrocytes are exceptionally adapted to
this hostile environment, but being able to survive in an oxygen-deprived,
acidic environment is only the first step. Within this environment, the cells
need to maintain a functional extracellular matrix. While this might already
be challenging in a healthy joint, joint disease such as osteoarthritis will
aggravate the situation by lowering these parameters even further. While,
or because, they are challenged with an increasingly hostile environment,
chondrocytes undergo phenotypical changes that alter their ability to
cope with this environment. In this thesis we have shown how new tools
in cell culture can shed light on the way these changes affect fundamental
aspects of chondrocyte physiology.

Hypoxia is by far the most investigated environmental parameter is
cartilage, with pH and osmolarity receiving only limited attention. There is
ample evidence that culture at low oxygen tensions (i.e. oxygen tensions
that more closely resemble the in vivo situation than standard culture
conditions) can have a positive effect on the ECM production of both
primary chondrocytes [27, 28] and mesenchymal stem cells [29, 30].
Hypoxia can also be employed to steer dedifferentiated chondrocytes
(due to expansion) back towards a chondrocyte phenotype, which can be
used to prime cells before implantation. Again it is important to distinguish
between the effect that hypoxia has on healthy, primary cells and on cells
that are phenotypically different. Describing these differences will aid in
understanding the process of dedifferentiation. Some headway has been
made in understanding the biology behind the positive effects of hypoxic
culture [31-33], but mechanisms remain to be fully unraveled. Many
effects appear to be related to HIF-2a dependent signaling via SOX9
[33], but other processes occur independent of this pathway. Moreover,
several signaling pathways might work in concert. Chapter 4 of this thesis
highlights one particular cellular mechanism of hypoxia in redifferentiating
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chondrocytes that plays a role in ECM expression. TGF-f is critically
involved in various cartilage-related processes. Notably, TGF-f3s and their
receptors play a role in chondrocyte proliferation and differentiation [34-
38], maintain articular cartilage in a prehypertrophic state by repressing
terminal differentiation [39], and direct undifferentiated MSCs towards the
chondrogenic phenotype [40, 41]. Hypoxia was already known to affect
the expression of TGF-B(2) in other cell types [42, 43] and in healthy bovine
chondrocytes during hypoxia/reoxygenation [44]. In redifferentiating
chondrocytes the expression of TGF-B2 and its type | receptors was
upregulated under hypoxia, resulting in increased expression of COL2
and SOX9, important markers for the chondrocyte phenotype. Clearly,
this cell signaling pathway could be manipulated using an environmental
stimulus. Identifying the effect of environmental stimuli, not only on ECM
products, but also on cell signaling pathways that govern their expression,
will reveal new avenues to enhance the outcome of (cell based) therapies.

However, limiting the degree of dedifferentiation during expansion, rather
than enhancing consecutive redifferentiation, should be a prime concern
for cell based therapies for cartilage repair that require large cell numbers.
Controlling environmental parameters during the expansion culture can
help achieve this goal. Chapter 5 demonstrates the effect that elevated
osmolarity has on the expression of chondrocyte-specific markers during
expansion culture. In addition, employing low oxygen tensions only during
the expansion phase also improves the chondrogenic potential for MSCs
and stimulates redifferentiation of chondrocytes [45-47]. It would be
interesting to examine how expansion under these altered environment
affect the cell’s response to mechanical stimuli. In this case, mechanical
loading using bioreactor technology can be used as a screening tool to
predict the cell’s function in vivo after reimplantation, rather than a way of
priming cells before implantation.

When investigating the effect of these parameters, it is important to keep in
mind that, as demonstrated in Chapter 3, effects of the different parameters
depend on each other. Other examples for these interactions can also
be found in literature. For example, the ability to regulate intracellular
pH recovery in articular chondrocytes is affected by hypoxia [48] and a
combination of low pH and high osmolarity had negative effects on the
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survival and expression of ECM components in adipose derived stem
cells in a model for intervertebral disk regeneration [49]. These findings
make a strong case for the need to describe the total environment during
cell culture, or when attempting to model pathophysiological conditions
in vitro. Similar to the biomechanical environment, the physiochemical
environment is complex. However, unlike the biomechanical environment,
the physiochemical environment is relatively easy to manipulate. Innovative
bioreactor systems, such as those described in Chapter 3, allow for the
investigation of effects of the culture environment in a controlled manner.
The ability to accurately control all relevant culture parameters individually
is indispensable when investigating isolated effects. Semi-high throughput
bioreactors have the added advantage of screening multiple conditions
within one experiment, something most bioreactors lack due to their
inherent complexity. Coupling this (semi-)high throughput screening with
Design of Experiment analytical approaches creates a powerful tool to
examine cell responses to and interactions of the various environmental
parameters.

It is clear from this work and literature that various types of stimulation can
be used to enhance the chondrogenic potential of cells that are used for
therapy in cartilage repair. Bioreactors that control the mechanical and/
or physiochemical environment of cells in culture can direct cell function.
Elaborate systems can be envisioned that incorporate all these stimuli
into one bioreactor for an optimal pre-culture of cells before implantation.
However, the road to clinical application of cell based therapies is not only
challenging from a scientific view point, in the end any therapy needs to
be practicable. Consequently, logistic and regulatory considerations play
a large role in the translation of fundamental research to clinical practice.
The need for cell expansion and especially the use of cell-scaffold
interactions complicates both. The logistics involved in transportation
of cells and operator involvement for elaborate protocols increase cost,
risk and efficacy of such approaches (cell expansion is considered an
extensive manipulation according to EU directive 1394/2007, which
causes cells produced for such therapies to be labeled as Advanced
Therapy Medicinal Products (ATMPs)). Minimizing the complexity of the
culture procedure while maximizing the chondrogenic potential favors the
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use of environmental parameter control rather than mechanical loading,
due to the intricate nature of the latter. Therefore, rather than employing
mechanical loading bioreactors as a tool to direct extracellular matrix
production, they might be used as a screening tool to predict the in vivo
function after reimplantation.

The use of environmental parameters as a method to direct cell function,
beyond chondrocytes, reveals its potential for other cell types. Chapter
6 explores the use of hypoxia to direct MSC differentiation, survival,
proliferation and trophic factor release. Current literature does not yet give
a clear picture of its effect, but it is evident that oxygen tension is an
important aspect in MSC culture, since it can affect the potency of a cell
therapy product, whatever the mechanism of action (immunomodulation,
secretion of factors, or direct differentiation). This is an important
consideration, since the use of MSCs for cell therapy applications is
becoming more wide-spread, as the number of clinical trials increases
(from clinicaltrials.gov). Since in-vitro culture, which is needed to reach
the clinical cell numbers needed for such therapies, induces phenotypical
changes that can affect the therapeutic potential [50], and requires
optimization for specific applications. Depending on the mechanism of
action of the cell therapy, it might be required to recapitulate the original
stem cell niche [51], most likely using bioreactors for environmental control,
to ensure the cells reach/maintain their full therapeutic potential. However,
maintaining cells in physiological environments is not the only use for cell
manipulation. Stunningly, using environmental manipulation, Obokata
et al. [52, 53] showed that "epigenetic fate determination of mammalian
cells can be markedly converted in a context-dependent manner by
strong environmental cues" [52]. Their use of parameters that lie outside
the physiological range, such as the use of sub-lethal low pH treatment,
to reprogram cells to a pluripotent state, truly reveals the untapped
potential of environmental stimulation. The derivation of pluripotent cells
from not only purified lymphocytes, but various other cell types including
chondrocytes, shows that fate determination can be converted. This has
obvious implications for future lines of research in which environmental
control will play a significant role, since cells with a pluripotent phenotype
are currently only available from ethically sensitive material (embryonic
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stem cells) or through laborious manipulation (induced pluripotent stem
cells). Simplified creation of cell lines through environmental stimulation
could accelerate research and subsequent development of therapy.

It is clear from that environmental stimulation can play a significant role
in both experimentation, to understand (patho)physiological processes,
and production of cell therapies, to maximize therapeutic potential. For
chondrocytes, this thesis describes effects of mechanical stimulation,
hypoxia, pH and osmolarity, in an attempt to further optimize chondrocyte
culture. Future work, exploring combined effects and interdependencies,
should lead to further optimization of parameters for (chondrocyte) cell
culture.
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Gewrichtskraakbeen is een glad, wit weefsel dat zorg draagt voor de
soepele en wrijvingsloze beweging van gewrichten. Bovendien functioneert
het als een schokdemper die bij belasting de krachten gelijkmatig verdeelt
over onderliggende botten.

Gewrichtskraakbeen bestaat voor het grootste deel uit relatief weinig
componenten. Glycosaminoglycanen zijn negatief geladen en trekken
daarom veel water aan, wat ervoor zorgt dat het weefsel zwelt. Kraakbeen
bestaat dan ook voor een groot deel uit water. Deze zwelling wordt
voornamelijk tegengegaan door de aanwezigheid van collageenvezels
(type Il). Het weefsel wordt bovendien onderhouden door slecht één
celtype, de chondrocyt. Ondanks dat gewrichtskraakbeen uit zo weinig
componenten bestaat is het lichaam niet goed in staat het te repareren.
Het is daarom ook een weefsel dat veel aandacht heeft in het veld van
tissue engineering dat gebruikt maakt van een combinatie van cellen, (bio)
materialen en groeifactoren om zo buiten het lichaam een vervangend
weefsel te produceren.

Er zijn veel manier om celgroei in een kweekomgeving te beinvioeden. Eén
van die manieren is om die kweekomgeving zelf te veranderen. Hiervoor
kunnen bioreactoren gebruikt worden. Met behulp van deze apparaten
kunnen cellen mechanisch belast worden, of kan de zuurstofspanning
en pH van de kweekongeving nauwkeurig gecontrolleerd worden. Met
behulp van deze manipulatie wordt celgedrag beinvioed, waardoor een
beter kweekresultaat verkregen kan worden.

Inhetlichaamwordtkraakbeen constantbelastdoordagelijkse bewegingen.
In gezond kraakbeen helpt deze belasting bij het in stand houden van de
integriteit van het weefsel; chondrocyten reageren op de belasting door
structurele eiwitten (zoals proteoglycanen en type Il collageen (COL2)) aan
te maken. Chondrocyten uit osteoarthrotisch kraakbeen, of chondrocyten
die in vitro gekweekt zijn, reageren echter anders op deze belasting. In
hoofdstuk 2 van dit proefschift wordt op genexpressie niveau gekeken
naar de reactie van chondrocyten op belasting. Wanneer chondrocyten
uit osteoarthrotisch kraakbeen opgekweekt worden en vervolgens belast,
dan is de en expressie van de belangrijkste structurele eiwitten, AGCN en
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COL2, verlaagd, terwijl de expressie van degraderende enzymen, MMP1
en -3, juist verhoogd is. In tegenstelling tot primaire chondrocyten, die een
meer anabole respons lieten zien met een opregulatie van de genexpressie
van AGCN en COL2. Gedeeltelijke redifferentiatie zorgt ervoor dat de
genexpressie van AGCN en COL2 als gevolg van mechanische belasting
minder verlaagd is. De resultaten van deze studie hebben implicaties
voor het expansieproces dat gebruikt wordt in autologe chondrocyt
transplantatie alsmede het behandelplan van patiénten die behandeld zijn
met geéxpandeerde chondrocyten.

Gewrichtskraakbeen bevat geen bloedvaten voor de aanvoer van zuurstof
en de afvoer van afvalstoffen. De chondrocyten bevinden zicht daarom
in een omgeving waar de zuurstofspanning (pO2) en pH lager zijn dan
normaal (dwz dan in plasma). Hoofdstuk 3 onderzoekt de invloed die deze
omgevingsparameters hebben op chondrocyten in kweek. Met behulp van
een nieuwe bioreactor werd onafhankelijk gekeken naar de de effecten van
pH en pO2 op de genexpressie, het metabolisme en groeifactor (VEGF)
productie van geredifferenti€erde chondrocyten. Wanneer de pO2 laag
wordt gehouden (5%) en de pH gevariéerd binnen een fysiologisch bereik
(6.4-7.4) kon worden aangetoond dat de expressie van enkele belangrijke
marker genen sterk afhankelijk is van pH. De expressies van collageen
type I, SOX9 en VEGF werden significant geinhibeerd bij lagere pH onder
5% p02. Ook een lage pO2 had onder physiologisch neutrale pH (7.4)
een inhiberend effect of genexpressie van collageen type I, terwijl HIF1a
expressie lager en VEGF expressie hoger was onder lage pO2. Op eiwit
niveau was het inhiberende effect van lage pH en hoge pO2 op VEGF ook
aantoonbaar.

Deeffectenvanextracellulaire pHwarennietalleenop eiwit-engenexpressie
niveau duidelijk, ook het metabolisme van de cellen is erdoor beinvioed.
Onder lage pH (onder zowel hypoxische als normoxische condities)
consumeerden chondrocyten minder glucose en produceerden ze minder
lactaat, wat wijst op een verandering van het metabolisme (inhibitie
van de oxydatieve phosphorylering en een toename van anaerobische
energie productie). Het gebruik van bioreactoren om de omgeving van
cellen nauwkeurig te controleren stelt ons in staat onafhankelijke effecten

175



Nederlandse samenvatting

van omgevingsparameters te bestuderen. Dit helpt ons niet alleen bij het
beter kweken van weefsel voor regeneratieve therapieén, maar ook bij het
bestuderen van de effecten in het ontstaan en de progressie van ziekten
zoals OA.

Eén van die effecten, lage zuurstofspanning in redifferentiatie, wordt
onderzocht in hoofdstuk 4. Chondrocyten bevinden zich in het lichaam
in een omgeving van lage zuurstofspanning. Een lage pO2 wordt daarom
vaak in verband gebracht met het behoud van, of differentiatie richting,
het chondrocyt phenotype. Een verhoogde expressie van collageen
type Il onder hypoxia is hiervan het gevolg. De groeifactor TGF-B is al
geruime tijd bekend als een belangrijke factor in chondrogenese. In dit
hoofdstuk wordt de rol van hypoxia op de TGF-B celsignaling route in
redifferentiérende chondrocyten onderzocht. Hypoxia verhoogt de
expressie van de B2 isovorm van TGF, terwijl de expressie van de B1 en
-3 isovormen onveranderd blijft. Tevens is de expressie van de TGF-f
receptren verhoogd onder hypoxia. Chemische inhibitie van celsignaling
via de TGF-B receptor onder hypoxia, of knockdown van TGF-p2
expressie met siRNA toont aan dat signalering van TGF-2 cruciaal is
voor de verhoogde COL2 expressie onder lage pO2.

Niet alleen zuurstofspanning en pH kunnen chondrocyten beinvioeden.
De toniciteit (dwz de osmotische druk) van kraakbeen heeft eveneens een
belangrijke invloed op chondrocyten. De toniciteit van kraakbeen in het
lichaam is hoger dan dat van plasma en van standaard kweekmedium.
De effecten van een verhoogde osmolariteit op het kweekproces van
chondrocyten en de onderliggende mechanismen worden onderzocht in
hoofdstuk 5. Standaard kweekmedium heeft een osmolariteit van circa
280 mOsm. In dit hoofdstuk wordt aangetoond dat chondrocyten die bij
een hogere, voor chondrocyten physiologische, osmolariteit (380 mOsm)
gekweekt worden een hogere expressie van de chondrogene marker
COL2 behouden, terwijl de expressie van de dedifferentiatiemarker
COL1 onderdrukt wordt, vergeleken met kweken bij 280 mOsm.
De proliferatiesnelheid wordt echter niet beinvioed door de hogere
osmolariteit, wat duidt op een beter behoud van het chondrocyt phenotype
onder 380 mOsm. Nog hogere osmolariteit is daarentegen slecht voor
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de chondrocyten; proliferatie onder 480 mOsm is sterk vertraagd en
580mOsm leidt tot celdood. De transcriptie factor NFAT-5 (nuclear factor
of activated T-cells 5) blijkt een cruciale rol te spelen in dit proces. Inhibitie
van NFAT-5 met behulp van siRNA onderdrukt de inductie van COL2
expressie onder 380 mOsm, terwijl COL1 expressie verhoogd was ten
opzichte van de controle condities. Deze resultaten tonen aan dat ook
osmolariteit een krachtige parameter is die het chondrocyt phenotype
beinvloedt in kweek.

Het gebruik van stamcellen voor de regeneratie van weefsels biedt een
interessant alternatief voor het gebruik van lichaamseigen cellen uit
het aangedane weefsel. Mesenchymale stamcellen (MSCs) zijn in staat
te differentiéren naar bot, vet en kraakbeen en zijn daarom uitermate
veelbelovend als alternatief voor kraakbeen regeneratie. Hoofdstuk 6
reviewt daarom de effecten van hypoxia op deze cellen. Hoewel er nog
een gebrek aan consensus is over de exacte effecten van hypoxia op
MSCs (als gevolg van het grote verschil in experimentele opzetten) lijken
deze cellen goed in staat zich aan te passen aan een omgeving met lage
zuurstofspanning. Ze zijn en staat te overleven onder lage zuurstofspanning
en indien de zuurstofspanning niet te laag wordt lijkt het zelfs proliferatie
te stimuleren. Hypoxia kan in sommige gevallen ook direct de differentitie
van cellen beinvlioeden, de onderliggende mechanismen hiervan zijn
echter nog niet bekend. Tenslotte heeft zuurstofspanning ook nog effect
op de paracriene effecten van MSCs en op het recruteren van MSCs
in de bloedbaan. Het gebruik van hypoxia om celgedrag te beinvioed,
in plaats van te vertrouwen op groeifactoren, medicijnen of genetische
manipulatie, biedt interessante mogelijkheden voor onderzoekers die de
mogelijkheden van regeneratieve geneeskunde sneller naar de kliniek
willen brengen.

In dit proefschrift onderzochten we verschillende omgevingsfactoren;
mechanische belasting, zuurstofspanning, pH en toniciteit, en hun rol in
celkweek voor kraakbeenvervangende therapieén. Het is duidelijk dat deze
factoren een sterke rol spelen in het celkweekproces. Een goede controle
van deze factoren gedurende dit proces, bijvoorbeeld door gebruik van
bioreactoren, zal ons in staat stellen om de uitkomst van het kweekproces
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beter te beheersen. Eveneens kan deze controle gebruikt worden om
de pathogenese van multi-factoriéle aandoening zoals osteoarthrose te
onderzoeken.

178



Chapter 9

English summary
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Articular cartilage is a smooth, white tissue that is responsible for the
smooth and frictionless movement of joints. It also functions as a shock
absorber that distributes load evenly over the underlying bones.

Articular cartilage consists of relatively few main components.
Glycosaminoglycans are negatively charged and therefore attract a lot of
water, which causes the tissue to swell. As a result, the main component of
cartilage is water. This swelling is mainly counteracted by the presence of
(type Il) collagen fibers. In addition, the integrity of the tissue is maintained
by only one cell type, the chondrocyte. Despite the fact that articular
cartilage has few main constituents, it is an incredibly complex tissue that
is not able to repair itself correctly. Consequently it is a tissue that has
received a lot of attention in the field of tissue engineering, which uses a
combination of cells, (bio)materials and growth factors to produce ex-vivo
generated tissues.

There are many ways to influence cell growth in a culture environment.
One of those ways is by directly altering this environment. This can be
done with the aid of bioreactors. For example, bioreactors are able to
mechanically load cells, or precisely control the oxygen tension and pH of
the culture environment. Through the use of these manipulations, cells can
be affected in such a way as to obtain better culture results.

In vivo cartilage is constantly loaded due to daily movements. In healthy
cartilage this loading helps to maintain the integrity of the tissue;
chondrocytes respond to the load by synthesizing structural proteins
such as proteoglycans and type Il collagen (COL2). Chondrocytes from
osteoarthritic cartilage, or chondrocytes that have been cultured in
vitro, respond differently to this loading. In chapter 2 of this thesis we
examined the results of loading on chondrocytes in different stages of
(de)differentiation on gene expression level. When chondrocytes from
osteoarthritic cartilage are cultured and then loaded, the expression of
the structural proteins, AGCN and COL2, is lowered, while the expression
of matrix degrading enzymes, MMP-1 and -3, is upregulated. In contrast,
primary chondrocytes show a more anabolic response to loading,
including upregulation of AGCN and COL2. Partial redifferentiation
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causes a reduction in the downregulation of the gene expression of
AGCN and COL2 in response to loading. These results have implications
for the expansion procedures that are used in autologous chondrocyte
transplantation and for the design of treatment plans of patients treated
with cultured chondrocytes.

Articular cartilage does not contain any blood vessels for the supply of
oxygen and the removal of waste products. Chondrocytes therefore exist
in an environment where oxygen tension (pO2) and pH are lower than
normal. In chapter 3 the effect of these environmental parameters on
chondrocytes in redifferentiation culture is examined. With the aid of a
novel bioreactor system we looked at the independent effects of oxygen
tension and pH on gene expression, metabolism and growth factor
(VEGF) production of redifferentiated chondrocytes. When the pO2 was
maintained at 5% and the pH was varied over a physiological range (6.4-
7.4) it was shown that the expression of several important marker genes
varies strongly with extracellular pH. The expression of collagen type |,
SOX9 and VEGF were strongly inhibited by low pH at 5% pQO2. A low pO2
also has an inhibiting effect on the gene expression of COL1 at neutral pH
(7.4), while the expression of HIF-1a and VEGF is upregulated under low
pO2.

The inhibiting effect of low pH and high pO2 was also demonstrated on
protein level through ELISA. The effects of the extracellular pH on the cells
are not only apparent on gene and protein level. It also affects the cell’s
metabolism. At low pH (at both hypoxic and normoxic condition) cells
consumed less glucose and produced more lactate, which indicates an
inhibition of the metabolism. The use of bioreactors to accurately control
the culture environment of cells allows us to more accurately study the
independent effects of various environmental parameters. This will benefit
not only our cell culture efforts for regenerative therapies, but also enables
studying these parameters in the pathogenesis of progressive diseases
such as OA.

One of these parameters, low oxygen tension in redifferentiation, is further
examined in chapter 4. In vivo chondrocytes exist in an environment
of low oxygen tension. A low pO2 is therefore often associated with a
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maintenance of, or differentiation towards, the chondrocyte phenotype.
An elevated expression of collagen type Il is the result. The growth factor
TGF-B has long been known for its important role in chondrogenesis. In
this chapter the role of hypoxia on TGF-B cell signaling is examined in
redifferentiating chondrocytes. Hypoxia upregulates the expression of the
B2 isoform of TGF, while the expression of the 1 and B3 isoforms remains
unaltered. Expression of the receptors for TGF-f is also upregulated under
hypoxia. Chemical inhibition of TGF-3 receptor mediated cell signaling, or
knockdown of TGF-B2 using siRNA, shows that signaling via TGF-B2 is
crucial for elevated COL2 expression under low pO2.

Not only oxygen tension and pH affect chondrocytes. The tonicity (i.e.
osmotic pressure) in cartilage also has a profound effect on chondrocytes.
The tonicity of cartilage is higher than the tonicity of plasma and standard
culture medium. The effects of an elevated osmolarity on the culture
process of chondrocytes and the underlying mechanisms are examined
in chapter 5. Standard culture medium has an osmolarity of 280 mOsm.
In this chapter it is shown that chondrocytes that are cultured at a
higher, for chondrocytes physiological, osmolarity (380 mOsm) retain a
higher expression of the chondrocyte marker COL2, while expression of
the dedifferentiation marker COL1 is suppressed, compared to culture
at 280 mOsm. The rate of proliferation is not affected by the difference
in osmolarity, which indicates a better retention of the chondrocyte
phenotype at 380 mOsm. Even higher osmolarities inhibit proliferation
(i.e. at 480 mOsm) and 580 mOsm causes cell death. The transcription
factor NFAT-5 (nuclear factor of activated T-cells) plays a crucial role in this
process, as inhibition of NFAT-5 using siRNA supresses the induction of
COL2 expression under 380 mOsm, while COL1 expression is upregulated
compared to control conditions. These results show that osmolarity is
another potent parameter that influences the chondrocyte phenotype in
culture.

The use of stem cells for tissue regeneration offers an interesting alternative
for the use of autologous chondrocytes. Mesenchymal stem cells (MSCs)
have the ability to differentiate towards bone, fat and cartilage and are
therefore especially promising as an alternative for cartilage regeneration.
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Chapter 9

Chapter 6 reviews the effects of hypoxia on these cells. Although there
remains a lack of consensus on the effects of hypoxia on MSCs (due
to the large variation in experimental procedures) it appears clear that
these cells are well able to adapt to hypoxia. They can survive low oxygen
tensions for prolonged time periods and, if the oxygen tension does not
drop too low, it even appears to support their proliferation. In some cases
hypoxia directly affected MSC differentiation, although the underlying
mechanisms have yet to be elucidated. Finally, hypoxia also affects the
paracrine activity of MSCs and their recruitment to the site of injury. The
ability to culture cells and enhance their rate of proliferation, differentiation
potential, and in-vivo survival simply by lowering oxygen tension offers
exciting new potential for tissue engineering. The possibility of positively
altering cell behavior on this scale without the use of additional growth
factors, drugs or genetic manipulation should attract the interest of many
researchers aiming to bring regenerative medicine closer to the clinic.

In this thesis we investigated various environmental parameters;
mechanical loading, oxygen tension, pH and tonicity and their roles in
cell culture for cell-based cartilage replacement therapies. It is clear that
these parameters have a strong effect on the entire culture process. Strict
control of these parameters during culture, through the use of bioreactors,
will allow us to better control the outcome of the cell culture process and
as a result improve the effectiveness of cell-based therapies in cartilage
replacement. Additionally, the strict and independent control can be
employed to study the pathogenesis of multi-factorial diseases such as
osteoarthritis.
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Abbreviations

ACI Autologous chondrocyte implantation
ACAN Aggrecan

ATP Adinosine triphosphate

Bax Bcl-2 associated X protein

Bcl-2 B-cell lymphoma 2

cDNA Complementary DNA

CcOoL1 Collagen type |

coL2 Collagen type I

COL10 Collagen type X

CS Chondroitin sulfate

CX3XR1 CX3C chemokine receptor

CXCR4 C-X-C chemokine receptor type 4
DMEM Dulbecco's modified Eagle medium
ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid
ELISA Enzyme-linked immunosorbent assay
EPO/EPOR Erythropoietin/ Erythropoietin receptor
ERK Extracellular signal-regulated kinase
FCD Fixed charge density

FGF Fibroblast growth factor

GAG Glycosaminoglycan

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GFP Green fluorescent protein

Gly Glycine

HA Hyaluronic acid

HAS Hyaluronan synthase
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HB-EGF Heparin-binding EGF-like growth factor

HIF Hypoxia inducible factor

HUVEC Human umbilical vein endothelial cell

IFN-y Interferon-y

IGF Insulin-like growth factor

IL Interleukin

KS Keratan sulfate

MACI Matrix-induced autologous chondrocyte
implantation

MCP Methyl-accepting chemotaxis protein

MMP Matrix metalloproteinase

mRNA Messenger RNA

MSC Mesenchymal stem cell

OA Osteoarthritis

Oct-4 Octamer-binding transcription factor 4

PBS Phosphate buffered saline

PID Proportional-integrative-derivative

pO, Partial oxygen pressure

PRG-4 Proteoglycan-4/superficial zone protein

p38-MAPK p38-Mitogen activated protein kinase

gPCR Quantitative polymerase chain reaction

rpm Revolutions per minute

RT-PCR Reverse transcription polymerase chain reaction

SDF-1a Stromal-cell derived factor 1a

SOX9 SRY (sex determining region Y)-box 9

TGF Transforming growth factor

TNF Tumor necrosis factor

VEGF Vascular endothelial growth factor
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