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Abstract

The development of smart biomaterials which trigger the differentiation of progenitor cells towards a
desired linecage continues to pose a challenge for the material science and tissue engineering
communities. In order to design such materials, a better understanding of cell-material interactions as
well as knowledge of the key physico-chemical parameters responsible for the determination of cell
fate are essential. Bioactive glasses are attractive materials for osteochondral repair applications and are
known to impact cell behaviour. Characteristically, bioactive glasses modify their local ionic
microenvironment by releasing therapeutic ions when introduced in biological fluids. Such bioactive

glass extracts have been shown to trigger specific biological responses in vitro and in vivo.

This thesis explores the influence of key bioactive ion species within bioactive glass dissolution

products on the behaviour of human mesenchymal stem cells (hMSCs).

Firstly, the effect of strontium ions within bioactive glass extracts on metabolic processes in hMSCs is
studied following a non-biased approach based on a whole genome mRNA microarray. It is
demonstrated that such extracts induce an up-regulation of the isoprenoid biosynthesis pathway in
hMSCs causing a multifactorial response beyond lineage commitment opening up new avenues of

evaluating cell-material interactions.

Secondly, to identify desirable glass compositions for the repair of the osteochondral system, the
influence of strontium and/ or magnesium containing bioactive glasses on hMSC chondrogenic
differentiation is investigated. Bioactive glass extracts are shown to differentially modify cartilaginous
matrix accumulation in hMSC pellets in a composition-dependent manner. Finally, insights into the
impact of the hypoxia-mimicking agent cobalt within bioactive glass extracts on hMSC chondrogenic
differentiation and (stem) cell behaviour are explored. It is demonstrated that hMSC chondrogenesis in

presence of bioactive glass extracts is cobalt dose-dependently reduced.

Collectively, the work described in this thesis has contributed to defining the impact of key ions on

hMSC behaviour.
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Literature Review
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1.1 Scope of the thesis

Tissue engineering is an expanding field that aims at regenerating impaired tissues by providing
biological substitutes to restore, maintain or enhance tissue and organ function'". Despite extensive
research, (cell-seeded) scaffold systems that mediate functional tissue repair in vivo still present a
challenge. Substantial advances have been made regarding the requirements for scaffold design, and an
extensive body of research is now focussing on the incorporation and/or delivery of bioactive moieties
to direct cell behaviour to a desired outcome such as differentiation and extracellular matrix production®.
Yet, to date little is known about how physico-chemical cues are processed by cells and translated into
biological responses. Therefore, a better understanding of the cellular response to (bioactive) materials
and the underlying signalling pathways are needed. This thesis is concerned with the influence of key
bioactive ion species on the behaviour of human mesenchymal stem cells (hMSC) in the context of a
well-established class of biomaterials. Bioactive glasses with different compositions were used to
investigate how the delivery of bioactive ions and thus the modification of the ionic environment affect
hMSCs. Bioactive glass compositions can be tailored to suit the characteristics and demands of a target

tissue and to enhance material-driven cellular responses.

In Chapter 1 the field of tissue engineering is introduced and the need for sophisticated solutions for
bone and cartilage repair is discussed. As an understanding of the characteristics and properties of
tissues is essential for the design of suitable tissue-engineered constructs, the bone and cartilage matrix
as well as the cell types involved in the formation and maintenance of both tissues are explored. As
many tissue engineering approaches involve mesenchymal stem cells and since their behaviour in
response to bioactive cues is studied in this thesis, a special focus is given to this cell type. Then
biomaterials for bone tissue engineering are reviewed with a particular emphasis on bioactive glasses
and their release products. As background to Chapters 2 and 3, the biological response to strontium ions
either in form of the drug strontium ranelate or incorporated in bioactive glasses is reviewed. Relating
to Chapters 4 and 5, the hypoxia-mimicking agent cobalt is introduced and its biological function as
well as its use in biomaterials discussed. Considering the range of topics described in this thesis, a more

specific literature review is included at the beginning of each chapter.

Chapter 2 explores the impact of strontium-containing bioactive glass release products on hMSC
metabolic processes. It builds on a previously performed whole genome microarray that uncovered
unexpected biological responses to strontium-containing bioactive glass dissolution products. It is
demonstrated that strontium ions within the bioactive glass dissolution products up-regulate the
mevalonate and sterol/steroid biosynthesis pathways. These metabolic changes are shown to translate
into an increase in cholesterol and lipid raft content of the cellular plasma membrane indicating a

modification of cell signalling processes. This work highlights how simple alteration of a biomaterial
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can have profound effects on the biological response. It is hoped that this will guide future tissue

engineering scaffold design.

In Chapter 3 the influence of bioactive glass-derived release products on the chondrogenic
differentiation of hMSCs is assessed. In particular, it is focussed on the effect of strontium and
magnesium ions. This followed from the findings in Chapter 2, where the introduction of a single
bioactive moiety, strontium, led to pronounced changes in cell behaviour. It is demonstrated that
bioactive glass release products enhance the metabolic activity of hMSCs, however, there are no
significant differences between compositions. Bioactive glass dissolution products are further shown to
affect mesenchymal stem cell chondrogenesis in a composition-dependent manner. Chondrogenic
differentiation was assessed by quantification of extracellular matrix production and histological as well
as immunohistochemical characterisation of in vitro-formed tissue. This work represents the first
comprehensive study in which the influence of bioactive glass dissolution products derived from
different glass compositions on the chondrogenic differentiation of hMSCs is examined. The results
give an insight into how ionic environments can differentially affect hMSC differentiation. This

knowledge is particularly valuable for the design of osteochondral constructs.

Chapter 4 further explores how bioactive glass dissolution products affect hMSC chondrogenic lineage
commitment. Since hypoxia plays a critical role during growth plate development and cartilage
formation, bioactive glasses releasing the hypoxia-mimicking agent cobalt are assessed for their
potential to support hMSC chondrogenesis. Strikingly, cobalt-containing bioactive glass dissolution
products decrease chondrogenic lineage commitment in a cobalt dose-dependent manner evidenced by
biochemical and histological analysis. Raman spectral analysis is shown to corroborate these results
and further to demonstrate that supplementation of cobalt chloride results in a similar outcome. This
reinforces that simple modification of a biomaterial can have a profound effect and need to be carefully

evaluated and tested with respect to the biological response.

Chapter 5 builds on the functional outcome described in Chapter 4 and focusses on the impact of
cobalt-containing bioactive glass release products on the behaviour of hMSCs. It is shown that the
cobalt-containing bioactive glass extracts potently increase the abundance of HIF-1a in hMSCs for at
least 48 h and thus successfully mimic hypoxia in the cell. The presence of cobalt had a dose- and
exposure time-dependent effect on hMSCs as evaluated by metabolic activity, proliferation, colony-

formation and migration assays.

Finally, Chapter 6 summarises the key findings of the thesis and extents to future work. The research
presented in this thesis is then discussed with respect to the wider context of the field aiming at

establishing its contribution to tissue engineering.
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1.2 Tissue engineering for bone and cartilage repair

In 1993, Langer and Vacanti elegantly defined tissue engineering as

““an interdisciplinary field of research that applies the principles of engineering and the life sciences

towards the development of biological substitutes that restore, maintain, or improve tissue function™'.

Tissue engineering is a rapidly evolving field which aims to help the vast clinical need of an ageing
population with a more active lifestyle. To date, autografts, tissue transplanted from one part of the
body to another, remain the gold standard for the replacement of diseased or damaged tissue. Yet, the
established issue of donor site morbidity combined with limited availability of certain tissues necessitate
other options. The use of allograft tissue, taken from another individual, is complicated by a possible
immune response by the recipient leading to transplant rejection and, on a broader scale, hampered by
limited donor tissue supply. Engineered tissue therefore presents an attractive solution with an, in
theory, nearly unrestricted availability. Today, the scope of tissue engineering comprises every tissue
and organ in the body reflecting the strong clinical demand for novel therapies. For the purpose of this
review, a focus is given to the osteochondral system.

Whilst the idea of regenerating and/or replacing impaired tissue dates back as early as
600 BC, the pursued approach has changed considerably. From using parts of the cheek to repair an
injured nose to sophisticated (cell-seeded) constructs that offer bioactive cues both soluble and insoluble
to aid tissue regeneration. In the next paragraph, a brief overview of the more recent changes in
paradigm and philosophy concerning scaffold design will be given. In the 1960s and 1970s implants
started to be used routinely in the clinic. Initially, biomedical materials were selected by virtue of their
biomedical inertness to avoid an immune response by the body’. The focus in the field of biomaterials
shifted, however, towards so-called bioactive materials that had the ability to interact with cells and
elicited certain cell responses in vitro and in vivo. The change in paradigm was notably marked by the
invention of 45S5 Bioglass® by Professor Larry Hench®. Appreciating that artificial implants cannot
appropriately replace living tissues, so-called third-generation biomaterials have been developed’.
These materials are designed to interact with cells to enhance tissue repair while being resorbable,
thereby facilitating a replacement by newly formed tissue’. Furthermore, they were designed to mimic
the properties of the extracellular matrix of the respective tissue. This was accomplished by
incorporating bioactive molecules such as growth factors or the integrin binding motif RGD (arginine-
glycine-aspartic acid). Hence, today, tissue engineering strategies frequently involve a triad of cells,
scaffolds and bioactive moieties’. Such cell-seeded scaffolds are then either pre-cultured in vitro prior
to implantation to allow the deposition of extracellular matrix or directly implanted to the injury site to

induce and assist tissue repair in vivo.
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1.2.1 The need for bone and cartilage repair solutions

Bone has a remarkable regenerative capacity, yet, there is a growing need for functional bone grafts. In
the United States, approximately 1.5 million auto- or allo-bone grafts are performed annually with costs
likely in excess of $10 billion®?. This figure is forecasted to double by 2020 due to a variety of factors
such as increased life expectancy and changes in lifestyle!®. Bone grafts are especially needed to fill
bigger bone defects and/or support bone repair in the elderly. Osteoporosis related bone defects continue
to be a burden for the health system causing annual costs exceeding $17 billion in the United States
alone, a number which will likely further increase due to an ageing population!®. Osteoporosis is
characterised by an imbalance in bone turnover with an inappropriately high rate of bone resorption in
relation to bone formation'!. This imbalance causes structural changes in bone leading to reduced bone
strength and higher susceptibility to fracture. Autografts remain the gold standard for treatment of bone
defects but a shortage of supply and donor site morbidity require the development of engineered
scaffolds for bone tissue regeneration'? 13,

The repair of defects in adult articular cartilage remains a major (clinical) challenge due to the
poor intrinsic capacity for self-repair of cartilage'?. Surgical treatment is currently mainly limited to
introducing microfractures to release progenitor cells from the bone marrow into the defect, autologous
chondrocytes implantation (ACI) or, more recently, matrix-induced autologous chondrocyte
implantation (MACI)'>. Even minor cartilage lesions may lead to a progressive degeneration of the
cartilage layer and subsequently induce osteoarthritic degeneration of the joint'*. Osteoarthritis (OA) is
a degenerative disease of the joint affecting both articular cartilage and the underlying subchondral
bone. OA is ranked among the most common musculo-skeletal diseases and is a leading cause of
functional impairment in middle-aged subjects. The prevalence of OA increases with age and is thought
to affect more than half of the population over 65 years'®. The aetiology of OA remains incompletely
understood but literature agrees that OA is a highly complex, multifactorial disease with an
inflammatory component that is initiated by cartilage break-down. OA is most commonly diagnosed in
the joints of the hand, hip, knee and foot but can in principle occur in any joint'’. Pathological changes
associated with severe manifestations of OA are loss of joint space, subchondral bone sclerosis and
presence of osteophytes (bony outgrowths that form along joint margins)!’. Currently, there are no
satisfying treatment options for OA as drugs have failed so far to induce disease modifying effects. As
a last resort, OA patients receive total joint replacement surgery. In 2010 the economic burden
associated with total hip and knee replacements in the UK was estimated to be in excess of £800 million
while the loss of production associated with OA in the UK in 2002 was £3.2 billion'®. Therefore, a
multidisciplinary approach is likely needed involving the identification of disease-modifying molecules

alongside with the development of advanced (cell-seeded) scaffolds to facilitate the repair of defects.

31



Taken together, there is a growing clinical need for novel, rationally designed (tissue-engineered)
constructs for the repair of bone and/or cartilage defects. In this literature review, the extracellular
matrix of bone and cartilage will be described followed by an introduction of the key cell types of the
osteochondral system. Then, biomaterials for bone tissue engineering will be discussed with a focus on
calcium phosphates and bioactive glasses. Finally, the effect of specific bioactive ion species on cell

behaviour will be presented with a special emphasis on strontium and cobalt.

1.3 The extracellular matrix

Cells in vivo are embedded in a complex network of macromolecules termed the extracellular matrix
(ECM). The ECM provides physical and chemical cues to the cells that are substantial for tissue
development and maintenance. It is easy to imagine that for the design of successful tissue engineered
constructs, a thorough understanding of the ECM is substantial. Ideally, scaffolds used for such
applications mimic features of the host tissue ECM. Therefore, the characteristics of bone and cartilage

extracellular matrix will be briefly described in the following section.
1.3.1 Bone

The bone matrix is a composite from a materials point of view, comprising organic and inorganic
components. The main organic phase of bone is type I collagen that is responsible for the flexibility and
elasticity of bone!’. It is well established that procollagen molecules, triple helical peptide chains, are
secreted by the osteoblasts and self-assemble to form a growing collagen fibril. Self-assembly of
collagen fibrils creates type I collagen fibres®. The triple helical structures of the collagen fibril building
units are thought to provide a framework for the growth of the mineral phase®!'. Apart from type I
collagen, the organic part of the bone matrix consists of non-collagenous proteins such as sialoproteins
and bone gla proteins?2. The mineral phase of bone is mainly composed of carbonated calcium-deficient
apatite (often referred to as carbonated hydroxyapatite), comprising calcium, phosphorous, sodium,
magnesium, fluoride and other ions in trace amounts® ¢, This inorganic component confers the
hardness and stiffness to bone.

Bone mineralisation (calcification) is a continuous process occurring throughout the entire
mammalian life. The precise mechanism of how tissues mineralise, however, is still incompletely
understood. The common concepts describing biomineralisation involve one or more anionic matrix
molecules, among them osteopontin and osteoclacin®. These proteins are pivotal for mineral formation
and are thought a) to sequester the relevant ions, b) to serve as sites of nucleation and c) to provide a

126

template for growth directing the size, shape and orientation of the crystal*®. Such non-collagenous

matrix proteins are attached to collagen in vivo which may imply that both entities act in concert to form
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proper hydroxyapatite crystals. To what extent collagen is involved in the nucleation and growth of

crystals is still a subject of debate?’.

1.3.1.1 Structural requirements

Ideally, the design of a scaffold aims at recreating the physiological environment found in vivo.
Therefore, a thorough understanding of the structural characteristics of bone is imperative. Two types
of bone are found in the adult human body: cortical and cancellous bone. Whereas cortical or compact
bone consists of tightly packed Harvesian systems, cancellous or spongy bone is characterised by a
network of trabeculae. Reflecting the differences in structure, the mechanical properties of the two types

of bone are remarkably different (Table 1.1).

Table 1.1: Mechanical properties of cortical and cancellous bone, adapted from Fu et al.”.

Property Cortical bone  Cancellous bone
Compressive strength (MPa) 100 - 150 2-12
Flexural strength (MPa) 135-193 10-20
Tensile strength (MPa) 50-151 1-5
Young’s modulus (GPa) 10 - 20 0.1-5

1.3.2 Cartilage

Cartilage in the human body can be classified into elastic, fibro-cartilage, fibro-elastic and hyaline
cartilage depending on the composition of the matrix?®. The type of cartilage covering the end of long
bones in the adult is hyaline or articular cartilage. It confers a smooth, low friction gliding surface to
the joint and facilitates the transmission of loads during weight-bearing activities. It is a non-
vascularised tissue and relies on the diffusion of oxygen and nutrients from the synovial fluid. Native
articular cartilage primarily consists of water (75 — 80% wet weight). The majority of its dry weight can
be attributed to collagens (50 — 73%) and proteoglycans (15 — 30%)%. While type 1I collagen is the
primary collagen component in articular cartilage, also types III, VI, IX and XI can be found*’. The
calcified zone of cartilage also contains type X collagen. Proteoglycans are macromolecules and consist
of a core protein connected to one or more side chains of negatively charged glycosaminoglycans
(GAG). GAGs are defined as linear, unbranched polysaccharides composed of a repeating disaccharide
unit which comprises an amino sugar along with an uronic acid or galactose. The individual members
of the GAG family can be grouped into four classes; heparin/ heparan sulphate, chondroitin sulphate/
dermatan sulphate, keratin sulphate and hyaluronan. Except for hyaluronan, all groups are sulphated
(sGAG) and are covalently linked to core proteins. Aggrecan is the most abundant proteoglycan in

articular cartilage and, by binding to hyaluronan, it forms stable ternary complexes in the extracellular
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matrix. Due to the net negative charge of SGAGs such aggregates attract water molecules mediating the
formation of hydrated matrices. The swelling of cartilage up to an equilibrium point is regulated by the
elasticity of the collagens in the ECM.

Morphologically, articular cartilage can be separated into four zones; superficial, middle, deep
and calcified zones (Fig. 1.1). The different zones are characterised by differences in ECM composition
and chondrocyte morphology. The superficial zone makes up the first 10 - 20% of the full thickness
articular cartilage and contains densely packed, type II collagen fibres which are aligned parallel to the
articular surface. The middle zone (40 - 60%) has a higher content of proteoglycans and is characterised
by randomly oriented collagen fibres. In the deep zone (30%), collagen fibrils are assembled in a radial
fashion and extend into the calcified layer. The proteoglycan content is highest in this zone while the
cell density is the lowest. If stained with a basic dye, the deep and calcified zones are separated by the

so-called tidemark highlighting the mineralisation front®!

. The calcified cartilage layer builds the
interface between the non-mineralised cartilage and bone providing both a mechanical transition and a
fixation between the two tissues. Type X collagen is a non-fibrillar, short chain collagen and exclusively
localised to the calcified zone of articular cartilage. Type X collagen is only found in the surrounding
matrix of hypertrophic chondrocytes and has been linked to endochondral ossification®?. While the
function of type X collagen in endochondral bone formation remains to be fully elucidated, type X

collagen is thought to interact with matrix vesicles and appears to play a role in matrix mineralisation.

Articular surface

Superficial zone

Middle zone

Deep zone

Tidemark
Calcified zone

Sunchondral bone LEE¥

Figure 1.1: Cellular organisation and collagen fibre assembly in the different zones of articular
cartilage. A cross-sectional schematic of articular cartilage with the underlying subchondral bone is
shown. Adapted from Newman?3.
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1.4 Key cell types of the osteochondral system

Whilst the ECM is undoubtedly a decisive parameter in guiding tissue engineering strategies,
knowledge of the cell types specific to the tissue and their characteristics is equally important, especially
since these cells are responsible for the appropriate ECM production in vivo. Therefore, the most
relevant cell types for bone and cartilage formation and remodelling will be introduced, namely
osteoblasts, chondrocytes and mesenchymal stem cells (MSC). These cell types are useful tools in vitro
to evaluate the effect of specific materials or cues on cell behaviour, providing information on the
possible biological response in vivo. In addition, they represent potential sources for cells to be
incorporated into scaffolds prior to implantation as a reservoir for tissue formation. Finally, the process
leading to ossification during embryonic development will be described as it is crucial for the

understanding of the osteochondral system.
1.4.1 Osteoblasts

Osteoblasts are derived from bone marrow MSCs in a multistep differentiation process. For ease of
nomenclature, cells committing to the osteogenic lineage can be artificially assigned to the following
stages: (1) mesenchymal stem cells, (2) osteoprogenitor cells, (3) pre-osteoblasts and (4) osteoblasts®*.
In situ, however, the differentiation of the cells is much better described by a developmental continuum
without any distinct classification®*. Unfortunately, stage-specific developmental markers for osteoblast
differentiation are scarce. In general, a progressive up-regulation of master phenotypic markers
associated to the osteogenic lineage is interpreted as further commitment to the osteoblast phenotype?’.
For that purpose, runt related transcription factor 2 (RUNX2), osterix, type I collagen, alkaline
phosphatase and bone sialoprotein are most frequently used*.

Mature osteoblasts are responsible for the generation of new bone ECM. Once stimulated, they
secrete and deposit the organic component of the bone matrix, termed osteoid. The major component
of the osteoid is type I collagen, the most abundant protein in bone, which is essential for bone growth
and development. Yet, osteoblasts synthesise and secrete a number of non-collagenous proteins
alongside type I collagen that are incorporated in the bone matrix. Among the non-collagenous proteins
are osteocalcin, bone sialoprotein, osteopontin and osteonectin®®%, As the secretion of osteoid ceases,
osteoblasts either become embedded in the bone matrix and differentiate into osteocytes or remain on
the surface of the bone and differentiate into lining cells. Once the deposition of osteoid is completed,
matrix mineralisation is initiated.

Osteoblast differentiation and the deposition of osteoid are controlled by a plethora of signalling
molecules, pathways and direct cell to cell interactions®®. While the mechanisms of osteogenic
differentiation are complex and to date incompletely understood, literature agrees that the transcription
factor RUNX2 is the key transcriptional regulator of osteoblast differentiation*. In addition, a number

of growth factors and hormones are tightly linked to the control of bone formation by regulation of
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osteoblast differentiation and activation. The most prominent are: Bone morphogenic proteins (BMPs)
and other growth factors, namely fibroblast growth factor (FGF), transforming growth factor beta
(TGF-PB) and parathyroid hormone*! 42,

While osteoblasts undisputedly have their merit in assessing the performance of scaffolds for
bone tissue engineering purposes in vitro, MSCs appear to be the preferred cell type for cell-seeded
scaffold approaches** *. Like all terminally differentiated cells, the proliferative capacity of primary
osteoblasts is limited further complicated by a relatively low yield of autologous cells from bone tissue

biopsies*.
1.4.2 Chondrocytes

Chondrocytes are the primary cell type of cartilage and responsible for cartilaginous matrix formation
although they only make up 1 - 5% of the volume. Chondrocytes are broadly characterised by their
ability to secrete a matrix rich in type II collagen and the proteoglycan aggrecan®. Like osteoblasts,
they are derived from MSCs in a differentiation process driven by sex-determining region Y-box 9
(SOX9) protein and other transcription factors. Chondrocytes perform a pivotal role in bone formation
during embryonic development and bone growth during childhood and adolescence by virtue of the
growth plate which is discussed in more detail in 1.4.4%. In brief, following chondrogenesis, the
chondrocytes either produce matrix to form articular cartilage or undergo proliferation and subsequent
terminal differentiation to hypertrophic chondrocytes. The hypertrophic chondrocytes produce a matrix
that is eventually resorbed and replaced by bone?!.

Cartilage found in adults is a multi-layered or multi-zonal tissue with a directed orientation and
zonal differences in structure and composition. Chondrocytes, the only cellular component of articular
cartilage, differ in their morphology and function depending on their zonal localisation which owes to
different differentiation stages®!. In the superficial zone, chondrocytes share properties with MSCs and
have a more flattened ellipsoid morphology*®4’. Uniquely, chondrocytes of the superficial zone produce
lubricin which contributes to a layer of lubricants on the surface of cartilage allowing the efficient
movement of joints*!. In the middle zone, chondrocytes are predominantly spheroid-shaped and the cell
density is overall lower. In the deep zone, chondrocytes have an ellipsoid shape and are assembled in
columns. Chondrocytes found in the deep zone synthesise relatively the highest amount of the
proteoglycan rich matrix while remaining in a resting state. Calcified cartilage represents the interface
between the non-mineralised articular cartilage and subchondral bone. Chondrocytes localised to
calcified cartilage express markers of the hypertrophic stage of late-chondrocyte differentiation and
synthesise a matrix rich in type X collagen as opposed to the type II collagen rich matrix of the
superficial and middle zones*® *. Chondrocyte hypertrophy is a regulated process defined by an
increase in cell volume, extracellular matrix remodelling and expression of terminal differentiation

markers®® 3!, On a molecular level, hypertrophy is governed by RUNX2 that drives the expression of
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terminal differentiation markers, among them most prominently matrix metalloproteinase 13
(MMP13)°% 33, type X collagen®, indian hedgehog>* and vascular endothelial growth factor (VEGF)™.
While the mechanisms of cartilage calcification are incompletely understood, matrix vesicles released
by hypertrophic chondrocytes are thought to initiate mineral formation®® %,

When choosing a cell type for tissue engineering purposes both the performance (especially
with regards to the extracellular matrix production) and accessibility need to be considered. Intuitively,
using the resident cell type of a tissue, in this case chondrocytes, for cartilage repair seems logical.
Supporting this notion, articular chondrocytes are the only cell source currently approved for clinical
intervention (ACI)!*. Indeed, the production of cartilaginous ECM produced by primary/ passage 0
articular chondrocytes is unmatched both in terms of synthesis rate and lack of hypertrophy'*. Yet,
considering the low cellularity of cartilage, in vitro expansion is necessary to treat bigger lesions and/or
prepare cell-seeded scaffolds. Various studies have established that chondrocytes lose their phenotype
during in vitro expansion, in particular in monolayer culture®®. This so-called dedifferentiation is
characterised by an increase in type I collagen expression while the expression of ECM molecules
typical for articular cartilage such as type II collagen and aggrecan is reduced. Tissue produced by such
dedifferentiated chondrocytes has fibrocartilage-type characteristics and has inferior mechanical
properties that are not fit to repair articular cartilage lesions in vivo®®. Therefore, other cell sources have

been evaluated for cartilage tissue engineering, most prominently MSCs.
1.4.3 Mesenchymal stem cells

In their pioneering work, Friendenstein and co-workers first described a small subpopulation of cells
found in the bone marrow that adhered to tissue culture plastic and was able to produce colonies from
single cells (the colony-forming unit fibroblastic, CFU-Fs)*°. Furthermore, in vivo transplantation of
cells originated from a single colony led to the generation of a variety of skeletal tissues (bone, cartilage,
adipose and fibrous tissue)®* ¢!, Initially such cells were referred to as “stromal” or “osteogenic” stem
cells until, in 1991, Caplan coined the term “mesenchymal stem cell” (MSC) which gained widespread
popularity®. In their seminal work, Pittenger e al. demonstrated the tri-lineage (osteogenic, adipogenic
and chondrogenic) differentiation potential of MSCs in vitro further highlighting their value for tissue
repair applications®. While the initial studies on MSCs were exclusively focused on MSCs isolated
from the bone marrow, today the term MSCs encompasses cells isolated from nearly every connective
tissue including adipose tissue, synovium and dental pulp®'. Yet, whether MSCs isolated from other
tissues share all characteristics with bone-marrow isolated MSCs is being questioned'* **. For the
purpose of this thesis, it will be specified if MSCs were not isolated from the bone marrow. In 2006,
the International Society of Cellular Therapy proposed a minimum set of three criteria to define MSCs®.
MSCs must be plastic-adhered and demonstrate tri-lineage differentiation potential (osteoblasts,

adipocytes and chrondocytes) in vitro. As an antigen exclusively linked to MSCs has not been identified

37



so far, cells are classified as MSCs by the extracellular marker expression of CD105, CD73 and CD90
and the absence of CD45, CD34, CD14 or CD11b, CD79 or CD19.

In summary, MSCs are a group of non-hematopoietic, multipotent and clonogenic cells with
the potential of self-renewal residing in the bone marrow or other connective tissues®. While the ability
of MSC:s to give rise to osteoblasts, adipocytes and chondrocytes is one of their key characteristics, the
potential to differentiate into other mesoderm-type cells including skeletal or smooth muscle cells
remains a subject of debate®" %. Even more controversially discussed is the commitment to non-
mesodermal lineages such as the differentiation into neuronal cells or hepatocytes®> ¢7- 8, Indeed, the
term “mesenchymal stem cell” continues to be questioned and has been described as inappropriate by
some as evidence for the multilineage differentiation potential beyond the skeletal system of single
MSCs in vivo is lacking®!. In this context, alternative terms including “skeletal stem cells” or

“mesenchymal stromal cells” have been proposed®!.

1.4.3.1 The use of MSCs for tissue engineering applications

Due to their relative ease of isolation and expansion as well as their capacity to contribute to the
regeneration of mesenchymal tissues including bone and cartilage, MSCs have received considerable
attention in the field of skeletal tissue engineering® ¢, In addition, the use of MSCs does not bear any
of the ethical constraints associated with embryonic stem cells. Therefore, an extensive amount of
research has been dedicated to the directed in vitro osteogenic and chondrogenic differentiation of
MSCs for the fabrication of engineered bone tissue-like structures, as reviewed by Abdallah and
Khassem’ and Arvidson ef al.%. To that end, a vast amount of (3D) culture systems, soluble factors as
well as scaffold structures and surface modifications have been explored to identify “optimal”
conditions for tissue repair. Yet, MSCs are not only interesting for tissue engineering in vitro or in vivo
but they are also a powerful tool to study the response of primary stem cells to a potential scaffold or
implant.

Beyond their obvious value for bone/cartilage regeneration, more recently, the
immunomodulatory and anti-inflammatory properties of MSCs have been recognised”": 2. MSCs are
now known to produce a plethora of soluble bioactive factors thereby influencing their cellular
environment and especially the immune system. This ability may ultimately have a bigger impact on
their clinical use and commercial value than the originally pursued multilineage differentiation
potential”®. Yet, the immunomodulatory properties of MSCs are beyond the scope of this work. Upon
bone injury, MSCs are thought to be recruited to the damaged site as part of the physiological healing
process’. A number of growth factors have been identified to play crucial roles in the differentiation
and lineage commitment of MSCs. For the purpose of this literature review, emphasis will be given to
the processes underlying MSC differentiation towards osteoblast and chondrocyte lineages only.
RUNX?2/Cbfa is considered as the master regulatory transcription factor responsible for early osteogenic

differentiation and skeletal development’>. RUNX2 controls the commitment to the osteoblast lineage
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from multipotent mesenchymal cells, promoting the multistep developmental process that eventually
leads to the osteoblast phenotype. Highlighting the importance of RUNX2 in osteoblast development,
it has been shown that RUNX2-deficient (RUNX2 -/-) mice are devoid of osteoblasts resulting in a lack
of bone formation”. RUNX2 controls osteoblast differentiation by binding to the promoters of several
genes known to be predominantly expressed in mature osteoblast, including type I collagen, osteonectin,
osteocalcin and osteopontin. Furthermore RUNX2 is responsible for the induction of alkaline
phosphatase (ALP) expression 7’7,

Differentiation of MSCs into chondrocytes is thought to be directed by the transcription factor
SOX9 and its downstream cofactors SOX5 and SOX6*. Highlighting the importance of SOX9 for
chondrogenesis, knock out MSCs (SOX9 -/-) have lost the potential to differentiate into chondrocytes®!.
In in vivo experiments using mouse embryos, SOX9 inactivation in limb MSCs after mesenchymal
condensation revealed that the transcription factor was also pivotal for later stages of cell commitment
to the chondrogenic lineage and, together with SOXS5 and SOX6, chondrocyte proliferation and
extracellular matrix production®?. Type II collagen is only one of the essential cartilage extracellular
matrix components whose gene expression is regulated by SOX9. For a review on the role of SOX9 in
chondrogenesis, please refer to Akiyama®. Considering the drawbacks associated with the use of
chondrocytes for cartilage tissue engineering, MSCs have received considerable attention as an
attractive alternative cell source. One of the main advantages of MSCs is their capacity to be readily
expanded in vitro prior to chondrogenic differentiation. /n vitro, chondrogenesis is usually induced by
a high density (pellet) culture that aims at recapitulating MSC condensation during embryonic
development and the use of chondrogenic factors such as TGF-B and dexamethasone®. Yet,
chondrogenic differentiation of MSCs using the traditional protocols is flawed as MSCs tend to
differentiate further along the endochondral route giving rise to MSC-derived chondrocytes that express
hypertrophic markers such as type I and type X collagens as well as MMP13 warranting further
optimisation of the differentiation techniques®.

To date no single protocol or a combination of factors have been identified or agreed upon as
the ideal route for osteogenic or chondrogenic differentiation of MSCs; yet, there is mounting evidence
that the 3D structure of scaffolds, extracellular matrix proteins such as integrins and soluble factors like
growth factors all play a crucial role in the event of differentiation that need to be considered®. In view
of the in vivo physiological situation it is not surprising that no single agent has the power to drive
differentiation but rather a combination and interplay of several factors is required. Overall, since their
discovery in the 1970s, MSCs have attracted considerable attention by the tissue engineering and
regenerative medicine communities due to their unique properties. The fact that nearly 600 clinical trials
using MSCs are listed on clinicaltrials.gov is testament to the therapeutic value of this cell type for cell

therapy and tissue regeneration applications.
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1.4.4 Endochondral ossification

During embryonic development, bone formation occurs via two distinct processes; a) intramembranous
ossification which describes the direct differentiation of MSCs to osteoblasts or b) endochondral
ossification, involving the formation of a cartilage template and its replacement by bone. Independent
of the mechanism, bone development is initiated by the migration of MSCs to the site of future
skeletogenesis®*. The interaction of the MSCs with the extracellular matrix and surrounding epithelial
cells allow the aggregation of MSCs (MSC condensation) and a subsequent commitment to the
chondrogenic or osteogenic lineage*. Flat bones such as the skull develop through intramembranous
ossification. In this process, MSCs commit to the osteogenic lineage by differentiating first into
osteoprogenitor cells and then further into osteoblasts®®. The endochondral ossification process is
responsible for the formation of the majority of bones in the body including all long bones®’. Here,
mesenchymal condensation results in a cartilaginous template that is later replaced by bone (Fig. 1.2).
Thus, endochondral ossification is characterised by a complex cascade of events resulting in the
formation of mineralised bone tissue on a cartilage scaffold®.

Initially, condensed MSCs differentiate into chondrocytes, the main cell type of cartilage®. A
growing cartilage layer is formed via chondrocyte proliferation and deposition of a cartilaginous ECM
rich in type II collagen and proteoglycans. MSCs located in the periphery of the cartilage template
differentiate into osteoblasts and begin to deposit a mineralised matrix eventually forming the bone
collar. Simultaneously, a subset of the chondrocytes in the centre of the template adopts a hypertrophic
phenotype characterised by the secretion of type X collagen, MMP13 and VEGF. Blood vessel
formation into the calcified cartilage layer is initiated by VEGF and MMP13 secretion. MMP13 activity
mediates the degradation of collagen fibrils and aggrecan creating space for blood vessel invasion®,.
Along with the growing capillaries, chondroclasts and osteoclasts are recruited that break down the
calcified cartilaginous matrix. Blood vessels further facilitate the influx of haematopoietic cells that will
later form the bone marrow as well as osteoblasts progenitor cells that deposit a type I collagen rich
matrix giving rise to the primary ossification centre (POC)*. Secondary ossification centres arise at the
ends of the of the cartilage template where the events of the primary ossification centre are recapitulated.
To allow bone growth, a layer of cartilage between the primary and the secondary ossification centre
(SOC) of the long bones of the limb remains. In this layer termed growth plate the developmental
processes of bone formation are recapitulated. The growth plate disappears in humans once adolescence
is terminated and hyaline articular cartilage exclusively remains localised to each end of the bone®.

Once bone is formed, it is a dynamic tissue that is continuously being built, broken down and
rebuilt in a process called bone remodelling. The dynamic nature of bone requires balanced actions of
osteoblasts (bone forming cells) and osteoclasts (bone resorbing cells). Bone remodelling is a process
that occurs continuously throughout life. The “bone remodelling cycle” is a multistage process

consisting of activation, resorption, reversal, and formation phases®. Bone tissue is broken down and
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absorbed by multinucleated cells termed osteoclasts that are exclusively found in bone. The mineralised
bone matrix is efficiently resorbed by these cells leaving so-called resorption pits in the surface of the
bone. Unlike osteoblasts, osteoclasts are derived from hematopoietic stem cells and share precursors
with macrophages®. Following resorption, osteoblasts are recruited to the resorption pit and are
activated to refill the resorbed lacunae with bone matrix®. Osteoblast recruitment and activation is
thought to be mediated by osteoclast derived factors”. When the actions of osteoclasts and osteoblasts

fail to be coordinated, diseases such as osteoporosis arise.
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Figure 1.2: Process of endochondral bone formation. 1) Initially, mesenchymal stem cells (MSC)
condense and 2) differentiate into chondrocytes to form the cartilage template of endochondral bones.
3) Cells in the periphery differentiate directly into osteoblasts and form the bone collar while
chondrocytes in the centre become hypertrophic. 4) The hypertrophic chondrocytes initiate
mineralisation and undergo apoptosis. Blood vessels invade the central region and allow the influx of
MSC:s, osteoblasts and osteoclasts initiating the formation of the primary ossification centre (POC). The
osteoclasts break down the calcified cartilage matrix while the osteoblasts secrete bone matrix. The
developing bone grows through chondrocyte proliferation. 5) Secondary ossification centres (SOC)
arise in the epiphyses. 6) A layer of resting chondrocytes remains between the POC and the SOC termed
the epiphyseal growth plate to allow bone growth until adolescence is terminated. At the end of the long
bones a stable layer of hyaline articular cartilage persists. BV = blood vessels. Adapted from

Kronenberg and Thompson et al.*>"!.

1.4.4.1 Fracture healing

The mechanisms underlying fracture healing are complex and remain incompletely understood®. In
general, bone is a tissue with great self-regenerative properties that can heal without the formation of
fibrous scar tissue under optimal conditions. If certain conditions are met, including close proximity of
fracture ends and mechanical stability, bone repair occurs in a relatively simple process termed primary
fracture healing. In primary fracture healing the ends of the fracture either, if in direct contact, re-

connect in a mechanism reminiscent of bone remodelling or, if a small gap remains, via the deposition
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of intramembranous bone. The newly deposited bone is then remodelled by osteoclasts to re-establish
the Haversian system of mature bone. If the optimal conditions for fracture healing are not met, a multi-
stage process called secondary fracture healing is initiated. Secondary fracture healing can broadly be
described in three stages: inflammation, callus formation and remodelling. Here, bone formation has
characteristics reminiscent of both intramembranous bone formation and endochondral ossification.
After the formation of a hematoma, the subsequent acute inflammation phase initiates the defect repair
by creating an appropriate cytokine and growth factor environment and by recruiting osteoprogenitor
cells and MSCs. In a complex series of events that follows, MSC either differentiate into osteoblasts
(periosteum) or to chondrocytes (central region). The chondrocytes in the central areas secrete
cartilaginous matrix thereby producing a cartilage scaffold. In a process resembling the events during
growth plate development, the chondrocytes become hypertrophic and initiate the calcification of the
cartilaginous matrix before undergoing apoptosis. The cartilage matrix is removed by osteoclasts while
osteoblasts start to deposit a type I collagen rich matrix. In the final stage of secondary fracture healing,

the newly deposited bone is remodelled to restore the Haversian system.

1.5 Biomaterials for bone tissue engineering purposes

With the advancement of the field of tissue engineering, the level of complexity and sophistication of
biomaterials and scaffold systems increased considerably. Numerous biomaterials in combination with
a variety of fabrication techniques have been explored for the design of scaffolds. While a plethora of
differing approaches is being pursued, there is general agreement on key scaffold requirements. The
principal aim of a scaffold is to support cell invasion, proliferation, differentiation and eventually the
formation of native-like tissue, in addition to offering mechanical stabilisation throughout the
regenerative process. Beyond that, a scaffold can have specific features or display special cues to
enhance its biological activity with the ultimate goal of instructing the in vivo environment to form new
tissue. Generally, properties such as biocompatibility, biodegradability, mechanical properties, scaffold
architecture and manufacturing technology need to be considered for scaffold design and influence as
well as depend on the choice of biomaterial®.

From here onwards, the focus will be on scaffolds for bone tissue engineering. Reviewing the
literature, it is well established that a number of architectural characteristics, including porosity, pore
size and interconnectivity are essential for the development of scaffolds that support tissue repair. Pore
size and porosity need to allow for cell migration, proliferation, blood vessel invasion as well as mass
transport, e.g. of nutrients and waste. Pore diameters in the range of 200 um to 900 pm have been
reported as the optimal pore size for bone repair applications** 2. A more recent study has reinforced
the importance of carefully tailoring the pore size of scaffolds®. The number of MC3T3-E1 cells seeded

in a 3D collagen-glycosaminoglycan scaffold and cultured for up to 7 days was significantly higher
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when the mean pore size was 325 uM compared to scaffolds with pore sizes of 85 uM to 190 pM*.
Murphy et al. argued that the bigger pores allowed a better cell infiltration and reduced cell aggregation
along the edges of the scaffolds. Furthermore, a high pore-interconnectivity is desirable. Yet, from a
mechanical viewpoint, a high porosity along with high mechanical strength poses a great challenge®.
Apart from the macroporosity, the microstructure, also referred to as microporosity, affects the bone
regeneration efficiency of materials®. In essence, studies have shown that higher microporosity of
calcium phosphate based ceramics correlates with increased bone formation®®*’. A porosity of <10 um
appears to be desirable. More recently, the importance of the nanotopography of materials has been
highlighted®®. For example, it has been demonstrated that surface properties on a nano-scale can

positively affect the differentiation of MSCs towards the osteogenic lineage®.

Four classes of synthetic bone grafts can be identified based on their chemical composition: metals such
as magnesium alloys, ceramics such as calcium phosphates and bioactive glasses, polymers and
composites thereof”. Not only can the choice of material determine the performance of the bone
substitute but also its architectural properties on a macro-, micro- and nano-scale. It is widely agreed
that the ideal characteristics of a scaffold comprise: (1) a 3D network of interconnected pores that allow
cell migration and cell growth as well as mass transport of nutrients and waste, (2) a biocompatible
material that degrades in a controlled manner to match cell/ tissue growth, (3) surface modifications on
the micro- and nano-scale to mediate cell attachment, proliferation and differentiation, as well as
(4) adequate mechanical properties to match those of the tissues at the site of implantation!®. An
extensive amount of research has been dedicated to the development of scaffolds that tick all boxes;
however, to date no single material can satisfy all requirements. While scaffold-free systems for the
regeneration of bone, cartilage and osteochondral lesions have been evaluated, load bearing defects
cannot be appropriately treated with cells alone. In this section, (1) calcium phosphate-based ceramics
and (2) bioactive glasses will be introduced as scaffold materials. The use of synthetic and natural
polymers for the fabrication of scaffolds for bone and especially osteochondral tissue engineering is
subject of intensive research but is beyond the scope of this literature review. To date, there is no tissue-
engineered construct for bone tissue regeneration with full approval for clinical use available.
Meanwhile, a few bone grafts (engineered scaffolds/ biomaterials) have received regulatory approval
and are starting to be used in the clinic such as Infuse® Bone Graft (Medtronic Sofamor Danek), a
bovine type I collagen sponge soaked in recombinant human (rh)BMP2 used for fusion of spinal cage,
Osigraft (Stryker), bovine type I collagen with rhBMP7 applied to long bone non-unions and Vitoss
Bone Graft Substitute (Stryker), a bone void filler consisting of a porous foam comprising B-tricalcium
phosphate (B-TCP), bovine type I collagen and bioactive glass. As a cautionary note, there is mounting
evidence that Infuse® Bone Grafts cause a number of adverse effects such as ectopic bone formation

warranting the evaluation of the delivery of growth factors for bone repair'®!.
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When evaluating the performance of scaffolds/biomaterials for bone regeneration in vitro and in vivo,

a number of terms should be defined:

(1) Osteogenic: describes the intrinsic capacity to stimulate bone healing by the presence of cells,
typically MSCs or osteoprogenitors'®2.

(2) Osteoinductive: describes the potential to recruit MSCs and stimulate these cells to commit to
the osteogenic lineage. Osteoinductive materials stimulate bone growth in ectopic sites, e.g.
muscle!® 104,

(3) Osteoconductive: is the ability of a material to induce bone formation along the sides of the
implant.

(4) Osteoproductive: is the ability of a material to induce bone formation by cells away from the
implant-bone interface'®.

(5) Bioactivity in the context of biomaterials has been defined by Hench ef al.: “A bioactive
material is one that elicits a specific biological response at the interface of the material which
results in the formation of a bond between the tissues and the material®. This definition alludes
to the hydroxyapatite-like layer that is formed on the surface of some biomaterials, i.e. bioactive
glasses and other (bioactive) ceramics. More recently bioactivity has also been used to describe

the capacity to elicit or modulate biological activity in general'®.
1.5.1 Calcium phosphate-based ceramics

The success of calcium phosphate-based ceramics (CaP) for bone tissue engineering stems from their
similarity in composition to the inorganic component of bone'’’. With respect to osteoinductive
properties, CaP-based ceramics are the most extensively studied materials. CaPs with flat surfaces are
generally understood to lack the ability to induce de novo bone formation (in nonosseus sites)!%,
Whether CaPs are osteoinductive appears to depend on a range of factors such as topography, geometry,
composition, macropore size, and percent porosity of the CaP'?’.

The most frequently used building blocks for CaP based ceramics are B-TCP and
hydroxyapatite (HA) that are both considered to be osteogenic materials. Both ceramics show
bioactivity in vitro and in vivo, albeit to different extents, and have found application in the clinic!®.
The observation that CaP based ceramics induce bone formation is attributed to their ability to
precipitate a biological carbonated apatite layer on their surface®®. The precipitation of the bone-like
apatite layer is initiated by calcium and phosphate ions released by CaP based materials. f-TCP and
HA differ in respect to their degradation rate and mechanical strength. B-TCP is more bioactive owing
to higher dissolution rates compared to HA but the mechanical strength of sintered HA tends to be
superior to B-TCP. Studies have shown that the rapid dissolution of B-TCP can trigger unfavourable
immunologic reactions in vivo'”. Dense stoichiometric HA particles on the other hand poorly perform

in vivo in terms of bioactivity!”. The solubility and hence bioactivity of HA can be improved by
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modifying surface topography and particle size or by preparation of substituted HA!"* !, More
recently, biphasic calcium-based ceramics composed of HA and B-TCP have been developed''.
Biphasic materials with tuneable B-TCP/HA ratios may solve the shortcomings of their individual
components. The clinical application of CaPs is currently limited to non-load bearing defects due to the
inherent brittleness and low flexural/tensile strength of ceramics''®. However, different fabrication
techniques such as freeze casting have been explored to overcome this limitation®®. Another approach
is the reinforcement of CaPs with fibres which has been shown to improve strength and toughness'!“.
Based on their strong osteoinductive capacity, CaP ceramics are widely used as coatings of bioinert
metals for bone tissue engineering purposes''. Furthermore, they are frequently incorporated in

composite scaffolds together with synthetic or natural polymers as reviewed elsewhere!'¢,
1.5.2 Bioactive glasses

Another group of biomaterials that falls within the class of ceramics and is frequently used for tissue
engineering applications are bioactive glasses. In 1969 Professor Larry Hench developed the first
bioactive glass termed 45S5 which was later marketed as Bioglass®'!7. The 45S5 bioactive glass (in
this thesis referred to as 45S5 BG) is composed of 46.1 mol%, SiO», 26.9 mol% CaO, 24.4 mol% Na,O,
2.6 mol% P,0Os. It has not only the ability to form a hydroxyapatite (HA) layer in vitro in solutions
lacking calcium or phosphate ions but also the ability to bind to bone in vivo''®. Indeed, 45S5 BG was
the first documented synthetic material to chemically bond with bone. Remarkably, the strength of the
bond between 45S5 BG and bone was stronger than that of bone itself. Since 1985, 45S5 BG has been
used for bone repair purposes in more than one million orthopaedic operations'". Initially, monoliths
of 4585 BG were used as middle ear implants (Douek-MED™) and later as tooth root implants
(Endosseous Ridge Maintenance Implant (ERMI®)). A drawback of these 45S5 BG cones was that
they either needed to be custom shaped for each patient or were offered in set sizes, hindering
commercial success and clinical use even though the implants performed well in trials. In contrast,
bioactive glasses in particulate form have gained some commercial success in non-load bearing
applications. Generally, such bioactive glass granules tend to be mixed with blood to obtain a putty-like
consistency before being pressed into the defect by the surgeon. The first commercial particulate
45S5 BG product was PerioGlas® which was marketed for periodontal disease-linked jaw defects in
1993 and is now sold in 35 countries'"’. Soon after, a 45S5 BG particulate product for orthopaedic
defect repair was released under the name NovaBone (Nova-Bone Products LLC), which was later
modified by the addition of a polyethylene glycol and glycerine binder to obtain a putty (NovaBone
Putty). The first bioactive glass particulate product not based on the 45S5 BG composition is
BonAlive® ((S53P4) 53.8 mol% SiO», 21.8 mol% CaO, 22.7 mol% NaxO, 1.7 mol% P,Os) (BonAlive
Biomaterials, Turku, Finland)'?. BonAlive® is used for treatment of bone defects and was approved

for the European market in 2006. Possibly the biggest commercial success of bioactive glass is its
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incorporation in toothpaste for hypersensitive teeth (NovaMin Technology, FL; now owned by
GlaxoSmithKline, UK). NovaMin is a very fine powder of 45S5 BG that is now sold as component of

toothpaste for hypersensitive teeth in more than 20 countries.

1.5.2.1 Structure of bioactive glasses

Glasses can be defined as amorphous solids without a long-range atomic order!?”- 12!, Furthermore, all
glasses show a region of glass transformation behaviour. This glass transition range is specified as the
temperature region in which a system transforms from a supercooled liquid to a solid glass'?”- 2!, Oxide
glasses are commonly either produced via a melt quench route or by a sol-gel process. The melt-quench
route was used to prepare all bioactive glasses used in the experiments presented in this thesis. In the
melt quench route, precursor materials are melted in precious metal or ceramic crucibles at high
temperatures between 1,200°C and 1,500°C. The melt is then rapidly quenched. If the cooling is
sufficiently rapid, no crystallisation will occur and a glass will form. The fabrication of bioactive glass
via the sol-gel route relies on the assembly of silica nanoparticles at room temperature'??, Typically,
sol-gel-derived bioactive glasses have fewer components than melt-derived glasses and a higher silica
content. Furthermore, sol-gel-derived glasses are characterised by an inherent nanotopography resulting
in relatively high surface areas and dissolution rates'!.

In the early 1930s the random network theory was introduced by Zachariasen to explain the
properties of glasses!?. In essence, he defined three different structural components of glasses. The
network formers build the backbone of glasses and can form glasses in absence of other components.
The most common network formers are silica (SiO-), phosphorous pentoxide (P»Os) and boron trioxide
(B203)'"7. All bioactive glasses used in the experiments presented in this thesis are based on silica. The
SiO4 tetrahedron is the basic building block of silica-based glasses and forms a continuous 3D
network'?!. Neighbouring SiOy tetrahedra are connected through Si-O-Si bonds also known as bridging
oxygen atoms. Bioactive glasses are special in that they classically have a lower silicon content than
conventional glasses leading to a more open silicon network. Network modifiers, as their name
indicates, modify the glass structure by breaking bridging oxygen bonds thereby reducing the degree of

network connectivity of the SiOs tetrahedra'”’

. The incorporation of network modifiers causes a
reduction in glass transition temperature (T,) and an increase in degradability. Typical network
modifiers are alkali or alkaline-earth metals. A number of alkali and alkaline-earth metals are frequently
incorporated in bioactive glasses such as sodium, potassium, calcium and strontium. Additional network
modifiers are zinc, copper and silver. The third category of structural components in a glass was termed

network intermediates. Intermediate ions such as magnesium can either function as network formers or

as modifiers whilst not being able to form a glass network on their own.

1.5.2.2 The bioactivity of bioactive glasses
Bioactive glasses have a higher amount of network modifiers than conventional glass which is key to

their bioactivity. When exposed to aqueous solutions such as body fluids network modifiers exchange
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with H* ions in solution. Chemical reactions at the surface of the glass eventually result in the formation
of an apatite layer on the surface of the bioactive glass. The bioactivity of bioactive glasses was initially
attributed to this apatite layer; however, it is now well recognised that the ion release products
themselves have biological functions and can interact with cells. Yet, the observed strong bonding of
45S5 BG to bone in vivo owes undoubtedly to the carbonate-substituted hydroxyapatite (HCA) layer
that forms on the surface of bioactive glass following dissolution'?*. The mechanism of HCA layer
formation has been extensively studied and described by Hench and colleagues!?®. Essentially, five
reaction stages have been proposed that lead to the formation of the HCA layer in body fluid in vivo or

in simulated body fluid (SBF) in vitro (Table 1.2):

Table 1.2: HCA layer formation, adapted from Jones, Hench and Rahaman et al.!"® 124126,

Stage Reaction

1 Rapid ion exchange reactions between the glass network modifiers (Na* and Ca*") with H"
(or H;0") ions from the solution, leading to hydrolysis of the silica groups and the creation
of silanol (Si—OH) groups on the glass surface:

e.g. Si-O-Na* + H" + OH - Si-OH" + Na* (aq) + OH

The pH of the solution increases due to the consumption of H". The change in pH can be
quite pronounced and is relatively fast as it occurs during the first minutes to hours of
immersion in an aqueous buffer!'?’.

2 The increase in pH leads to the breakdown of Si-O-Si bonds and the dissolution of silica, in
the form of silicic acid, Si(OH)4, into the solution, and the formation of Si—OH (silanol)
groups on the glass surface:

Si-O-Si + H,0 - Si-OH + OH-Si

3 Condensation and repolymerisation of an amorphous SiO»-rich layer on the surface of the
glass depleted in alkali and alkaline-earth cations.

4 Further dissolution of the glass, coupled with migration of Ca** and (PO4)* ions to the surface
through the SiO»-rich layer, forming a film rich in amorphous CaO-P,0Os on top of the silica-
rich layer.

5 As the glass continues to degrade, OH™ and COs* from the solution are incorporated into the

CaP rich film which then crystallises as an HCA layer.

The above outlined mechanisms hold true for bioactive glasses in general, yet the kinetics of the
dissolution process and of HCA layer formation depend on the respective glass composition''?. Apart
from network connectivity, it has been shown that the nature of the network modifiers can alter glass
solubility and degradation rates. Wallace et al. demonstrated that the systematic substitution of calcium

oxide by sodium oxide led to an increase in the rate of ion exchange (solubility)'?’. This phenomenon
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was explained by a lower packing density caused by a lower field strength of sodium ions and
subsequent weaker ionic cross-links. Similarly, the replacement of calcium by strontium on a molar

basis was demonstrated to increase glass solubility'2®

. Here, the bigger ion radius of strontium resulted
in a lower packing density of the glass.
Since the HCA layer shares similarity with apatite, the mineral constituent of bone, it is thought

to be responsible for the tight binding to bone tissue'?

. The exact biological mechanisms promoting the
strong bonding of the HCA layer to bone; however, remain incompletely understood. Once the HCA
layer has formed, proteins such as growth factors and collagens are believed to absorb to the HCA layer,
thus promoting the attachment, proliferation as well as differentiation of osteoprogenitor cells and
finally the production of ECM by them®. The mineralisation of the deposited ECM to a nanocrystalline
mineral at the surface of the bioactive glass/ HCA layer is thus thought to underlie the firm boding to
bone'?’.

Apart from their bone bonding properties, 45S5 BG implants have been recognised to promote
new bone formation along the implant surface as well as away from the bone/ implant interface. These
characteristics are being referred to as osteconductive and osteoproductive, respectively!'® 1?4, The
discovery of 45S5 BG with its striking osteogenic properties has spurred the development of bioactive
glasses and doped systems for tissue engineering. Since 1969, numerous bioactive glasses varying in
their compositions and fabrication techniques have been evaluated; however, 4555 BG still excels with
respect to its biological properties'’. A limitation of 45S5 BG and bioactive glasses in general is the
difficulty to process them into porous 3D scaffolds. To fabricate bioactive glass scaffolds, bioactive
glass particles are commonly reheated (sintered) in order to be shaped into a desired form. Yet, if enough
energy is supplied, the atoms of the glass network can rearrange into a crystalline structure'?!. Highly
bioactive glasses such as 45S5 BG are more prone to crystallisation and thus have a smaller sintering
window. Devitrification of 45S5 BG reduces the bioactivity and delays the formation of a HCA layer!*,
Bioactive glasses such as 13-93 (54.6 mol% SiO,, 22.1 mol% CaO, 6.0 mol% Na,O, 7.9 mol% K-O,
7.7 mol% MgO, 1.7 mol% P,Os) have been developed and have a bigger sintering window than
45S5 BG which was achieved by modifying the glass composition. There are a number of different
techniques available to fabricate melt-derived bioactive glass scaffolds including the use of sacrificial
polymer templates; however, all require sintering as final step'®” ', Due to the difficulties that are
encountered when sintering glass particles into a dense network, 3D porous scaffolds are frequently
limited by their low strength!3!. Furthermore, much like for CaPs, a general limitation of bioactive
glasses is their inherent brittleness. Of note, it has been shown that with tailored architectures,
mechanical properties of porous 3D bioactive glass scaffolds can be improved!'?’. Undoubtedly, the way
a glass is fabricated will dictate glass properties and thus will naturally have a considerable influence
on cell-material interactions. Yet for the purpose of this literature review, fabrication techniques will
not be addressed. Due to their osteogenic properties, bioactive glasses have been used for the fabrication

of polymer/ bioactive glass or hydrogel/ bioactive glass composites and coatings for metal implants.
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1.5.2.3 Biological response to bioactive glasses
A large body of evidence suggests that bioactive glasses are osteoproductive in vivo. Hence, new bone
is not only formed along the axis of the implant, a characteristic which is termed osteoconductive, but
also away from the implant which has been termed osteoproductive by Wilson!®. Furthermore,
bioactive glass granules have been shown to enhance osteogenic differentiation of MSCs in vivo'*. The
assessment of bioactive glasses in vitro and in vivo has been traditionally focussed on bone and
osteogenic cells. Thus, a number of studies have investigated the influence of bioactive glasses on pre-
osteoblastic cell lines!** 134 primary osteoblasts'*>137, foetal osteoblasts'*® and bone marrow stromal
cells'®. In essence, it has been shown that 45S5 BG and other glass compositions have the ability to
promote osteoblast proliferation and differentiation by enhancing the expression of key phenotypic
markers such as RUNX2, type I collagen and osteocalcin!®- 140 141 For example, it was demonstrated
that a sol-gel bioactive glass of the composition 60 mol% SiO, 36 mol% CaO, 4 mol% P,Os supported
nodule formation and mineralisation by primary human osteoblasts'*>. Similarly, primary osteoblasts
seeded on melt-derived 45S5 BG discs showed a higher rate of proliferation and increased osteogenic
marker gene expression compared to control'*’. Likewise, although not as extensively studied, bioactive
glasses have an effect on MSCs. It has been shown that the presence of silica-based bioactive glass
powders (both sol-gel and melt-derived) increased the differentiation of rat bone marrow cells into ALP
positive cells after three weeks of culture'*?. Furthermore, an increased production of mineralised
nodules has been observed'**.

Considering the nature of bioactive glasses and the release of ions that occurs during their
degradation, it appears to be extremely important to analyse the influence of these ionic products on the

surrounding tissue.

1.6 Bioactive ion species for tissue engineering

Historically, inert (bio)materials were considered preferable for the fabrication of implants to
circumvent foreign body reactions’. In contrast, current efforts in the field of (bone) tissue engineering
are focused on the development of complex (3D) scaffolds that are designed to interact with the host
tissue and, ideally, support its regeneration®. In addition to the biomaterial, (micro)porosity, pore size
and surface topography of a scaffold, supplementation with bioactive molecules has a significant impact
on MSCs and cells of the osteogenic lineage in terms of viability, proliferation, differentiation and
matrix production in vitro, as well as on bone formation in vivo'*. Introduction of bioactive molecules
to the defect site can be achieved by two different strategies: bioactive molecules can be immobilised
on the surface of the scaffold by chemical or physical interactions, or the scaffold itself is used as a
carrier system, releasing soluble bioactive molecules to influence the biological response!#*. The latter

method is frequently used for the delivery of growth factors or DNA plasmids. The delivery of these
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molecules and their controlled release is highly complex and is beyond the scope of this literature
review. Apart from proteins or peptides, ions, such as Sr**, Mg?*, Zn*", Ca*", POs* are involved in
biological processes and have the ability to trigger various cell responses, depending on the nature of
the ion(s) and their concentration. Due to their low price, availability and bioactivity, incorporation of
biologically active ions within bone substitutes appears thus as an attractive way of modifying
cell/materials interactions.

To this end, scaffolds that feature bioactive moieties have been developed. The local release of
bioactive moieties from a graft is a great advantage as the therapeutic agents are delivered to the site of
desired tissue repair whilst minimising systemic effects. In this context, bioactive glasses present
attractive carrier systems for the delivery of therapeutic ions. By modifying the glass network and
composition, the release rates of key ions can, in theory, be adjusted and ideally be optimised. A further
advantage of bioactive glasses is that they allow the continued release of bioactive ions and thus a
sustained therapeutic effect throughout the degradation process.

Crystalline ceramics such as CaP-based materials have similarly been doped with certain
bioactive ion species (e.g. Sr) to enhance their bioactivity and/or mechanical properties; however, this

is beyond this literature review'*.

In Chapter 2 and Chapter 3, the question was pursued of how incorporation of strontium within the
structure of bioactive glasses would affect the human MSC (hMSC) response. In the following two
chapters (Chapter 4 and Chapter 5), the influence of cobalt-containing bioactive glasses on hMSC
behaviour was assessed. The next sections are thus focussing on the current knowledge we have
regarding the cell response to bioactive glasses and their ionic dissolution products with a particular

emphasis on the bioactive ions strontium and cobalt.
1.6.1 Cell response to bioactive glass ionic dissolution products in vitro

The bioactivity of bioactive glasses is thought to be mediated by two independent mechanisms,
(1) direct cell-scaffold surface interactions and (2) effects of ionic dissolution products on MSCs and
cells of the osteogenic lineage (Fig. 1.3). For the purpose of this thesis, the impact of bioactive glass
dissolution products on the cell response will be discussed in detail. In the literature different
experimental set ups have been described to study the influence of bioactive glass ionic dissolution
products on cells in vitro; a) cells are cultured in presence of bioactive glass particles, b) a bioactive
glass disc is immersed in the culture medium of cells that are grown on tissue culture plastic or
¢) medium containing ionic glass extracts but no particles (in this work termed bioactive glass-
conditioned medium) is prepared prior to the addition to cells. The benefit of the first and second
approach is a dynamic release of ions from the particles or disc that mimics the conditions in vivo after
graft implantation. Yet, as the ion release is not steady it is difficult to link cellular behaviour to a certain

ionic environment. The first culture method has the disadvantage that a subset of cells is in direct contact
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with the glass particles which may bias the overall result. Moreover, a comparable ion release between
replicates and independent experiments is difficult to assure as the ion release from particles might
differ. Comparing the first and the second experimental set up, the latter is preferable if the influence
of the ion release products alone is the focus of the study. The third approach similarly avoids direct
material-cell interactions while additionally ensuring a constant and comparable medium composition.
This system facilitates the comparison of different glass compositions especially when the impact of
(the concentration of) certain key ions is concerned. While the stable ionic composition of the
concentration is an advantage it comes with the disadvantage that this approach is unlikely reminiscent
of conditions cells encounter in vivo after graft implantation.

To properly dissect the effect of ionic dissolution products of bioactive glasses as opposed to
direct cell-material interactions, bioactive glass-conditioned medium, containing the ionic dissolution
products of the glasses, need to be tested on cells. For a comprehensive review on the biological
response to ionic dissolution products from bioactive glasses please refer to Hoppe et al.'*. Xynos and
colleagues were the first to document the effect of 45S5 BG-conditioned medium on human
osteoblasts'#’. Osteoblast proliferation was increased after 4 days of culture in 45S5 BG-conditioned
medium compared to medium only suggesting that the ionic dissolution products of 45S5 BG acted as
mitogens and thus provided an adequate stimulus for cell proliferation. The mitogenic activity was
partly attributed to the up-regulation of insulin growth factor II expression (IGF-II) as well as the
increased availability of unbound IGF II protein in the medium'"’. Xynos and colleagues went on to
further dissect the influence of 45S5 BG-conditioned medium on gene expression by performing a
cDNA microarray analysis. Gene expression profiling of human osteoblasts treated with 45S5 BG-
conditioned medium for 48 h revealed a greater than two-fold up-regulation of 60 genes compared to
control indicating a profound effect of the ionic dissolution products on the cells'®®. The most
significantly up-regulated genes were associated with signal transduction, growth and cell-cycle

148

regulation'*®, Underscoring the pioneering work by Xynos et al. bioactive glass-conditioned medium

using 45S5 BG but also other compositions, was shown to modify gene expression in human foetal

149, 150 151

osteoblasts and human primary osteoblasts'>'. In particular, the influence of bioactive glass
derived ionic products on genes involved in bone growth and development was studied and found to be
up-regulated. Notably, ionic extracts increased the expression of alkaline phosphatase, osteonectin and
bone sialoprotein in the absence of osteogenic supplements in human foetal osteoblasts'>’. Similarly,
several studies have demonstrated a pro-angiogenic effect of bioactive glasses and their ionic
dissolution products in vitro using fibroblasts and endothelial cells. For a review discussing the in vitro
and in vivo angiogenic effects of bioactive glasses, please refer to Gorustovich et al.'*. A recent study
suggested an increase in mineral formation and the production of osteocalcin and type I collagen by
adipose tissue-derived hMSCs in bioactive glass-conditioned osteogenic medium compared to
control!**, Bioactive ions alone in absence of osteogenic factors did not enhance osteogenic lineage

commitment of the adipose-tissue derived hMSCs even though gene expression of osteogenic markers
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appeared to be up-regulated after 14 days of culture. The authors argued that this effect might have been
caused by very low levels of phosphorous in the osteogenic factor-free medium. In contrast, Reilly et
al. did not observe a consistent effect of 45S5 BG dissolution products on hMSC osteogenic

differentiation'>*

. Yet, the same group demonstrated that ALP activity of murine MSCs was enhanced
in presence of 45S5 BG dissolution products'®. In both studies, the effect of the dissolution products
seemed to some degree donor dependent. Regarding the mode of action of bioactive dissolution
products, the bioactive ions are thought to activate intracellular signalling mechanisms (Fig. 1.3).
Notably, there is evidence that the presence of bioactive glass ionic dissolution products in the medium
changes the intracellular levels of ions. The calcium content in osteoblasts cultured in 45S5 BG particle-
containing medium was found to be increased while the concentration of a range of ions was increased
in a study using a different bioactive glass composition!>> 156,

To enhance and tailor the bioactivity of biomaterials for specific (tissue engineering)
applications, various key metallic ions have been incorporated in bioactive glasses and other ceramics.
The optimisation of stimulatory effects on osteogenesis and angiogenesis as well as the introduction of
antibacterial properties have been most widely pursued. To that end, cobalt, copper, magnesium, silver,
strontium and other key biologically active ions were used to dope bioactive glasses. For the purpose

of this literature review, the ion species strontium, cobalt and magnesium will be discussed in more

detail.
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Figure 1.3: Regulation of cell behaviour by bioactive glasses. The cell response to bioactive glasses
is regulated by a combination of factors, i.e. topography and surface chemistry of the graft and the ionic
dissolution products. Interaction of cells with bioactive glasses and their dissolution products activates
intracellular signalling pathways mediating changes in gene transcription. Adapted from Hoppe et al.

and Jell and Stevens'4% 137,

1.6.2 Strontium
Strontium is the 15™ most abundant element on earth and a natural constituent of the human diet'®.

Once taken up into the body, the bulk of strontium is deposited in bone or teeth where it makes up
0.335% of the cation content. There is evidence that strontium is preferably localised to mineralised
bone or in close proximity thereof'* ®°, While high doses of strontium (>4 g/1) in the diet have been

reported to disturb bone mineralisation in rats, low doses of strontium (<4 g/l) have been found to have

a beneficial effect on both bone formation and trabecular bone density'. The increased bone formation

rate has been attributed to a higher osteoblastic activity which results in an increase in the amount of
osteoid'®!. Interestingly, it has recently been reported that exposure to 1 M SrCls in vitro increased the
stiffness, hardness and toughness of bone, hence suggesting an influence on intrinsic bone material
properties'®?. In this study, bone specimens excised from female rats were exposed to SrCl, as well as
BaCl, and CaCl; ion solutions to assess specificity. Bone hardness was only significantly increased in
the SrCl, treated specimens, while elastic modulus was increased by all ion solutions. Notably, when

bone specimens collected from ovariectomised (OVX) mice were exposed to 1 M SrCl,, material level
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property changes regarding stiffness, hardness and re much more pronounced than in control animals.
In vitro studies of murine and human bone marrow derived MSCs have shown that strontium at a
concentration of 3 mM has an influence on the commitment of the MSCs, favouring the osteogenic over
the adipogenic lineage!'®* %, The underlying mechanisms of the mode of action of strontium remain ill
defined; however, one study suggests that strontium mediates its effects via WNT/B-catenin

signalling'®.

1.6.2.1 Effects of SrR in vitro and in vivo

Osteoporosis is characterised by an imbalance of bone formation and bone resorption resulting in low
bone mass and microarchitectural deterioration of bone tissue!®. Since 2004, strontium ranelate (SrR)
has been used as anti-osteoporosis treatment. StR significantly reduces the incidence of vertebral and
non-vertebral fractures in post-menopausal women suffering from osteoporosis'®” 1, In animal studies
using OVX rats, a model for post-menopausal osteoporosis, StR treatment resulted in improved bone
parameters in terms of mass, microarchitecture and strength!®®. Unlike other anti-osteoporosis drugs,
there is evidence from animal studies and studies on bone cells in vitro that StR has the ability to both

170. 171 and decrease bone resorption'’?. Indeed, in vitro studies have shown that

enhance bone formation
SrR stimulates osteoblast differentiation and function while suppressing osteoclast differentiation and
resorptive activity!’”>. However, the underlying mechanisms that account for the anabolic and anti-
catabolic actions of SrR remain largely unknown and the “dual action” of SrR has lately been
challenged!”. An intriguing study suggests that SrR inhibits Nf-kB activation, uncoupling it from TNF
alpha signalling'”. Interestingly, the individual components of SrR, sodium ranelate and strontium
chloride, had no influence at the concentration studied on NF-kB highlighting that SrR and strontium
ions are not necessarily interchangeable!”.

Another study provided evidence that SR induced nuclear factor of activated T cells (NFAT)-
mediated Wnt signalling and subsequent osteoblast proliferation and differentiation'’®. From a
mechanistic viewpoint, the beneficial effects of SrR would be at least partly attributed to activation of
the Calcium-sensing receptor (CaSR)'”" 178, Using osteoblasts from CaSR knockout [CaSR(-/-)] and
wild-type [CaSR(+/+)] mice it was shown, however, that StR maintained its positive effect on cell
replication indicating that CaSR is not the only target of SfR'”.

Apart from osteoblasts and osteoclasts, StR likewise seems to have an influence on the
differentiation of MSCs. Treatment of rat bone marrow MSCs with SrR significantly enhanced the
mRNA expression of key osteogenic markers i.e. RUNX2, bone sialoprotein, and osteocalcin in
osteogenic medium and significantly repressed the expression of key adipogenic markers, i.e.
peroxisome proliferator-activated receptors y (PPARG), adipocyte lipid-binding protein 2, and
lipoprotein lipase in adipogenic medium compared to control respectively'®. Another study confirmed

that SrR increased the expression of RUNX2 in human MSCs at day 4 which may indicate a facilitated

differentiation towards the osteogenic lineage'®!.
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1.6.2.2 Strontium-containing bioactive glasses
Considering the promising results obtained by treating osteoporosis with SrR, bioactive glasses
substituted with strontium (SrBG) may be highly interesting for bone regeneration applications.
Bioactive glasses provide the opportunity of a slow, preferably controlled, release of therapeutically
relevant ion species such as strontium. Moreover, StBG grafts would allow the local delivery of
strontium minimising undesired side effects. To investigate the influence of strontium substitution in
the system 49.46 mol% SiO,, (23.08 - X mol%) CaO, X mol% SrO, 26.38 mol% Na»O, 1.07 mol%
P,0Os on glass structure, physical properties and cell response, 0 — 100 % of the calcium were substituted
on a molar basis with strontium (0, 10, 50 or 100 %)'?®. Regarding the physical properties, substitution
of calcium by strontium did not alter the glass network structure itself; yet, the network was expanded
due to the larger ionic radius of strontium'?® 82, Furthermore, the substitution by strontium increased
glass dissolution and hence ion release which was attributed to the expanded glass network!.
Interestingly, apatite formation was significantly enhanced by 100% strontium substitution'?. In
agreement, it has been reported that strontium addition in phosphosilicate glasses favoured the
formation of apatite on the surface of the glass in vitro'®. In contrast, the introduction of strontium in
the 38.49 mol% SiO», (36.07 mol% — X mol%) CaO, X mol% SrO, 19.24 mol% MgO, 5.61 mol% P,Os,
0.59 mol% CaF, system resulted in a decreased apatite formation in SBF'®2, A study by Gentlemen et
al. has nicely dissected the effects of strontium substitution in the above mentioned SiO», P»,Os, CaO,
SrO, Na,O system'®*. Saos-2 cells, a human osteosarcoma cell line, has shown enhanced metabolic
activity after two weeks of culture in medium containing StBG ionic dissolution products compared to
Saos-2 cells cultured in standard medium or standard medium containing bioactive glass dissolution
products with no strontium. When Saos-2 cells were directly seeded on SrBG discs, a significant
increase in total ALP activity and DNA abundance which correlated with increasing strontium content
was observed after two weeks of culture. In accordance with the in vitro results obtained for SrR,
treatment of osteoclasts with SrBG dissolution products resulted in decreased tartrate-resistant acid
phosphatase activity and erosion pit area on CaP-coated glass slides, a known indicator to test osteoclast
activity. Yet, the SrBG dissolution products did not suppress erosion pit formation to the same extent
as pamidronate, a bisphosphonate.

Taken together, strontium is a highly attractive bioactive moiety with a possible disease
modifying effect on osteoporosis. Incorporation of strontium enhances the bioactivity of bioactive

glasses and may benefit bone repair applications.
1.6.3 Cobalt

Cobalt, a transition group metal, is present as trace element in the human body. Cobalt is naturally taken
up through the diet and can be detected in drinking water, vegetables and fish. The mean daily cobalt
uptake ranges between 11 to 45 pg'®> %, The European Food Safety Authority deemed a daily cobalt
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intake of <600 ug as harmless while the United Kingdom Expert Group on Vitamins and Minerals
stated that ingestion of up to 1400 pg of cobalt-containing supplements per day was unlikely to cause
adverse health effects'®1%. Although cobalt is a cofactor of vitamin B, (hydroxocobalamin) it is
acutely toxic in larger amounts. Similarly, long-term exposure to lower levels of cobalt can cause

adverse health effects such as cobalt asthma or cobalt cardiomyopathy'*

. Cobalt-based alloys such as
the cobalt—chromium—molybdenum system are frequently used in the medical industry for the
manufacture of bone and dental implants'®!. Yet, metal debris from such implants has been associated
with inflammation and aseptic implant lossening'®?. The underlying mechanisms of cobalt toxicity
remain largely elusive but may be linked to the ion’s 1) similarity to calcium which could affect
calcium-dependent signalling mechanisms, 2) high affinity to sulfhydryl groups which may inhibit
enzymes implicated in oxidative respiration, 3) ability to displace other metal ions from the active centre
of metal-dependent enzymes and 4) ability to generate reactive oxygen species via Fenton-like
reactions.

Despite the reported adverse effects, cobalt was successfully used to treat anaemia in the 1950s
and marketed in the US under the name Roncovite, however, due to high renal toxicity the drug was
later retracted'®®. More recently, the administrations of cobalt chloride (CoCl,) for several weeks at a
dose of 500 - 1200 pg/day to treat hyperexcretion of oestrogen during hormone replacement therapies
has been suggested'”. To date, cobalt containing supplements are available on the US market
(Gammadyn Mn-Co (Unda Seroyal)'®>. A recent study investigated the impact of continuous CoCl,
ingestion (1000 pg/day) for one month on healthy adults'®. Despite a pronounced increase in cobalt
levels in whole blood samples after 31 days of treatment (0.5 pg/L baseline versus (vs.) 33.3 pg/L (mean
value female volunteers); 16.3 pg/L (mean value male volunteers)), no adverse health effects were
observed. Furthermore, results from animal studies suggest CoCl, supplementation as viable tool for
tissue protection. In vivo experiments in rats have shown that pre-conditioning with CoCl, prior to

7 and brain'®®, The tissue

hypoxic conditions had a protective effect on the heart'®> 19 kidney'
protective effect was linked to up-regulation of HIF-1a and its target genes including heme oxygenase-
1 and erythropoietin. Interestingly, rats were continuously treated with CoCl, for 7! 1% 1417 or up to
431% days with no apparent adverse effects on the health of the animals.

In the human body, cobalt is preferentially taken up in the kidneys and liver and excreted

through the urinary system over time!’

. Cellular uptake of cobalt appears to be mediated by active and
passive transport mechanisms. The intracellular cobalt concentration was shown to correlate with the
extracellular CoCl; level and, notably, to accumulate over time up until a saturation point after 12 h of
continuous exposure was reached'”. Yet the authors only analysed Co** uptake kinetics for up to 24 h
so that long term data on Co*" accumulation is lacking. Cobalt has been identified as potent hypoxia-
mimicking agent. To understand the implications of that characteristic, the mechanisms of cellular

oxygen sensing will be discussed.
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1.6.3.1 Oxygen sensing in cells

Cells adapt to changes in oxygen tension by activating a plethora of signalling cascades. The hypoxia-
inducible factor-1 (HIF-1) pathway is the key mediator of the cells’ complex response to hypoxia and
essential for cell survival. Apart from the HIF-1 pathway, the cellular response to hypoxia is
orchestrated in part by mammalian target of rapamycin (mTOR) kinase signalling and activation of the
unfolded protein response (UPR)?®. Considering the scope of this literature review, the HIF-1
independent O»-sensitive signalling pathways will not be discussed.

HIF-1 is a heterodimeric transcription factor first described by Semenza et al. in 1991 as
hypoxia-inducible nuclear factor binding to the enhancer region of the erythropoietin (EPO) gene®’!.
HIF-1 is composed of an oxygen-regulated hypoxia inducible factor-1 alpha (HIF-1a) subunit and a
constitutively expressed hypoxia inducible factor-1 beta (HIF-1B) subunit. HIF-1 was originally
termed aryl hydrocarbon receptor nuclear translocator (ARNT). Two paralogs of HIF-1o have been
identified, HIF-2a and HIF-3a. While HIF-1a is ubiquitously expressed throughout the body, HIF-2a

is not found in all tissues?’?

. HIF-2a is closely related to HIF-1a as it shares 48% amino acid sequence
identity and hence biochemical and structural characteristics such as the ability to dimerise with HIF-
1B and to associate to hypoxia responsive elements (HRE) in the promoter region of HIF-1 target
genes®®. HIF-3a shares the ability to dimerise with HIF-1B and to bind to HRE with the other two
HIF-a’s, yet there are studies suggesting a negative regulatory role of HIF-30 on the HIF-1 pathway>*.

HIF proteins belong to the superfamily of basic helix-loop-helix (bHLH) transcription factors
that must dimerise prior to transactivation of gene expression. More specifically, HIF proteins are
distinguished by the presence of a PER-ARNT-SIM (PAS) motif that ensures specific dimerisation
among the bHLH/ PAS family®*> 2% (Fig. 1.4). Two transactivator domains, N-terminal (N-TAD) and
carboxy-terminal (C-TAD), localised in the carboxy-terminal half of HIF-1a, were identified which
mediate the association with coactivators including CBP (cyclic-AMP responsive element binding
(CREB)-binding protein)/ p300 to activate gene transcription’’.The HIF-a proteins are further
characterised by an oxygen-dependent degradation domain (ODDD) that is responsible for the oxygen
tension-regulated stability.
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Figure 1.4: Structure of hypoxia inducible factor-1a (HIF-1a). The structure of HIF-1a is shown
with the basic helix-loop-helix (b HLH) and the two PER-ARNT-SIM (PAS) domains that are necessary
for dimerisation and DNA binding. On the C-terminus HIF-1a further contains a transactivation domain
(TADs) that is constituted of two internal units, N-TAD and C-TAD. The hydroxylation of specific
proline residues (Pro402 and Pro564) within the oxygen-dependent degradation domain (ODDD)
targets HIF-lo for degradation via proteasome. Figure adapted from Semenza and Simon and
Keithzos, 209.

In normoxic conditions, HIF-1a is rapidly hydroxylated at two conserved proline residues (Pro402 and
Pro564, or for HIF-2a, Pro405 and Pro530) located within the ODDD domain. HIF-specific 2-
oxogluterate dependent prolyl hydroxylases, termed prolyl hydroxylase domain containing (PHD1, 2
and 3), are responsible for this reaction which requires oxygen as well as iron and ascorbate as cofactors
(Fig. 1.5)*'°. During the reaction, one oxygen atom is transferred to the proline residue while the other
reacts with 2-oxogluterate to produce succinate and carbon dioxide. Among the PHDs, PHD2 has been
identified as the critical oxygen-sensing enzyme responsible for HIF-1a degradation in normoxic
coditions?'!. Hydroxylated HIF-1a is rapidly bound by the von Hippel Lindau protein (pVHL) which
mediates the recruitment of an E3 ubiquitin ligase complex resulting in poly-ubiquitylation and
subsequent proteasomal degradation of HIF-1a. In a process reminiscent of the proline hydroxylation
in the ODDD domain, the asparagine residue 803 within the C-TAD region is hydroxylated in normoxic
conditions abolishing the interaction of HIF-1a with its co-factors. Hydroxylation of the asparagine
residue is performed by factor inhibiting HIF (FIH) and activity of FIH is reduced in hypoxic
conditions?'?. In ambient conditions, HIF-1a is continuously produced but has a short half-life of
approximately ti» =5 min?". Extensive study of the regulation of HIF-1a protein has revealed a
complex network of oxygen dependent and independent mechanisms. Although the opinion persists
that HIF-1a function is mainly coordinated on a protein level, there are studies reporting a differential
regulation of HIF-1a transcription levels in response to changes in oxygen availability?'.

In hypoxic conditions, degradation of HIF-1a. is abrogated so that the protein can translocate to
the nucleus where it dimerises with HIF-13. The HIF-1 heterodimer binds to HREs that contain a
conserved HIF-binding sequence (5’-RCGTC-3’ with “R” being a purine residue) within the promoter

or enhancer region of oxygen-responsive genes. Interaction of the C-TAD domain with co-activators
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such as CBP/p300 enhances activation of gene transcription and is thought to be required for full HIF
activity?®’. Notably, HIF-1a stabilisation in HeLa cells was found to increase almost exponentially when
oxygen concentrations fell below 6%2"°. HIF-la levels as well as DNA binding activity peaked at
0.5% Os. Yet, the kinetics and likely the extent of HIF-1a stabilisation has been shown to be organ-
specific?!®. To adapt to changes in oxygen supply and ensure cellular survival, HIF-1a transactivates
the expression of a variety of genes which can be grouped in the following categories: angiogenesis,
glucose metabolism, erythropoiesis, cell survival and apotosis?'®. A study in arterial endothelial cells
demonstrated a differential regulation of 2.6% of all tested genes by hypoxia or constitutive stabilisation
of HIF-10!". The largest group of regulated genes encoded for transcription factors suggesting that the
HIF-1 pathway activates a network of downstream transcriptional responses. Among the most famous

HIF-1 regulated genes are VEGF and EPO.

1.6.3.2 Cobalt’s hypoxia-mimicking properties

Different mechanisms have been proposed to explain cobalt’s hypoxia mimicking properties (Fig. 1.5).
Epstein et al. were the first to fully characterise the PHDs and to hypothesise that cobalt exerts its
function by replacing the iron in the iron-binding centre of PHDs directly inactivating the enzymes*!°.

206 Yuan et al.

Previously Wang et al. had observed that cobalt ions stabilised HIF-1a in ambient air
further demonstrated that cobalt ions can bind directly to the conserved proline residues in the ODDD
domain of HIF-la, inhibiting the hydroxylation of HIF-la by PHDs and/or the interaction of
hydroxylated HIF-1a with pVHL?'®. A third mechanism links cobalt-triggered generation of reactive
oxygen species (ROS) to an increase in HIF-1a concentration. Following treatment with 100 uM CoCl,,

increased ROS levels were measured in HeLa cells?"’

. ROS production was independent from
mitochondrial function and induced stabilisation of HIF-1a in a mechanism that seemed to depend on
phosphatidylinositol 3-kinase (PI3K). In keeping with these results, a study using smooth airway muscle
cells showed that CoCl; increased HIF-1a levels by producing ROS that in turn activated PI3K
signalling pathway possibly leading to the up-regulation of HIF-1o. mRNA translation®'*. Interestingly,
the efficiency of cobalt ions to produce ROS via Fenton-like reactions was characterised as very low
unless they are appropriately chelated®. Yet, the role of cobalt mediated ROS production in HIF-1a.
up-regulation has been questioned*?': *2. Another possible pathway may be the depletion of cellular
ascorbate by cobalt causing an inhibition of PHDs??*. To date, the ability of cobalt ions to increase the
cellular protein level of HIF-1a has been demonstrated in a number of cell types for concentrations
ranging from 50 uM to 400 uM?*225_ Although cobalt successfully enhances the transcription of known
HIF-1 pathway target genes there is evidence that cobalt-induced hypoxia does not fully recapitulate
low oxygen tensions. Proteomic analysis of human leukemic cells (U937) after culture in hypoxic
conditions or in presence of 50 uM CoCl; identified 62 and 16 proteins respectively that were
differentially regulated compared to the normoxic control*?®. 11 of the 16 proteins modulated by CoCl,

treatment matched with protein profiles in hypoxic conditions while the remaining 5 were exclusively
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regulated indicating that CoCl, induced some hypoxia-mimicking mechanisms but also cobalt-
dependent effects. While the work in this thesis is focused on the effect of HIF-1a stabilisation,
HIF-2a should similarly be affected by the cobalt mediated inhibition of PHDs. Therefore some of the
observed effects may indeed be due to HIF-2a signalling.

Normoxia Cobalt-induced hypoxia Hypoxia
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Figure 1.5: Regulation of the HIF-1 pathway. In ambient air, cellular oxygen sensors termed prolyl
hydroxylases (PHD) mediate the hydroxylation of conserved proline residues within the oxygen-
dependent degradation domain of HIF-1a. The E3 ligase von Hippel-Lindau protein (pVHL) binds to
hydroxylated HIF-1o. and mediates its subsequent poly- ubiquitylation and degradation by the 26S
proteasome pathway. In presence of cobalt, the iron in the iron binding centre of PHDs is replaced by
cobalt, inactivating the enzyme. Alternatively, cobalt ions can bind to the specific proline residues of
HIF-1a, inhibiting the interaction with pVHL. Stabilised HIF-1a can translocate to the nucleus where
it dimerises with HIF-1p and binds to hypoxia responsive elements (HRE) in the promoter or enhancer
region of its target genes. In hypoxic conditions, the scarcity of oxygen leads to inactivity of PHDs and
hence accumulation of HIF-1a. As the role of ROS in HIF-1a regulation is a subject of ongoing debate,
it was omitted from the figure. Figure adapted from Maes et al.?*’.

1.6.3.3 The use of cobalt in tissue engineering

Considering cobalt’s known hypoxia mimicking properties it comes with no surprise that a growing
body of research tries to exploit the ion’s potential for tissue engineering purposes by incorporating the
element into biomaterials. In most cases cobalt incorporation was performed to confer pro-angiogenic

properties to a biomaterial; mainly but not exclusively for bone regeneration applications. Successful
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bone regeneration necessitates angiogenesis at a relatively early stage as a functional blood supply is
pivotal for the repair process of bigger defects and/or to provide engineered tissue with nutrients??®. Yet,
to date angiogenesis presents a challenge for synthetic bone grafts, especially when applied to larger
defects?®. Several approaches such as pre-vascularisation of constructs or the controlled release of
growth factors from materials are being investigated. Generally, these approaches are rather complex,
costly and, in case of growth factors, associated with a short half-life, instability as well as safety
issues?’. Therefore, the transition metal cobalt presents an attractive alternative due to its stability, low
cost and relative ease of use.

Fan et al. showed that CoCl, pre-treated human hMSCs enhanced vascularisation and
ultimately osteogenesis in a co-culture model with osteogenic pre-differentiated hMSC in a skull bone
defect in SCID mice?!. The authors attributed this beneficial effect to secretion of the pro-angiogenic
VEGF which may, apart from its obvious function, have stimulated osteogenesis in the hMSC-derived
osteoblasts. In a study by Kulanthaivel et al. cobalt-doped hydroxyapatite was synthesised and found

to increase VEGF protein expression in an osteosarcoma cell line?*

. Yet, the paper did comment on the
final cobalt concentration that the cells were exposed to which makes any comparison with other studies
difficult. Similarly, 2 mol% and 5 mol% cobalt substituted B-tricalcium phosphate (Co-TCP) ceramics
were prepared by Zhang et al.**. Extracts prepared from 5% Co-TCP significantly enhanced the VEGF
production by hMSCs compared to control medium or 2% Co-TCP. Yet extracts prepared from 2% Co-
TCP performed best in an in vitro angiogenesis assay using HUVECs suggesting cell type dependent
differences. The amount of cobalt in the extracts was relatively low with 12 pM (5% Co-TCP) and
1.5 uM (2% Co-TCP) compared to CoCl, concentrations routinely used to induce hypoxia. In a follow-
up study it was shown that extracts prepared from Co-TCP enhanced hMSC osteogenesis compared to
extracts prepared from B-TCP**. Yet, the authors neither stated if 2% or 5% Co-TCP was used nor
commented on the final cobalt content in the medium. Interestingly, Co-TCP extracts up-regulated
inflammatory markers in RAW264.7 cells, a macrophage cell line. When hMSCs were exposed to RAW
cell conditioned Co-TCP extracts the previously obtained observations were reversed with a down-
regulation of osteogenic marker gene expression as well as ALP protein abundance and activity. An in
vivo bone defect model in rats further highlighted that in presence of Co-TCP new bone formation was
impaired compared to B-TCP, an effect that was contributed to immunomodulation.

Perez et al. incorporated Co®" as pro-angiogenic factor in a collagen/alginate core-shell
hydrogel system for bone regeneration applications??s. 1 mM CoCl, was used for the preparation of the
hydrogel, which corresponded to a Co** release of 15 pM, a value much lower than the frequently used
100 puM to induce hypoxia. Exposure to release products of the collagen/alginate scaffolds had a dose
dependent effect on murine MSCs and significantly reduced the viability when higher cobalt
concentrations (150 puM) were used. Interestingly, up-regulation of angiogenic factors as well as
osteogenic markers were observed in response to indirect culture with the collagen/alginate scaffolds

suggesting that relatively low amounts of cobalt can induce hypoxia-like effects in cells. While the most
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favourable results regarding angiogenic and osteogenic markers were obtained with cobalt releasing
collagen/alginate scaffolds in vitro, bone formation was reduced in vivo in a rat calvarial defect model
compared to control scaffolds lacking cobalt. Yet, co-delivery of cobalt with BMP2 achieved the best
bone formation indices compared to control or BMP2 only releasing scaffolds. Recently, polylactic acid
(PLA) particles were coated with CaP and Co*" to study blood vessel formation after intramuscular
implantation in goats®**. Cobalt incorporation into the coating enhanced the size and number of newly
formed blood vessels compared to PLA particles and PLA particles coated with CaP in the absence of
cobalt. Notably, relatively low amounts of cobalt were used (0.1 and 20 uM) to prepare the coatings.
Interestingly, the inflammatory response was found to be comparable between all groups.
Unfortunately, the ion release from the particles was not measured. Beyond angiogenesis, recently, the
use of cobalt or its incorporation into scaffold systems to support chondrogenesis has been an up-coming
notion. To support chondrogenic differentiation, human adipose tissue derived MSCs were cultured in
cobalt/calcium alginate beads in a study by Focaroli ef al.*> An up-regulation of chondrogenic markers
in the absence of any chondrogenic growth factors was observed which depended on the presence of
cobalt but varied with regards to the amount of cobalt in the initial gelling bath. Unfortunately, the

cobalt concentration within the beads or indeed the actual cobalt content of the beads was not measured.

1.6.3.4 Cobalt-containing bioactive glasses

As discussed previously, bioactive glasses are ideal carriers for bioactive ions due to their superior
capacity to be modified in their composition. Furthermore, bioactive glasses allow the delivery of such
bioactive ions in a controlled and relatively sustainable manner that can be tuned according to the
requirements of the application. Much like for other biomaterials, cobalt was incorporated into bioactive
glasses to design scaffolds with therapeutic pro-angiogenic and pro-osteogenic potential. To this end,
Lee et al. prepared a series of cobalt-doped titanium phosphate-based bioactive glasses with increasing
cobalt incorporation (0, 5, 10 and 15 mol%)*. Biological evaluation showed that the number of
osteosarcoma cells seeded on discs prepared from all bioactive glasses was comparable after three days
of culture. After seven days, the cell number on discs lacking cobalt seemed to be increased while the
growth rate of osteosarcoma cells cultured on cobalt-doped discs was reduced in a dose-dependent
manner. Metabolic activity of cells followed a similar trend. Interestingly, VEGF protein production
was increased in response to all bioactive glasses compared to tissue culture plastic suggesting a general
underlying mechanism. Cell culture on bioactive glass discs containing 5 or 10 mol% cobalt had a
tendency to enhance the VEGF production albeit only to a small degree.

Wu et al. further developed the idea of a cobalt-doped biomaterial for tissue engineering
applications and prepared cobalt containing 3D mesoporous bioactive glass (Co-MBG) scaffolds for
bone tissue engineering?’. HIF-la protein was up-regulated in hMSCs cultured on the Co-MBG
scaffolds indicating hypoxia-mimicking properties of the material. Furthermore, VEGF and osteocalcin

gene expression as well as secretion of VEGF were enhanced in response to culture on the Co-MBG
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scaffolds compared to the cobalt free MBG scaffold control?*’. A mild inhibitory effect of cobalt on cell
viability was observed with 5 mol% substituted Co-MBG while no significant differences were found
for 2 mol% Co-MBG compared to the MBG control after 7 days of culture. Hoppe and colleagues
developed a cobalt releasing 13-93 BG scaffold and showed that cell viability and metabolic activity
depended on the extent of cobalt incorporation 4623,

With the aim to design hypoxia-mimicking bioactive glasses for skeletal tissue engineering a
series of cobalt-containing glasses with increasing cobalt substitution (0, 0.5, 1, 2 or 4 mol%) were

239,240 Medium containing

developed by M.M. Azevedo et al. in the laboratory of the Stevens group
ionic extracts of the cobalt-containing glasses enhanced HIF-1a. activity in hMSCs after 8 h of culture?¥.
Gene expression of hypoxia-responsive genes was shown to be up-regulated in hMSCs after 24 h of
culture in cobalt-doped bioactive glass-conditioned medium further underscoring the hypoxia-
mimicking properties of the developed glasses. To confer pro-angiogenic properties to a collagen-
glycosaminoglycan (CG) scaffold system for bone tissue engineering, cobalt-doped bioactive glass
particles (38 um and 100 pm) were incorporated®!!. Bioactive glass/ CG scaffolds with 100 pm
enhanced VEGF protein production by endothelial cells and conditioned medium prepared from the
scaffolds increased tubule formation by HUVECs compared to the bioactive glass free scaffold control.
The cobalt-containing bioactive glass/ CG scaffolds were further shown to promote osteogenesis
enhancing the ALP activity in pre-osteoblast cells compared to cobalt-free bioactive glass/CG or glass
free scaffolds.

In summary, the hypoxia-mimicking properties of cobalt confer a unique modulatory capacity
to the ion and make it highly interesting for tissue engineering applications. Hypoxia fulfils crucial
functions not only during embryonic development but also in the adult body. Beyond cobalt’s
demonstrated value for angiogenesis and osteogenesis, it is therefore a potent bioactive ion that can

elicit a plethora of signalling mechanisms in cells.
1.6.4 Magnesium and other bioactive ions

The development of magnesium-containing bioactive glasses for tissue engineering purposes has lately
received growing attention owing likely to the ion’s numerous functions as signalling molecule in the
body and its role in bone growth and maintenance. In a rat model, a reduction of dietary magnesium by
only 50% reduced the bone mineral content. Furthermore, a low magnesium diet in mice caused a
decrease in the number of osteoblasts while the number of osteoclasts was increased. For a
comprehensive review on magnesium-containing bioactive glasses, please refer to Diba et al.***. The
incorporation of magnesium into a bioactive glass system has been shown to induce complex structural
changes in the glass network that remain to be fully elucidated. Yet, literature agrees that the presence
of magnesium ions delays the formation of the HCA layer which likely owes to inhibition of crystal

growth by occupation of crystal growth sites'’. The influence of magnesium incorporation on the
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degradation kinetics of bioactive glasses is less clear as both an increase and a decrease has been
reported**?. The influence of magnesium incorporation on bioactive glass properties may thus depend
on the glass composition. A number of studies have evaluated the effect of magnesium-doped bioactive
glasses for bone regeneration applications. Generally, the incorporation of magnesium in a given glass
composition did not cause any cytotoxic effects. In contrast magnesium-doped bioactive glasses tended
to enhance proliferation of osteoblasts and MSCs and increased the expression of osteogenic markers!**
243 In a study by Wang et al. the bioactive glass scaffolds with the highest magnesium incorporation
(2.25 mol% Mg) increased both proliferation and ALP activity of murine MSCs compared to the control

glass scaffold with no magnesium>*

. Yet, most studies lacked a magnesium-free reference in the same
bioactive glass system making it difficult to relate the observed changes to magnesium. In summary,
magnesium containing bioactive glasses are highly interesting materials for bone repair applications,
however, further clarification of the influence of magnesium ions within bioactive glasses and their
dissolution products is needed.

Taking it one step further, several studies have investigated the effect of single ion species on
cell response. It has been shown that solutions containing silicon ions potently enhance bone formation,
increase osteoblast proliferation as well as ALP activity and the secretion of osteocalcin®?. In
agreement, a study has demonstrated that orthosilic acid at concentrations of 10 uM and 20 uM
stimulated type I collagen synthesis, increased ALP activity and enhanced osteocalcin secretion in a
human osteosarcoma cell line**®. In addition, the effect of calcium has been investigated. Calcium
concentrations of 6 - 8 mM had a favourable effect on osteocalcin expression and matrix production by
osteoblasts. Interestingly, these effects are observed at significantly lower concentrations in 3D
culture*¥. Finally, phosphate ions specifically enhance the expression of osteopontin, a protein involved

in mineralisation, and matrix gla protein in osteoblasts*** >*. Hence, the bioactivity of bioactive glass

can at least partly be attributed to the joined effects of single ion species on cell metabolic activity.
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1.7 Conclusion

Tissue engineering is a rapidly evolving field whose findings have not yet fully translated to clinical
applications. This chapter has aimed to give a brief overview of the current challenges and state of
knowledge in this area. In particular, this chapter introduces the osteochondral system with its most
important cell types and discusses bioactive glasses as versatile carriers of bioactive, therapeutic ions.
Finally, key bioactive ion species are introduced and their influence on the cell response described to
highlight how simple ion incorporation can impact cell behaviour. A better understanding of cell-
biomaterial interactions and of how cell behaviour can be modified by the introduction of bioactive
moieties is crucial for the design of novel scaffolds to overcome the current limitations of tissue
engineering. The motivation of this work was to investigate the responsiveness of human mesenchymal

stem cells to bioactive glass ionic dissolution products.
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1.8 Hypothesis and aims of the thesis

The underlying hypothesis of this work is that incorporation of key ion species into bioactive glasses
can be used to guide cell behaviour. The overall aim of this PhD was to understand the influence of ions
released from bioactive glasses on human bone marrow-derived mesenchymal stem cells. In particular,
the aims were to understand the relationship between the presence of strontium or cobalt ions within
the bioactive glass extracts and hMSC behaviour as well as chondrogenic differentiation. To that end,
different glass compositions were used to obtain bioactive-glass conditioned medium for the culture of

hMSCs. The work done to address these aims is divided into four chapters.

Chapter 2 was based on the hypothesis that up-regulation of the isoprenoid pathway on a gene level
by the presence of strontium within bioactive glass would trigger a biological response and modify
hMSC behaviour. More specifically, it was hypothesised that strontium-containing bioactive glasses
would affect the cell membrane as the isoprenoid pathway is responsible for the production of
cholesterol. The aim of this chapter was to investigate functional effects of the strontium-bioactive

glass-triggered up-regulation of the isoprenoid pathway with special respect to the plasma membrane.

Chapter 3 was based on the hypothesis that a change in the composition of bioactive glasses would
modify hMSC chondrogenesis. In particular, it was hypothesised that strontium incorporation into
bioactive glass would enhance hMSC chondrogenic differentiation and cartilaginous tissue production.
The aim of this chapter was to identify bioactive glass compositions with a beneficial effect on hMSC

chondrogenic lineage commitment.

Chapter 4 was based on the hypothesis that incorporating cobalt into bioactive glasses would enhance
hMSC chondrogenesis by mimicking hypoxia. The aims of this chapter were to test this hypothesis and
to identify an optimum cobalt concentration within bioactive glass extracts to support chondrogenic

differentiation of hMSCs.

Chapter 5 was based on the hypothesis that cobalt incorporation into bioactive glasses would enhance
the stem cell-like properties of hMSCs by mimicking hypoxia. The aim of this chapter was to understand

the influence of cobalt-containing bioactive glass dissolution products on hMSC behaviour.
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CHAPTER 2

The Influence of Strontium-containing

Bioactive Glasses on the Isoprenoid Pathway

in hMSCs

(The data reported in this chapter has been previously published in Autefage H, Gentleman
E, Littmann E, Hedegaard MAB, Von Erlach T, O ’Donnell M, Burden FR, Winkler DA, and
Stevens MM, Sparse feature selection methods identify unexpected global cellular response to
strontium-containing materials. Proceedings of the National Academy of Sciences (PNAS).

2015;112:4280-5.)

All data presented in this chapter were collected by me unless explicitly stated otherwise.
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2.1 Introduction

In the field of tissue engineering the formation of new, functional tissue is the ultimate goal by
definition. (Bio)materials are a centre piece of most approaches to accomplish the regeneration and
repair of tissue. Currently, the mechanisms that drive biomaterials-based repair in vivo are often still
largely elusive. Usually, the in vitro evaluation of such biomaterials is focussed on the desired outcome;
(stem) cell survival, proliferation and differentiation to an appropriate lineage. While it is, of course,
imperative to know if a material will enable a desired outcome, a lot of useful information may be lost
by concentrating exclusively on the predicted result. Hence, the global cell response to the majority of
biomaterials remains incompletely understood and underlying pathways that govern cell-biomaterial
interactions in vitro and particularly in vivo are not fully identified. Therefore, the study by Autefage et
al. aimed at unravelling the cell response to strontium-containing bioactive glasses pursuing an unbiased
approach®’. Such an unbiased approach may yield novel insights into cell-biomaterial interactions
opening up new possible investigation avenues.

Strontium was chosen as a bioactive moiety as numerous studies have demonstrated its ability
to enhance osteogenesis in vitro and in vivo when incorporated within biomaterials or as the active
component of SrR!% 184 251253 " Bjoactive glasses are particularly attractive biomaterials for bone
regeneration purposes due to their osteoinductive/osteproductive properties. Furthermore, bioactive
glasses are excellent carrier systems for therapeutic ions as their composition can be tailored to the
application. Characteristically, bioactive glasses undergo partial dissolution/re-precipitation reactions
on their surface upon exposure to biological fluids thereby releasing ions from their network into their
surroundings. Yet, not all ions that are released re-precipitate to form a HCA layer but some remain in
solution modifying the local ionic microenvironment. Such bioactive glass ionic dissolution products
can influence the biological response in their own right and are, in part, responsible for the bioactive
properties of bioactive glasses'“. In the study by Autefage et al., which was performed in the Stevens
Group laboratory, conditioned medium prepared from strontium-containing bioactive glass was chosen
to evaluate the biological response of hMSCs to strontium within a mix of other known bioactive ions

250

such as calcium and silicon™". To avoid any bias towards a certain outcome a whole genome microarray

was performed to study the response of hMSCs to the incorporation of strontium into the classic 45S5

BG composition*°

. The resulting data set was analysed using functional annotation clustering as well
as a sparse feature selection method. Strikingly, genes encoding for enzymes of the mevalonate and
sterol/steroid biosynthesis pathways were by far the strongest differentially regulated cluster by the
presence of strontium-containing bioactive glass-conditioned media. Following on from these exciting
results obtained with the mRNA microarray, the cell response to strontium-containing bioactive glass
ionic dissolution products was further studied on mRNA and protein levels as well as with respect to

systemic changes in the cell.
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The focus of the research presented in this chapter was to investigate the influence of strontium-
containing bioactive glass ionic dissolution products on the metabolic activity of hMSCs with a special
emphasis on the mevalonate and sterol/steroid biosynthesis to assess whether the strong regulation of
these pathways, observed at the gene level by microarray analysis, induced significant changes at the
cellular level. h(MSCs were chosen for this study for a number of reasons: (1) hMSCs are widely used
for (bone) tissue engineering purposes, (2) hMSCs are recruited to the defect site in vivo and play a role
in the physiological bone fracture healing process, a mechanism which may further be exploited and
enhanced by third generation biomaterials, (3) strontium has been suggested to influence hMSC lineage
commitment and (4) the clarification of hMSC metabolism is of interest from a basic science point of

VIEW.

2.1.1 Gene expression profiling of hMSCs after strontium-containing bioactive glass

extract exposure

The mRNA microarray performed by Autefage et al. highlighted the influence of bioactive ions released
from strontium-containing bioactive glasses on the regulation of a series of genes involved in hMSC

metabolism?*°

. The following paragraph will describe the design of the strontium-containing bioactive
glass microarray study and summarise its findings. In order to dissect the influence of strontium
incorporation within a biomaterial, increasing amounts of strontium were incorporated into the 45S5
BG composition (46.13 mol% SiO>, 26.91 mol% CaO, 24.36 mol% Na,O, 2.6 mol% P,Os) by
substitution for calcium on a molar basis (0%, 10%, and 100% strontium for calcium substitution). The
strontium-doped bioactive glasses with 0%, 10% and 100% strontium substitution will be referred to as
Sr0, Sr10 and Sr100, respectively or BG when all three compositions are concerned.

BG-conditioned medium was prepared by incubating 0.1 mm - 1.0 mm glass particles for 24 h
in hMSC growth medium (PromoCell GmbH, Germany). To investigate the influence of the ions
released from the BGs on gene expression, hMSC from three different donors were incubated with the
filtered BG-conditioned media or growth medium (Fig. 2.1). Growth medium was added as a condition
to assess gene expression in “normal” cell culture conditions in order to better understand the impact of
the BG extracts. At different time points (TO, 30 min, 2 h, 4 h, 48 h, 5 days and 10 days), mRNA from
all groups were isolated and cDNA were subsequently prepared and labelled with the Ambion WT kit.
Samples were hybridised on Affymetrix Human Gene 1.0 ST arrays and the arrays were scanned.
Statistical analysis revealed that exposure to all BG-conditioned media had a profound effect on the
regulation of hMSC gene expression. More than 1,000 genes were found to be differentially expressed
in presence of Sr100 dissolution products compared to growth medium (Fig. 2.1B). While all glass
compositions triggered a change in gene expression compared to growth medium, strontium dose-
dependently further increased the overall number of genes as well as the amount of highly significant

differentially expressed (DE) genes (Fig. 2.1C). This observation pointed towards a special role of
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strontium within the BG dissolution products with regards to the response of hMSCs.

The gene expression data set was further analysed to identify key genes and pathways that were
regulated by the BG dissolution products using functional annotation clustering as well as sophisticated
sparse feature selection methods. Surprisingly, genes associated with the mevalonate and sterol/steroid
biosynthesis pathways scored the highest p-values when the differential gene expression between
hMSCs cultured in Sr100-conditioned and growth medium were analysed. Specifically, functional
annotation clustering of the DE genes indicated a very strong regulation of the sterol/steroid
biosynthesis and metabolic processes with a p-value smaller than 1071 in response to treatment with
Sr100 when compared to the growth medium condition. Furthermore, Kyoto Encyclopaedia of Genes
and Genomes (KEGG) pathway analysis revealed that all genes associated with these pathways were
differentially regulated following Sr100 treatment. While the mRNA expression levels of these genes
were increased by all BGs compared to growth medium only, the mRNA expression levels in the Sr100
group were significantly higher not only compared to growth medium (p-values < 0.01) but also to Sr0
(p-values < 0.05). A closer look at individual gene expression profiles allowed the conclusion that all
enzyme-coding genes involved in the mevalonate and sterol/steroid biosynthesis pathways were dose-
dependently up-regulated with increasing strontium substitution. Sparse feature selection methods
identified the enzyme farnesyl-diphosphate farnesyltransferase 1 (squalene synthase, FDFT1) as one of
the key discriminators between conditions. FDFT1 is the first specific enzyme committed to sterol
biosynthesis. Its strong regulation on a gene level by the BGs in a strontium dose-dependent manner
reinforced the influence of strontium within the BG dissolution products on the sterol/steroid
biosynthesis pathway. Yet, while gene expression levels increased with higher strontium ion
concentrations, the observed influence on gene expression was unlikely solely dependent on strontium
but rather a joined effect of the ions in the medium. Following on from these findings, a deeper
investigation of the effects of the bioactive glass-mediated regulation of the mevalonate and

sterol/steroid biosynthesis pathways was performed.
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Figure 2.1: Overview of the BG microarray study design and results. A) Increasing amounts of
strontium were incorporated into the 45585 BG composition by substitution for calcium (0, 10 and
100%). BG-conditioned media were prepared and used to culture hMSCs for up to 10 days. To study
the impact of BG dissolution products on hMSCs, a whole genome microarray was performed
(Affymetrix ST 1.0). B) Illustration of the number of differentially expressed genes (p<0.05) in presence
of BG dissolution products compared with the growth medium only (GM) group presented in a Venn
diagram. C) Visual representation of the results of the functional annotation clustering comparing
differential gene expression between hMSCs cultured in Sr100-conditioned or GM medium. A high
enrichment score of the mevalonate and sterol/steroid biosynthesis pathways was revealed. BG =
bioactive glass. Reproduced and adapted from Autefage et al.>°.
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2.1.2 Mevalonate and sterol/steroid biosynthetic pathways

The isoprenoid pathway is an essential metabolic pathway as it provides cells with vital molecules that
play key roles in a number of cellular processes (Fig. 2.2). The isoprenoid pathway can be divided into
the mevalonate biosynthesis pathway and the sterol/steroid biosynthesis pathway. In mammals, this
pathway is used exclusively for the biosynthesis of isoprenoids from mevalonate®*. Products of the
isoprenoid pathway can be grouped as sterol and non-sterol isoprenoids and serve as precursors for
molecules that participate in a multitude of cellular processes, among them steroid biosynthesis, protein
prenylation, cell membrane maintenance, and protein N-glycosylation?* 25, Initially, 3-hydroxy 3-
methylglutaryl-CoA (HMG-CoA) is converted to mevalonic acid by HMG-CoA reductase (HMGR).
HMGR is the rate-limiting enzyme of the mevalonate pathway and tightly regulated by the cell’s
demand for sterol and non-sterol isoprenoids. Mevalonic acid is subsequently converted to farnesyl
pyrophosphate (farnesyl-PP) through multistep enzymatic reactions. Bisphosphonates inhibit the
farnesyl-PP synthase (FDPS) thereby reducing the production of downstream metabolites. Farnesyl-PP
is the branching point of the mevalonate pathway as it can be used as precursor for either non-sterol
isoprenoids or sterols. FDFT1, also known as squalene synthase, is the first enzyme exclusively
committed to the cholesterol synthesis. It catalyses the conversion of farnesyl-PP to squalene which is
then further metabolised through a chain of enzymatic reactions to cholesterol. Thus, FDFT1 plays a
crucial role in directing the flow of the farnesyl-PP metabolite either to the sterol or non-sterol branch
of the isoprenoid pathway. Following the non-sterol branch, farnesyl-PP can either serve as a substrate
for protein farnesylation or can be further converted to geranylgeranyl pyrophosphate (geranylgeranyl-
PP) or dolichyl phosphate**. Both isoprenoids are crucial substrates for protein prenylation and N-

glycosylation of growth factor receptors®’

. Prenylation is a process in which hydrophobic molecules,
typically C-15 isoprene farnesyl or C-20 isoprene geranygeranyl groups, are covalently attached to the
C-terminal end of certain proteins including small GTP-binding proteins. Prenylation fulfils the purpose
to equip such proteins with a hydrophobic lipid anchor to attach to cell membranes and to enable

protein-protein interactions®.
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Figure 2.2: Overview of the isoprenoid pathway and its inhibitors. The mevalonate and
sterol/steroid biosynthesis pathways with selected key enzymes (blue) are shown. Inhibitors of the
pathway are highlighted in red. For a complete reproduction of the isoprenoid pathway, please refer to
Buhaescu and  Izzedine®® or the KEGG pathway  (http:/www.genome. jp/kegg-
bin/show_pathway?map00900). FDPS = Farnesyl-diphosphate synthase, GGPS1 = Geranylgeranyl
pyrophosphate synthase, FDFT1 = Farnesyl-diphosphate farnesyltransferase 1, SC4MOL =
Methylsterol monooxygenase 1. Adapted from Goldstein and Brown?®.

Cholesterol is one of the most important end products of the mevalonate and sterol/steroid biosynthesis
pathways. Apart from being a precursor for steroid hormones and numerous other important (signalling)
molecules, cholesterol serves as pivotal part of the lipid bilayer of mammalian cell membranes and
plays an indispensable role in the regulation of cell membrane properties such as rigidity and fluidity
(Fig. 2.3)*°. Cholesterol and phospholipids are the main constituents of the lipid bilayer of mammalian

cells?®!. According to the fluid mosaic model proposed by Jonathan Singer and Garth Nicholson in
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1972, the lipids in the bilayer are in a dynamic state and viewed as “two-dimensional fluids” in which
receptors, transporters and enzymes are inserted®®>. The finding of detergent resistant entities within
membranes, termed lipid rafts, expanded the original mosaic model of membrane organisation®®. Lipid
rafts are commonly defined as cholesterol- and sphingolipid (sphingomyelin and glycosphingolipids)-
enriched dynamic microdomains in the exoplasmic leaflet of the plasma membrane. Proteins frequently
associated to rafts include glycosylphosphatidylinositol (GPI)-anchored proteins, a-subunits of
heterotrimeric G proteins and cholesterol-coupled proteins such as Hedgehog?®*. These dynamic
assemblies segregate and concentrate membrane proteins, thus creating signalling platforms by virtue
of controlling the co-localisation of receptor-ligand complexes?$> 2, Changes in the cholesterol content
of the plasma cell membrane have been found to alter the structure and composition of lipid rafts. The
composition of lipid rafts and specifically the cholesterol content influence the localisation of receptor
proteins thereby inducing changes in cellular signalling cascades?>-2¢7-268  Since the introduction of the
lipid raft hypothesis, the idea of floating entities in the plasma membrane, cholesterol and its

homeostasis have received considerable attention.
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Figure 2.3: Influence of sterol/steroid pathway products on cell signalling mechanisms at the
plasma membrane. Schematic depicting how products of the isoprenoid biosynthesis pathway affect
cell signalling at the plasma membrane. With regards to the sterol branch, cholesterol is an integral
constituent of the cell membrane conferring structural rigidity. Furthermore, it is part of the so-called
lipid rafts signalling platforms in the cell membrane. The non-sterol branch is responsible for the

Cell signalling

prenylation of proteins. The lipid modification allows proteins to insert into cellular membranes and
enables protein-protein interactions. GGPS1 = Geranylgeranyl pyrophosphate synthase 1, FDFT1 =
Farnesyl-diphosphate farnesyltransferase 1.

As the mevalonate pathway is a key player in controlling a multitude of cellular processes, it has
received considerable attention as a therapeutic target. Statins competitively inhibit the HMGCR by
occupying its HMC-CoA binding site, hence abolishing the production of downstream products such
as cholesterol (Fig. 2.2)*. In fact, statins are one of the most frequently sold drugs worldwide today
owing to their ability to decrease cardiovascular morbidity and cardiovascular disease-associated
mortality. The other prominent group of therapeutic agents used to manipulate the mevalonate pathway
are bisphosphonates (BP). BPs hinder bone loss by inhibiting the resorptive activity of osteoclasts which
results in a reduced bone turnover, increased bone mass and improved bone mineralisation in patients
with osteoporosis. BPs bind potently to hydroxyapatite, especially in regions of bone turnover and
remodelling where bone mineral becomes exposed to the surrounding fluids?®®. Bone-bound BPs are
taken up by the bone-resorbing osteoclasts via endocytosis. Once internalised, nitrogen-containing BPs

270, 271

potently inhibit the FDPS thereby preventing the prenylation of small GTPase proteins . In
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osteoclasts, this causes a disruption in the actin skeleton and impaired formation of the tight-sealing

zones or ruffled borders which are necessary for bone reabsorption®®’

. Ultimately, this was shown to
cause osteoclast apoptosis?’’.

Taken together, the mevalonate and sterol/steroid biosynthesis pathways are crucial for the
production of key metabolites in cells. The non-sterol branch results in the production of substrates for
protein modification and the synthesis of e.g. ubiquinone, while the sterol branch is responsible for the
synthesis of cholesterol and its downstream products. Cholesterol fulfils important functions in cellular

membranes and as a precursor for signalling molecules within the cell.

In summary, the mechanisms underlying cell-material interactions in vitro and especially in vivo remain
largely elusive. Yet, for the successful design of scaffolds for tissue engineering purposes a clear
understanding of such mechanisms is needed. To study the influence of strontium incorporation within
the classic 45S5 BG composition on the global response of hMSCs a gene expression microarray study
was performed. Surprisingly, a strong up-regulation of the mevalonate and sterol/steroid biosynthesis
pathways was observed and the strontium content within the bioactive glasses seemed to play a
pronounced role. Continuing from these findings, it was sought to address the question if the observed
changes on a gene level translated into systemic changes in the cell and how such modifications could
affect cell behaviour. In particular, there was an interest in the cellular plasma membrane which is
essential for the communication of the cell with its environment and thus plays an important role in

signal transmission and processing.
2.1.3 Aims and objectives

The aim of this chapter was to identify functional effects of the strontium bioactive glass-triggered up-
regulation of the isoprenoid pathway in hMSCs with special respect to the plasma membrane. The

objectives were to:

e Validate the data obtained with the microarray with respect to the differential regulation of gene
expression of enzymes of the isoprenoid pathway;

o Investigate whether changes on a gene level translated to differential protein expression;

e Evaluate if strontium-containing bioactive glass extracts had an effect on the cell membrane of
hMSCs;

o Investigate if strontium-containing bioactive glass extracts influenced hMSC lineage

commitment.
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2.2 Materials & Methods

2.2.1 Glass synthesis

All bioactive glass compositions were produced using a melt-quench route as previously described'?s.
Strontium was incorporated into the classic 45S5 BG composition (46.13 mol% SiO», 26.91 mol% CaO,
24.36 mol% Na,O mol%, 2.6 P,Os mol%) by substitution for calcium on a molar basis. 0%, 10% and
100 % of the calcium in the composition were substituted by strontium resulting in 2.69 mol% strontium
in the Sr10 composition and 26.91 mol% strontium in the Sr100 composition (Table 2.1). From here
onwards, the glasses will be referred to as Sr0, Sr10 and Sr100 or as BG if all three glass compositions
are concerned. SiO; (99.8%; Tarmac Ltd., UK), Na,CO3, NazPO4, CaCOs, and SrCOs (all >99%; Sigma-
Aldrich, UK) were used to prepare the glasses. In brief, the precursor materials were mixed and melted
in a platinum-gold crucible for 90 min at 1,400°C. Afterwards, the compositions were rapidly quenched
into deionised water (dH-O) to avoid crystallisation. The batch size was 150 g on average. Particle sizes
of 0.1 - 1.0 mm in diameter were used. The particle size range of 0.1 - 1.0 mm was chosen to mimic the
shape of commercially available bioactive glass products. Glass synthesis and particle preparation were

kindly carried out by Miss Anu Solanki and Dr. Matthew O’Donnell.

Table 2.1: Glass compositions (mol%) and strontium for calcium substitution (%).

Glass Sr?* for Ca?" substitution SiO; Na;O CaO SrO P,Os

Sr0 0 46.13 2436 26091 / 2.6
Sr10 10 46.13 2436 2422 269 2.6
Sr100 100 46.13 24.36 / 2691 2.6

2.2.2 Preparation of bioactive glass-conditioned medium

To obtain BG-conditioned medium, 6 mg/mL of Sr0, Sr10 and Sr100 particles were incubated in hMSC
growth medium (GM) (PromoCell GmbH, Germany) at 37°C under constant agitation for 24 h. The
concentration of particles as well as the incubation time had previously been optimised by Dr. Eileen
Gentleman and Dr. Héléne Autefage. These initial experiments showed that the ion release from the
glasses into the medium reached a stable equilibrium by 24 h. Furthermore, the concentration of ion
release products in the medium were shown to be in a plateau phase at this time point. To remove
remaining glass particles, the BG-conditioned medium was passed through a 0.2 um filter (Sartorius,
UK) under sterile conditions and kept at 4°C until use. To determine the elemental concentrations of
calcium, phosphorus, silicon and strontium resulting from the partial dissolution of the BGs, medium
samples were analysed by inductively coupled plasma optical emission spectrometry (ICP-OES) using

an iCAP6000 Series ICP spectrometer (Thermo Scientific, UK). Prior to addition to cells, the medium
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was supplemented with 10% (v/v) hMSC growth medium supplement (PromoCell GmbH, Germany)
and equilibrated in a controlled humidified chamber (37°C, 5% (v/v) CO;) for at least 4 h. After
equilibration, the pH of the BG-conditioned media was similar to growth medium as measured by
H. Autefage. After incubation in a controlled humidified chamber (37 °C, 5% (v/v) CO) for 6 h the
obtained values for the pH were: GM = 7.65, Sr0 = 7.74, Sr10 = 7.73, Sr100 = 7.70.

2.2.3 Cell culture

Human bone marrow-derived hMSCs were purchased from PromoCell GmbH, Germany and cultured
in standard cell culture conditions (37°C, 5% (v/v) CO,). The hMSCs were expanded in PromoCell
growth medium including 10% (v/v) serum supplement (PromoCell GmbH, Germany). Upon 70 - 90%
confluency, cells were detached with 0.05% (w/v) Trypsin-EDTA solution (Gibco®, UK), counted
using a haemocytometer and re-seeded at density of 4,000 cells/cm? for culture expansion. For this
study, hMSCs were used between passages 4 and 8. To evaluate pre-commitment of hMSCs in the
presence of BG-conditioned medium, cells were treated with a 1:1 (v/v) mix of adipogenic and
osteogenic hMSC differentiation medium containing 10% (v/v) serum supplement (all PromoCell

GmbH, Germany). A representative image showing the morphology of the purchased hMSCs cultured

on tissue culture plastic is shown below (Fig. 2.4).

Figure 2.4: Human mesenchymal stem cells (hMSC) at passage 5. Representative image of hMSCs
cultured in hMSC growth medium. (A) 4x magnification, scale bar = 200 um (B) 10x magnification,
scale bar = 100 pm.
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2.2.4 Quantitative real time PCR (qPCR) analysis of genes involved in the isoprenoid
pathway

hMSCs in growth medium were seeded at a density of 20,000 cells/cm? in 6-well plates. After 24 h the
medium was replaced with growth medium, BG-conditioned medium (Sr0, Sr10 or Sr100) or growth
medium supplemented with either calcium chloride dehydrate (CaCl) (Sigma-Aldrich, UK) (at
concentrations of | mM and 3 mM) or strontium chloride hexahydrate (SrCl,) (Sigma-Aldrich, UK) (at
concentrations of 1 mM and 3 mM). Moreover, pamidronate disodium salt hydrate (Sigma-Aldrich,
UK) (at concentrations of 1 uM and 10 pM) and methyl-B-cyclodextrin (MBCD) (Santa Cruz
Biotechnologies, USA) (at a concentration of 0.5 mM) were added to growth medium as additional
conditions. All conditions were prepared in triplicates and three independent repeats of the experiment
were performed. In this chapter, the time of the first medium change was defined as TO. The medium
was replaced every second day. After 5 days of treatment, cells were harvested for total RNA isolation
using the RNeasy® Plus Mini Kit (Qiagen, UK), according to supplier’s instructions. The RNA
concentration and quality of each sample were assessed by light absorbance at 260 nm and by
calculating the A260/A280 ratio, detected by a Nanodrop 2000c spectrophotometer (Thermo Scientific,
UK). One microgram of total RNA of each sample was reverse transcribed into cDNA using the
QuantiTect Reverse Transcription Kit (Qiagen, UK) according to the manufacturer’s instructions. For
qPCR analysis, the cDNA was diluted 1:10 in RNAse free water (Sigma, UK).

For each sample, the total reaction volume was 10 pL. containing 300 nM of each primer and
5 pL of QuantiTect SYBR Green PCR Master Mix (Qiagen, Germany). A Corbett Rotorgene 6000
(Qiagen, UK) was used to perform the qPCR reactions. Each sample was run in triplicates. Sequences
and cycling conditions of primers used in this study are listed in Table 2.2. Each condition was run for
40 cycles. The primers for RPL32, HMGCS1, HMGCR, FDPS and SC4MOL were previously described
and ordered from Invitrogen (UK), while GAPDH, RUNX2 and PPARG were purchased from Qiagen
(QuantiTect® Primer Assay Qiagen, UK)?’2. RPL32 is a ribosomal protein and is deemed to be an
appropriate housekeeping gene for gPCR analysis?’®. The efficiency of all primers has been confirmed

to be between 0.9 and 1.1.

Data were analysed by the comparative Ct method. Ct is an abbreviation for threshold cycle and is
defined as the intersection between an amplification curve and a (pre-)defined threshold line. In brief,
delta Ct (ACt) values are calculated by normalising the gene expression levels of genes of interest to
the expression of the endogenous reference or housekeeping gene (i.e. RPL32 or GAPDH). Thus, ACt

represents the difference in threshold cycles for target and housekeeping gene.
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(1) ACt=Ct target gene ~ Ct housekeeping

AACt values are equal to the difference in ACt for the sample and a chosen calibrator. In this chapter,
AACt represents the target gene expression of the sample relative to the expression level of cells grown
in growth medium for 24 h (TO) prior to the initial replacement with BG-conditioned medium.

(2) AACt = ACtsample - Actsample at TO

The presented fold change corresponds to the amount of the target, normalised to the endogenous

reference and relative to a calibrator as calculated using

(3) 2—AACt 274.
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Table 2.2: Sequences and cycling conditions of primers used in qPCR.

Gene Cycling
Primer sequence (5°-3°)
name conditions
95°C for 15 s

TTCCTGGTCCACAACGTCAAG
0 RPL32 60°C for 30 s
R= TGTGAGCGATCTCGGCAC
& @ 72°C for 30 s
g =
2 1) ) ) . 95°C for 15 s
H QuantiTect® Primer Assay Qiagen
= GAPDH 55°C for 30 s

QT00079247)
72°C for 30 s
GGGCAGGGCATTATTAGGCTAT
HMGCS1
TTAGGTTGTCAGCCTCTATGTTGAA
GGCCCAGTTGTGCGTCTT
= . HMGCR 95°C for 15 s
S & CGAGCCAGGCTTTCACTTCT
s Z 60°C for 30 s
2 % TCAGACCAGTCGCAGTTTCG
A = FDPS 72°C for 30 s
- CTGCGTTGCGCATTTCC
GAAAAGCCGGCACCAAGA
SC4MOL
TCAAAGAGAGAATCAGCTCAAACTG

QuantiTect® Primer Assay Qiagen
o o RUNX2 T00020517 95°C for 15 s
) 5 Q
S £ 55°C for 30 s
~ g uantiTect® Primer Assay Qiagen o
3 E PPARG Q y Qiag 72°C for 30's

QT00037793

2.2.5 In-Cell Western analysis

Utilising in situ western blotting, a method termed In-Cell Western, protein expression levels were
quantified. The hMSCs were cultured in 48-well tissue culture plates at an initial seeding density of
20,000 cells/cm?. After 24 h the medium was replaced with growth medium or BG-conditioned medium
(Sr0, Sr10 or Sr100). All conditions were prepared in quadruplicates and three independent repeats of
the experiment were performed. After 5 days of treatment, cells were fixed with 3.7% (v/v)
paraformaldehyde (PFA) in phosphate buffered saline (PBS) for 15 min followed by three washes in
PBS. Cells were permeabilised using 0.25% (v/v) Triton-X-100/PBS for 2 - 3 min, rinsed three times
with PBS and blocked with 3% (w/v) bovine serum albumin (BSA) in 0.1% (v/v) Tween-20 (Tw) in
PBS (PBSTw) for 45 min to 1 h at room temperature (RT) under constant agitation. Primary antibodies,
mouse anti-FDFT1 (Abcam, UK, ab119267, 1:200), mouse anti-GGPS1 (Novus Biologicals, USA,
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NBP2-03037, 1:200) or rabbit anti-HMGCR (Abcam, UK, ab87246, 1:400), in 3% (w/v) BSA in
PBSTw were incubated for 90 min at RT. The cells were then washed three times with PBSTw. Anti-
mouse (Li-Cor Biosciences, USA, 1:400) or Anti-rabbit (Li-Cor Biosciences, USA, 1:2000) IR800-
labeled secondary antibodies in 3% (w/v) BSA in PBSTw were added to the cells for 1 h at RT under
constant agitation and used to visualise the respective protein levels. The intensity values for each
protein were normalised to the DNA content per well using the far-red fluorescent DNA dye DRAQ5™
(New England Biolabs, USA, 1:2,000) in 3% (w/v) BSA in PBSTw. After rinsing three rimes with
PBSTw, the fluorescent signal was collected and quantified using the Odyssey Infrared Imager (Li-Cor
Biosciences, USA). Cells stained with secondary antibody only in the absence of DRAQS5™ were used

as controls, and this background was subtracted from the signal.
2.2.6 Quality analysis of antibodies used for In-Cell Western analysis

To assure the specificity of the antibodies used for In-Cell Western analysis, Western blot analysis was
carried out (Fig. 2.5). The anti-HMGCSI1 antibody detected a protein band at the predicted molecular
weight of HMGCS1, namely 57 kilo Dalton (kDa). Besides the band corresponding to HMGCS1, a very
faint protein band just below 37 kDa was detected. Detection of the second band can either be due to
splice variants or lower molecular weight HMGCS1 degradation products or due to unspecific binding.
Considering that the band corresponding to full-length HMGCS1 was much more intense, the anti-
HMGCS]1 antibody was considered to be specific. Likewise, the anti-FDFT1 antibody detected a protein
band corresponding to the predicted molecular weight of FDFT1, 48 kDa. There are three other, though
fainter, protein bands visible with higher molecular weights. The presence of the bands may be
explained by glycosylation of FDFT1 which would result in a higher molecular weight or unspecific
binding, potentially to break down products of other proteins. In the event of cell lysis, proteins can be
broken down despite cautionary measures, exposing sequences that may be similar to the target
sequence of the antibody.

The antibody raised against GGPS1 detected a band corresponding to a molecular weight of
approximately 60 kDa and a much fainter band just below 250 kDa. The predicted molecular weight of
GGPS1 is 35 kDa. Even though GGPSI1 is known to form a hexameric complex assembled from three
dimers in solution, the complex should have been broken down by the denaturation step and the addition
of SDS?7. Reviewing the datasheets of commercially available anti-GGPS1 antibodies, the protein band
corresponding to approximately 60 kDa is also detected by a number of other anti-GGPS1 antibodies;
among them ab155584 (Abcam), H00009453-B01 (Novus Biologicals) and OAAB15893 (Aviva
Systems Biology). Since the detected molecular weight is much higher than the predicted one, it cannot
be explained by post-translational glycosylation of the protein but it is possible that the denaturation

step did not fully disassemble the GGPS1 complex. In summary, all antibodies were deemed specific.
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Figure 2.5: Antibody characterisation using Western blot analysis. Whole hMSC lysates were
subjected to SDS-PAGE and immunoblotted with the indicated antibodies. Anti-HMGCS1, anti-FDFT1
and anti-GGPS1 antibodies were characterised. All antibodies were deemed specific.

2.2.6.1 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was performed on hMSC extracts to separate proteins according to their size using 4 - 20%
gradient mini-PROTEAN® TGX™ precast polyacrylamide gel (BIO-RAD, UK) following standard
procedures. Briefly, hMSCs were seeded at a density of 20,000 cells/cm? in 6-well plates and grown to
confluency. Cells were washed once with ice-cold PBS prior sample lysis. Cell lysis was performed
using Radio Immuno Precipitation Assay (RIPA) buffer (Santa Cruz Biotechnology, USA) containing
150 mM NaCl/1.0% (v/v) Triton X-100/0.5% (w/v) sodium deoxycholate as well as protease and
phosphatase inhibitors (cOmplete mini EDTA-free tablets and PhosSTOP Phosphatase Inhibitor
Cocktail Tablets, both Roche, UK). The hMSC extracts were transferred to pre-cooled microcentrifuge
tubes and maintained at constant agitation for 30 min at 4°C. To separate cell debris, the cell suspension
was centrifuged at 16,000 xg for 20 min in a 4°C pre-cooled centrifuge. The supernatant was transferred
to a new pre-cooled microcentrifuge tube and used for further analysis. Samples were prepared with an
equal volume of 2X Laemmli sample buffer (BIO-RAD, UK) and heated to 100°C for 5 min to reduce
and denature the proteins. Afterwards, 20 uL of each sample was loaded onto the gel. The gels were
run in running buffer (25 mM Tris-HCI, 190 mM glycine, 0.1% (w/v) SDS, pH 8.3) at 120V until the
target protein had been sufficiently separated. Precision Plus Protein™ standards All Blue marker (BIO-

RAD, UK) was used as a size marker.

2.2.6.2 Electroblotting of proteins to a nitrocellulose membrane
The proteins were transferred from the polyacrylamide gel onto a nitrocellulose membrane (GE

Healthcare Life Sciences Whatman™, USA) by wet transfer in transfer (25 mM Tris-HCI, 190 mM
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glycine), running for 90 min at 400 mA on ice. Upon completion of the electrophoretic transfer,
membranes were blocked in 3% (w/v) BSA in PBSTw for 30 min at RT and subsequently washed thrice
(5 min each) with PBSTw. Primary antibodies, mouse anti-FDFT1 (ab119267, 1:200), mouse anti-
GGPS1 (NBP2-03037, 1:200) or rabbit anti-HMGCS]1 (ab87246, 1:400), in 3% (w/v) BSA in PBSTw
were incubated for 90 min RT. The membranes were then washed three times with PBSTw. Anti-rabbit
(Li-Cor Biosciences, USA, 1:2000) or anti-mouse (Li-Cor Biosciences, USA, 1:400) IR800-labeled
secondary antibodies were incubated for 1 h at RT and used to visualise the respective protein levels.
Membranes were washed three times with PBSTw to remove unbound antibodies before being imaged

using an Odyssey Infrared Imager (Li-Cor Biosciences, USA).
2.2.7 Immunofluorescence staining and imaging

Cells were grown on 10 mm glass slides placed in 48-well dishes or in chambered cover glass systems
(Lab-Tek® Chambered #1.0 Borosilicate Coverglass System, UK) and were immunostained using
standard procedures. Briefly, h(MSCs were seeded in growth medium at a density of 4,000 cells/cm? on
glass slides in 48-well plates or in chambered cover glass systems. After 24 h, BG-conditioned or
growth medium was added. Medium was replaced every second day. After 5 days of treatment, cells
were fixed with 3.0% (v/v) methanol-free PFA in PBS (Gibco®, UK) for 1 h at RT and subsequently
washed three times with PBS. To quench the paraformaldehyde, cells were incubated with 0.15% (w/v)
glycine in PBS, rinsed three times with PBS and then blocked with 3% (w/v) BSA in PBSTw for 1 h at
RT.

2.2.7.1 Filipin fluorescence staining of free cholesterol in cultured cells

Filipin III is one of four isomeric polyene macrolides isolated from cultures of S. filipinensis. Due to
filipin III’s ability to bind specifically to cholesterol and its intrinsic fluorescence the compound has
been widely used to detect cholesterol. After fixation and blocking, cells were incubated with
0.05 mg/mL of filipin III (Cambridge Bioscience CAY 70440, UK) in 10% (v/v) foetal bovine serum
(FBS) in PBS under constant agitation. After 4 h cells were rinsed three times with PBS.

2.2.7.2 Staining of lipid rafts with FITC-conjugated cholera toxin subunit
Cholera toxin is the virulent protein complex secreted by Vibrio cholera that is responsible for the
characteristics of a cholera infection in humans?’® 2”7, The cholera toxin is comprised of an A and a B

276 Cholera toxin subunit B

subunit characterising it as a member of the ABs-subunit family of toxins
(CTp) alone is non-toxic to cells and is widely used as a marker for membrane lipid rafts due to its G
ganglioside binding property?’®. FITC is a commonly used fluorochrome and derived from fluorescin.
FITC-conjugated CTp (Sigma C-1655, UK) was added at a concentration of 0.01 mg/mL in PBS and

279

incubated over-night at 4°C under constant agitation*””. Cells were washed three times with PBS and

post-fixed with 2% (v/v) methanol-free paraformaldehyde for 15 min at RT. The nature of lipid rafts
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necessitates post-fixation as the fluorescent molecules may otherwise drift. Afterwards, cells were

rinsed three times with PBS.

2.2.7.3 Imaging
Imaging of both cholesterol and lipid rafts was achieved using total internal reflection fluorescence
(TIRF) microscopy. TIRF microscopy is a highly sensitive technique to observe molecules at or near
the plasma membrane due to a high signal-to-noise ratio and a resolution in the z direction ranging
between 70-250 nm. While single fluorescent species in or near the cell membrane can be selectively
excited when using TIRF microscopy, images obtained with epifluorescene or confocal microscopy are
frequently obscured by a high background fluorescence. Due to these advantages, TIRF microscopy has
emerged as method of choice to visualise cellular processes occurring at or near the cell membrane such
280

as endo- and exocytosis

diode, a 100x/1.45W Alpha Plan Fluar objective, and a back-illuminated EM-CCD camera (Hamamatsu

. Here, a Zeiss Axiovert 200 manual inverted microscope with a 488 nm laser

C9100-13), which was provided by the Imperial College London FILM facility, was used to image
cholesterol and lipid raft staining in the cellular plasma membrane. Fluorescence was excited using a
488 nm laser and images were analysed using ImagelJ. Initially, any background staining was subtracted
before the 16 bit raw images were transferred into binary 8 bit files. Subsequently, based on visual
examination, an area of interest was defined as well as the intensity threshold adjusted for the binary
images. For quantitation purposes, the fluorescent intensity of the stained area was calculated relative
to the total area of interest. Imaging of samples and image analysis were performed by Dr. Thomas von

Erlach.
2.2.8 Statistical analysis

Statistical analysis was performed using one-way analysis of variance (ANOVA) combined with a
Tukey post-hoc test on data obtained from at least three independent experiments. The ANOVA was
chosen to be able to compare all groups with each other in order to detect both general effects of
bioactive glass dissolution products in comparison to extract free growth medium as well as to test for
differences between the BG-conditioned medium groups to identify possible composition-dependent
effects. Results with p-values lower than 0.05 were deemed significant. All data are expressed as mean

+ standard deviation (SD).
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2.3 Results

2.3.1 Effect of strontium incorporation on bioactive glass ion release

To obtain BG-conditioned medium, glass particles were incubated in hMSC growth medium for 24 h
at 37°C. The medium was subsequently filtered to remove remaining glass particles. The elemental
concentrations of the BG dissolution products calcium (Ca), phosphorous (P), silica (Si) and strontium
(Sr) in hMSC media were determined by ICP-OES (Table 2.3). As observed previously, the strontium
ion release increased corresponding to its molar content in the glasses (non-detectable (ND), 0.09 mM
and 1 mM for Sr0, Sr10 and Sr100, respectively). The values for the release of silicon and phosphorous
were comparable across all compositions save calcium'®. Compared to growth medium only, the
phosphorous ion content was decreased in BG-conditioned media which may be explained by partial
precipitation of calcium phosphate (CaP)?®!. The decreased calcium concentration in Sr100-conditioned
medium may owe to the fact that the partial loss of calcium by CaP precipitation could not be balanced
by the ions released from the glass as 100% of the calcium were replaced by strontium. Hence, a general
limitation of the BG-conditioned medium was that with increasing strontium content, the overall
calcium content in the conditioned medium decreased. The amount of strontium ions detected in the
conditioned medium is likely clinically relevant as the release from Sr10 corresponded to the strontium
level found in the serum of patients treated with SrR for osteoporosis (0.12 mM)*!. In cell culture
experiments 1 mM strontium has been widely used as a reference concentration which is similar to the

release from Sr100!73 17,

Table 2.3: Ion content of strontium-substituted BG-conditioned media measured by inductively
coupled plasma optical emission spectroscopy (ICP-OES). Elemental concentrations of BG ionic
dissolution products (Si, Ca, P and Sr) in PromoCell hMSC growth medium are shown. Bioactive glass
particles were incubated in growth medium for 24 h at 37°C under constant agitation. The ion content
was measured by ICP-OES. Elemental concentrations are expressed as a mean + standard deviation
(SD) of 3 independent samples in ppm unless otherwise indicated. The ICP-OES was operated with the
assistance of Dr. Héléne Autefage and Miss Anu Solanki. GM = Growth medium. Non-detectable =
ND.

Si Ca P Sr Sr (mM)
GM ND 67.1+7.1 31.2+7.1 ND ND
Sr0 31.1£1.0 69.5+1.5 19.1+£0.2 ND ND
Sr10 44.0+45 69.1 £6.2 199+1.9 82+09 0.09 £ 0.01
Sr100 36.0£0.5 322+04 19.2 £ 0.1 92.5+2.6 1.06 =£0.03
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2.3.2 Effect of strontium-containing bioactive glass extracts on the isoprenoid pathway

on a gene level

In a first step, the observations obtained with the mRNA microarray were confirmed by quantitative
real-time PCR (qPCR). For this purpose, four representative genes exclusive to the mevalonate and
sterol/steroid biosynthesis pathways were chosen, namely HMG-CoA synthase 1 (HMGCS1), HMG-
CoA reductase (HMGCR), farnesyl diphosphate synthase (FDPS) and methylsterol monooxygenase
(SC4MOL). HMGCS1 and HMGCR are the first two enzymes of the mevalonate pathway with
HMGCR activity being the rate limiting step of the mevalonate pathway. HMGCR expression is
regulated in parts by feedback mechanisms. FDPS is the last enzyme of the mevalonate pathway before
it branches into the sterol and non-sterol arms of the isoprenoid biosynthesis pathway. SC4MOL is
dedicated to the synthesis of cholesterol. Hence, different stages of the isoprenoid biosynthesis pathway
were appropriately represented by the chosen genes. The hMSCs were exposed to the various BG-
conditioned media (Sr0, Sr10 or Sr100) for 5 days in order to evaluate their influence on the expression
of key genes of the mevalonate and sterol/steroid biosynthesis pathways. The 5 day time point was
chosen on basis of the microarray results as the strongest differential gene expression in response to the
BG dissolution products (when compared to growth medium only) was measured after 5 days. To clarify
whether the obtained results were due to strontium ions exclusively, strontium ions (SrCl, at
concentrations of 1 mM and 3 mM) were added to growth medium. Correspondingly, growth medium
was supplemented with calcium ions at the same concentrations (CaCl, | mM and 3 mM) to serve as
controls. A strontium concentration of 1 mM corresponds to the strontium concentration in Sr100-
conditioned medium. The gene expression results presented in this chapter were combined with
additional, independent repeats for publication in Autefage et al.>*.

The expression of all selected genes was significantly increased by treatment with BG-
conditioned medium compared to growth medium (Fig. 2.6). Interestingly, also Sr0 triggered a
significant increase in the expression levels of HMGCS1, FDPS and SC4MOL. Yet, Sr100 treatment
further significantly up-regulated the expression of all three genes compared to SrO0 and HMGCSI
expression was significantly higher in Sr100-treated cells compared with the SrO and Sr10 groups
indicating a strontium-dependent mechanism. In summary, the BG dissolution products significantly
increased the gene expression of HMGCSI, HMGCR, FDPS and SC4MOL, suggesting that all stages
of the mevalonate and sterol/steroid biosynthesis pathways were regulated on a gene level. Furthermore,
replacing 100% of the calcium with strontium in the 45S5 BG composition correlated with enhanced
gene expression values, implicating a pronounced role of strontium within the glass composition.
Highlighting that the combination of BG ion release products was pivotal for the observed changes in
gene expression, neither the Sr** nor the Ca?" controls alone increased gene expression levels. Overall,

the results of the gene expression analysis corroborated the findings obtained with the whole genome
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microarray emphasising the impact of both BG dissolution products and a single key bioactive ion

species within a biomaterial composition.
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Figure 2.6: Effect of incorporating strontium into BG on isoprenoid biosynthesis-associated
genes. hMSCs were continuously cultured in the presence of BG-conditioned (Sr0, Sr10 and Sr100) or
growth (GM) medium in the presence or absence of SrCl, (1 mM and 3 mM), or CaCl, (1 mM and 3
mM) for 5 days prior to qPCR. The gene expression of HMGCSI (A), HMGCR (B), FDPS (C) and
SC4MOL (D) was assessed. Data are represented as the mean + standard deviation (SD) of 3
independent experiments. Significance was assessed by a one-way ANOVA combined with a Tukey
post-hoc test. (*p<0.05; **p<0.01; ***p<0.001). D) For visual display, significant differences in
SC4MOL expression between GM and the SrCl; and CaCl,-conditioned media are indicated separately
(¥ p<0.05). Sr0, Sr10 and Sr100 represent strontium-doped bioactive glasses with 0%, 10% and 100%
strontium substitution for calcium, respectively.

As additional conditions, pamidronate (at concentrations of 1 pM and 10 pM) and methyl-B-
cyclodextrin (at a concentration of 0.5 mM) were added to growth medium. As pamidronate is a
bisphosphonate and a known inhibitor of FDPS there was an interest to study whether treatment of cells
with pamidronate would elicit similar results as ions released from the BGs. Furthermore, it was sought
to investigate whether the removal of cholesterol from the cell membrane had an influence on the
mevalonate and sterol/steroid biosynthesis pathways. As cholesterol is one of the main downstream
products of the mevalonate pathway, it was evaluated whether a positive feedback mechanism would

be activated after its depletion in the cellular membrane causing an up-regulation on gene level. Methyl-
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B-cyclodextrin (MBCD) is widely used to sequester cholesterol from cellular membranes and was used
for that purpose accordingly?®?. The supplementation of pamidronate or MBCD did not affect gene
expression levels of the selected target genes (Fig. 2.7). This result allows the conclusion that inhibition
of FDPS by pamidronate does not result in a gene up-regulation as observed after treatment with the
BG ionic dissolution products. Thus, BGs and pamidronate differ in their mode of action. Likewise,
MBCD treatment did not increase the expression of any of the studied genes. As the mevalonate and
sterol/steroid biosynthesis pathways are partly regulated by a feedback loop, an up-regulation of some
of the genes could have been expected upon cholesterol depletion. However, since MBCD selectively
removes cholesterol from the cell membrane, the conventional feedback mechanism via the sterol
regulatory element-binding protein (SREBP) may not be activated as quickly®®’. Another explanation
may be that MBCD was not supplemented at a concentration sufficient to properly deplete membrane
cholesterol, as the use of concentrations greater than 1 mM has been reported in the literature?* 284, The
concentration of 0.5 mM was chosen based on preliminary tests that had been carried out in the Stevens
group. To assure that long term administration of MBCD was non-toxic for the cells, different
concentrations had been evaluated. Long term exposure to MBCD concentrations higher than 0.5 mM

had a cytotoxic effect.
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Figure 2.7: Effect of pamidronate (PAM) and methyl-B-cyclodextrin (MBCD) on isoprenoid
pathway-associated genes. hMSCs were continuously cultured in growth (GM) medium in absence or
presence of pamidronate (1 uM and 10 pM) or MBCD (0.5 mM) for 5 days prior to qPCR. The gene
expression of HMGCSI (A), HMGCR (B), FDPS (C) and SC4MOL (D) was examined. Data are
represented as the mean + SD of 3 independent experiments. Statistical significance was assessed by a
one-way ANOVA combined with a Tukey post-hoc test. #p<0.05, ##p<0.01 vs. MBCD.

2.3.3 Effect of strontium-containing bioactive glass extracts on the expression of proteins

of the isoprenoid biosynthesis pathway

To evaluate whether the up-regulation of isoprenoid biosynthesis pathway-associated genes in presence
of BG dissolution products translated into changes at the protein level, In-Cell Western analysis was
performed. hMSCs were cultured in BG-conditioned medium prepared from Sr0, Sr10 or Sr100 for 5
days. As an additional condition, growth medium was supplemented with MBCD. As representatives
for the isoprenoid biosynthesis pathway, protein expression levels of HMGCS1, squalene synthase
(FDFT1) and geranylgeranyl pyrophosphate synthetase 1 (GGPS1) were quantified (Fig. 2.8). FDFT1
and GGPS1 are key enzymes at the branching point of the isoprenoid pathway?3> 25285286 [FDFT] is
the first specific enzyme exclusively dedicated to cholesterol biosynthesis while GGPS1 is a member
of the prenyltransferase family crucial for the C20-prenylation of proteins; hence FDFT1 and GGPS1
represent different arms of the isoprenoid pathway. The amount of HMGCSI1 protein was comparable
between the various conditions, despite the differential expression observed at a gene level (Fig. 2.8A).

This may be due to a tight regulation on a post-transcriptional level keeping the abundance of HMGCSI1
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protein constant. GGPS1 protein abundance was significantly increased in presence of Sr100-
conditioned medium compared to the Sr0O condition indicating a strontium-dependent effect (Fig. 2.8B).
Furthermore, GGPS1 protein levels were increased in the presence of all BG dissolution products
compared to growth medium only. Addition of MBCD had no effect on GGPS1 abundance compared
to growth medium which correlated with the gene expression results. Assessment of FDFT1 expression
showed that FDFT1 was significantly increased in all BG groups compared to growth medium (Fig.
2.8C). Differences in FDFT1 protein abundance among the different bioactive glass compositions were
not statistically significant even though the fluorescence intensity detected for FDFT1 was consistently
higher in the Sr10 condition compared to both Sr0 and Sr100 in all three independent repeats. In-Cell
Western analysis might not have been sufficiently sensitive to pick up differences in FDFT1 content
between the BG groups that would allow a statistical significant result. To investigate whether there is
a Sr/Ca ratio-dependent influence, more independent repeats need to be performed to determine if
statistically significant differences can be observed. Taken together, all BG dissolution products caused
a significant increase in GGPS1 and FDFT1 protein abundance compared to growth medium only while
the HMGCSI1 protein level was comparable across all conditions. The presence of strontium within the
Sr10 and Sr100 dissolution products had a less clear effect on protein expression compared to the
previous gene expression results. Only GGPS1 was significantly up-regulated by Sr100-conditioned

medium compared to Sr0.
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Figure 2.8: Effect of incorporating strontium into BG on protein abundance of isoprenoid
pathway-associated enzymes. hMSCs were treated with BG-conditioned (Sr0, Sr10 and Sr100) or
growth (GM) medium in the presence or absence of methyl-B-cyclodextrin (MBCD, 0.5 mM) for 5 days.
The protein expression of HMGCSI1 (A), FDFT1 (B) and GGPS1 (C) was measured by In-Cell Western
analysis. Values were normalised to the DNA content and are presented relative to GM. Data are
represented as the mean + SD of 3 independent experiments. Significance was assessed by a one-way
ANOVA combined with a Tukey post-hoc test (¥*p<0.05, **p<0.01, ***p< 0.001). Sr0, Sr10 and Sr100
represent strontium-doped bioactive glasses with 0%, 10% and 100% strontium substitution for
calcium, respectively. A.u. = arbitrary units.

2.3.4 Effect of strontium-containing bioactive glass extracts on membranous cholesterol

in hMSCs

Following on from the previous results, the impact of strontium within the BG extracts on downstream
products of the mevalonate and sterol/steroid biosynthesis pathways was studied. Cholesterol is one of
the most well-known products of the isoprenoid biosynthesis pathway and fulfils several crucial
functions in the cell. Raman spectroscopy mapping of Sr100-treated hMSCs indicated an increased
cholesterol and lipid content compared to hMSCs cultured in growth medium suggesting a change in
sterol metabolite level (published in Autefage ef al.)*°. Building on this finding it was decided to focus
on the impact of such an increase in sterol metabolites on the cell membrane. Cholesterol is one of the
key constituents of the cellular plasma membrane where it is involved in the regulation of physical

260

properties of the lipid bilayer and of membrane protein clustering within lipid rafts**’. Considering the

up-regulation of genes coding for enzymes of the sterol branch of the isoprenoid pathway as identified
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by the whole genome microarray and confirmed by qPCR for FDFTI and SC4MOL (data presented in
2.3.2), it was sought to quantify the amount of cholesterol in the plasma membrane of hMSCs. After 5
days of exposure to growth or BG-conditioned media, cells were fixed and stained with filipin III, a
molecule that specifically binds to non-esterified cholesterol?®’. In order to exclusively visualise and
quantify the cholesterol content in the substrate-facing plasma membrane, TIRF microscopy was used
(Figure 2.9A, B). Filipin III staining intensity was significantly higher in Sr100-treated hMSCs than in
hMSCs exposed to either SrO-conditioned or growth medium (Fig. 2.9A). This observation supports a
role of ion dissolution products derived from strontium-containing bioactive glasses in the regulation
of cholesterol content in the cellular plasma membrane. Notably, there was evidence that the presence
of strontium ions within the bioactive glass composition was essential for this effect in the conditions
of the experiments presented in this chapter, as the values obtained for Sr0 were not significantly
different from growth medium only. Representative TIRF images of hMSCs treated with growth or BG-
conditioned media (Sr0, Sr10 and Sr100) for 5 days prior to staining with filipin III are shown in Figure
2.9B.
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Figure 2.9: Effect of incorporating strontium into BG on the membranous cholesterol content in
hMSCs. A) The cholesterol content in the plasma membrane of hMSCs was determined by
quantification of filipin III staining after treatment with different BG-conditioned media (Sr0, Sr10 and
Sr100) or growth medium (GM) for 5 days. Data are expressed as box plots representing analysis of at
least 30 cells per group over 3 independent experiments. The whiskers indicate the 5" and 95™
percentile, outliers are highlighted as dots. B) Representative TIRF images for GM and BG-treated
hMSCs (scale bar = 10 pm). Croppings of these images also appear in Autefage et al.*>°. Significance
was assessed by one-way ANOVA combined with a Tukey post-hoc test (*p<0.05). Sr0, Sr10 and Sr100
represent strontium-doped bioactive glasses with 0%, 10% and 100% strontium substitution for
calcium, respectively. Image acquisition and data analysis were performed by Dr. Thomas von Erlach.

2.3.5 Effect of strontium-containing bioactive glass extracts on lipid-raft abundance in

hMSCs

Based on the previously described up-regulation of FDFT1, a protein associated to membrane lipid raft
composition, together with the increased cholesterol content in the cell membrane, it was speculated
that strontium-containing bioactive glasses affected the cellular lipid raft abundance?®. These raft-
signalling platforms have been shown to be important for numerous signalling pathways and cell
functions®®*. To test this hypothesis, TIRF microscopy was used to visualise and quantify lipid rafts in
response to BG extract treatment (Fig. 2.10). The intensity of FTIC-conjugated CTp staining served as

a measure for the amount of lipid rafts in the plasma membrane. Analysis of CTp staining revealed a
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significantly higher staining intensity in hMSCs treated with Sr100-conditioned medium compared to
Sr0 and growth medium (Fig. 2.10A). The staining intensity measured in Sr0 and growth medium was
comparable, indicating that the incorporation of strontium within the 45S5 BG composition affected
the lipid raft content in the cellular plasma membrane. Hence, these results suggest that the amount or
the composition of lipid rafts was modified in presence of BG dissolution products in a strontium-
dependent manner. Considering the plethora of signalling mechanisms that depend upon lipid rafts,
these observations highlight how biomaterials may affect cell behaviour. Representative TIRF images
of hMSCs treated with growth or BG-conditioned medium (Sr0, Sr10 and Sr100) for 5 days prior to
staining with CTp are shown in Figure 2.10B.
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Figure 2.10: Effect of incorporating strontium into BG on the lipid raft content in hMSCs. A) The
lipid raft abundance in the plasma membrane of hMSCs was determined by cholera toxin subunit 3
(CTP) staining after treatment with growth (GM) or BG-conditioned medium (Sr0, Sr10 and Sr100) for
5 days. Data are expressed as box plots representing analysis of at least 30 cells per group over 3
independent experiments. The whiskers indicate the 5™ and 95" percentile, outliers are highlighted as
dots. B) Representative TIRF images for growth medium and BG-treated hMSCs (scale bar = 10 um).
Croppings of these images also appear in Autefage et al.*°. Significance was assessed by a one-way
ANOVA combined with a Tukey post-hoc test (**p< 0.01). Sr0, Sr10 and Sr100 represent strontium-
doped bioactive glasses with 0%, 10% and 100% strontium substitution for calcium, respectively. Image
acquisition and data analysis were performed by Dr. Thomas von Erlach.

2.3.6 Influence of strontium-containing bioactive glass extracts on the pre-commitment

of hMSCs

Analysis of the microarray data had only pointed towards a mild regulation of osteogenic differentiation
of lineage-associated genes by BG-conditioned hMSC growth medium. Generally, strontium either
incorporated in biomaterials or in form of SrR, is thought to promote hMSC osteogenic lineage
commitment®*2°!, Since the h(MSC growth medium is designed to maintain the stem cell-like properties
of hMSCs it may have suppressed differentiation. Therefore, it was sought to investigate whether
strontium-containing BG-conditioned medium had an influence on the pre-commitment of hMSCs. For

5 days, hMSCs were cultured in BG-conditioned medium (Sr0, Sr10 and Sr100) as previously
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described. On day 5, the medium was replaced by a 1:1 (v/v) mix of osteogenic and adipogenic media.
The media mix was chosen to expose the cells with equal amounts of adipogenic and osteogenic
supplements, thus clarifying if exposure to the BG ionic dissolution products induced cell signalling
mechanisms that favoured or facilitated commitment to either lineage?** 2>, RUNX2 and PPARG served
as representative genes for the osteogenic and adipogenic lineage commitment respectively. Gene
expression levels were determined by qPCR. All values were normalised to the housekeeping gene
GAPDH and expressed as fold change to the respective gene expression in the growth medium group
at day 5 (Fig. 2.11A, B). Cells cultured in growth medium for 5 days were treated for 2 days with the
osteogenic/adipogenic media mix along with the other conditions.

There were no significant differences in RUNX2 expression level between groups or time points
(Fig. 2.11A). In particular, there were no apparent differences between the BG-treated groups,
suggesting that a putative effect of the BG-conditioned media on RUNX2 expression was not strontium-
dependent. To ascertain the effect of BG extracts on RUNX2 expression in hMSCs, more repeats of the
experiment and more time points would be necessary. An increase in RUNX2 expression on day 7 could
have been expected, at least in the growth medium only group, as the osteogenic medium supplements
should enhance osteogenic lineage-associated gene expression. This may suggest that the chosen time
point was not appropriate for the assessment of RUNX2 gene expression. Overall, the RUNX2
expression levels remained quite low and differences were subtle.

PPARG expression was comparable in all groups and all time points (Fig. 2.11B). A previous
study has shown that the supplementation of SrR in adipogenic medium resulted in a decreased
differentiation of MSCs towards the adipogenic lineage'’. Even though a decrease was not observed in
this study, PPARG expression was not increased on day 7 after treatment with the 1:1 (v/v) mix of
osteogenic and adipogenic medium. Considering the presence of adipogenic supplements an increase
in PPARG could have been expected. However, from the results obtained in this study no conclusion

can be drawn whether BG dissolution products decreased adipogenic differentiation.
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Figure 2.11: Influence of strontium incorporation into BG on the pre-commitment of hMSCs.
hMSCs were continuously cultured in BG-conditioned or growth (GM) medium for 5 days prior to
treatment with a 1:1 mix of osteogenic and adipogenic differentiation medium for 48 h. Pre-
commitment of hMSCs was assessed by means of qPCR of RUNX2 (A) and PPARG (B). Data are
represented as the mean + SD of 3 independent experiments and are expressed relative to the gene
expression of the growth medium group on day 5. Significance was assessed by a one-way ANOVA
combined with a Tukey post-hoc test. Sr0, Sr10 and Sr100 represent strontium-doped bioactive glasses
with 0%, 10% and 100% strontium substitution for calcium, respectively.
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2.4 Discussion

Strontium occurs naturally as a trace element in the human body and has received considerable attention
as anti-osteoporotic agent in form of SrR. Considering the promising results reported with SrR,
strontium has been incorporated into biomaterials with the aim of developing novel, smart, osteogenic
materials. Bioactive glasses are particularly attractive carrier systems for therapeutic ions such as
strontium owing to their inherent osteinductive/osteoproductive properties. Whereas the osteogenic
potential of StR and strontium-containing biomaterials has been widely studied, the global influence of
strontium-substituted biomaterials on cells has remained largely elusive. In order to address this
question, a whole genome microarray was performed on hMSCs after culture in Sr0, Sr10 or Sr100-

conditioned medium?®>°

. Following on from the unexpected results obtained with the mRNA microarray,
the main aim of the research presented in this chapter was to clarify the influence of BG ionic dissolution
products on the mevalonate and sterol/steroid biosynthesis pathways in hMSCs with a special emphasis
on the role of strontium.

In summary, the results corroborate a role of BG ionic dissolution products in the regulation of
the mevalonate and sterol/steroid biosynthesis pathways. Furthermore, there is evidence that the
incorporation of strontium into 45S5 BG was pivotal for this regulatory function in the conditions of
the experiments presented in this chapter. All BG dissolution products had an influence on the gene
expression of enzymes involved in the mevalonate and sterol/steroid biosynthesis pathways with Sr100
further increasing the expression levels compared to Sr0. Interestingly, no up-regulation of isoprenoid
pathway-associated genes was observed for growth medium supplemented with SrCl,. A concerted
action of strontium ions together with the other bioactive ion species derived from BG may be causative;
however, this cannot be deduced from the results presented in this study. Either the other bioactive ions
fulfil a supporting but in itself insufficient role to induce the observed changes or strontium released
from BGs acts differently to the strontium supplemented as SrCl,. To dissect this issue further, medium
could have been supplemented with different ion combinations derived from BGs (Si, Ca, Sr and P).

In line with the gene expression analysis, protein levels of isoprenoid biosynthesis pathway-
associated enzymes were increased by treatment with BG-conditioned medium compared to growth
medium. The obtained results for FDFT1 and GGPS1 expression showed a significant up-regulation of
protein expression in BG-treated cells. Treatment with Sr100-conditioned medium significantly
enhanced GGPS1 protein expression further compared to the SrO group. Thus, BGs were shown to
regulate both sterol- and non-sterol-committed branches of the isoprenoid pathway. HMGCSI
abundance was comparable between all conditions and did not seem to be influenced by BG ion
dissolution products. Thus, while the effect of bioactive glass dissolution products was marked, the
influence of strontium ions was less pronounced compared to the changes on gene expression level.
This likely owes to the fact that differences observed on gene expression level do not translate into

protein level in a linear manner. Protein expression is not only regulated by the transcription rate, but
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complex post-transcriptional mechanisms control the translation of mRNAs into proteins. Another
explanation may be that In-Cell Western analysis was not sensitive enough to detect subtle changes in
protein concentration. Overall, differences observed at the protein level are expected to be less marked
compared to the gene level, thus making it more difficult to detect differential expression levels. The
up-regulation of enzymes associated with the mevalonate and sterol/steroid biosynthesis pathways on
gene and protein levels was likely indicative of changes in cellular content of cholesterol and its
downstream products.

Continuing from these findings, the influence of treatment with strontium-containing bioactive
glasses on cholesterol and lipid raft content of the cellular plasma membrane was studied. Indeed, the
changes in gene and protein expression levels translated into an increase in membranous cholesterol
content. The increase in cholesterol abundance in the conditions of the work described in this chapter
depended on the presence of strontium within the bioactive glass composition as significantly higher
values for filipin III staining intensity were obtained in Sr100-treated hMSCs compared to Sr0 and
growth medium only. Cholesterol plays an important role in lipid raft assembly and maintenance.
Therefore, it was hypothesised that lipid raft abundance might be altered by treatment with strontium-
containing BG-conditioned medium. Lipid rafts are particularly interesting in this context as they are
important signalling platforms mediating the signal transduction across the cell membrane. Changes in
lipid raft properties may thus induce possible modifications in cell signalling. Supporting the hypothesis
that strontium-containing bioactive glasses may mediate their effects via changes in lipid raft-dependent
signalling, the staining for lipid rafts was found to be significantly increased in hMSCs exposed to
Sr100 dissolution products compared to Sr0 and growth medium. Taken together with the results
obtained for cholesterol, there is evidence that strontium within the BG dissolution products influenced
the composition of the plasma membrane of hMSCs. Considering the importance of lipid rafts for
cellular signalling events and cell-cell communication, the impact of such changes can be manifold and
may influence cell-biomaterial interactions.

Further work by Autefage et al. revealed an increase in phosphorylated myosin II light chain
(pPMLC) content in Sr10 and Sr100-treated hMSCs?°. Lipid-raft associated signalling cascades are
regulated through interactions with the cellular actin cytoskeleton?**. pMLC is one of the proteins
responsible for the communication between lipid rafts and the actin/myosin meshwork'’. Therefore,
the hypothesis that strontium-substituted bioactive glasses influence cell signalling processes at the cell
membrane was further strengthened. In this context, the observed increase in GGPS1 protein is
particularly interesting as GGPSI1 is responsible for the prenylation of a group of small molecules called
GTPases. GTPases govern the interaction between lipid rafts and the cytoskeleton which can further
modulate signalling cascades®*. Changes in the actin/myosin meshwork were previously linked to
hMSC commitment'® 1. Whether ions released from BGs influence the pre-commitment of hMSCs
by favouring the differentiation towards the osteogenic lineage needs to be further investigated. In this

context, however, strontium incorporation did not influence the outcome. In terms of functional
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outcome, the work presented in this chapter was focussed on the plasma membrane. Yet, the isoprenoid
biosynthesis pathway with its numerous products can influence cell behaviour through multiple
pathways which all likely influence the response of cells to strontium-containing biomaterials.

At the onset of the study it had been decided to culture the hMSCs in hMSC growth medium
and not like in the majority of studies in osteogenic medium. Osteogenic medium pushes the cells
towards the osteogenic lineage using a number of (growth) factors, making it difficult to dissect
specifically the effects of the BG ionic dissolution products. On the other hand, hMSC growth medium
maintains the stem cell-like character of the hMSCs possibly overruling any osteogenic effects of the
ions. Therefore rather subtle changes in the expression of differentiation markers were likely.
Considering the variability between samples, small changes in expression values are frequently not
significant by qPCR analysis. To confirm these preliminary results and gain statistical power further
independent repeats need to be performed. Strontium is widely accepted to enhance osteogenic
differentiation of hMSCs; however, most studies are conducted in osteogenic medium. In an interesting
study by Santoclides-Romero et al. hMSCs were cultured in 50% and 100% strontium-substituted 45S5
BG-conditioned medium in the presence or absence of osteogenic supplements®®. Gene expression
analysis of key osteogenic markers revealed different patterns depending on the presence or absence of
osteogenic supplements. In the absence of osteogenic factors, RUNX2 and COLIAI expression were
up-regulated after 3 and 6 days of culture by all glass compositions (Sr0, Sr50 and Sr100) which is in
agreement with the observations described in this chapter. Thus, a longer culture period may have led
to significant differences in RUNX2 regulation in presence of (strontium-containing) bioactive glass
dissolution products compared to control. Notably, in the study by Santoclides-Romero et al. Sr50 and
Sr100-conditioned medium further enhanced the gene expression of Bmp2, Alpl and Spp! (osteopontin)
compared to Sr0 only in presence of osteogenic factors®®®. A possible hypothesis to explain this
phenomenon may be that MSCs require a certain degree of pre-commitment to the osteogenic lineage
to be further stimulated by strontium.  Strontium signalling can be divided into calcium sensitive
receptor (CaSR)-dependent and CaSR independent signalling mechanisms. As strontium shares many
characteristics with calcium it is considered to be able to cross-activate the CaSR. CaSR expression has
been confirmed in human osteoblasts and osteoclasts*> 2%, In the regulation of osteoblast development
and bone formation, CaSR signalling has been shown to serve a pivotal function?’. Yet, there is
contradicting literature concerning the presence of CaSR in MSCs. While CaSR expression has been

detected in equine umbilical cord MSCs?*®

, another study has highlighted that CaSR expression in
hMSCs is strongly depended upon the culture conditions*”. Strikingly, hMSCs that were cultured in
medium lacking FBS supplementation did not express CaSR even though the medium was
supplemented with human platelet lysate instead. Therefore, the expression of CaSR in the hMSCs used
for the experiments presented in this chapter is not guaranteed.

Interestingly, it has been suggested that the isoprenoid pathway with its intermediates is crucial

for proper differentiation of MSCs into osteoblasts®®. Specifically, oxysterols have been identified as
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potent osteoinductive molecules which, among other properties, synergistically enhance ALP activity
together with BMP2 and BMP73%!3%2, In agreement, it has been reported that cholesterol treatment of
murine MSCs increased mRNA and protein levels of osteogenic lineage markers, ALP activity and

number of mineralised nodules in presence of osteogenic supplements®®

. Recently, it was reported that
phosphoinositide 3-kinase (PI3K)/Akt signalling was required for hMSC osteogenesis in vitro’*. Baker
et al. further showed that the localisation of Akt in cholesterol-rich membrane rafts was required for
Akt activation and hMSC lineage commitment. In this context, StR has been shown to increase Akt
phosphorylation and thus activation in primary human osteoblasts'”’. Taken together, several links
between metabolites of the mevalonate and sterol/steroid biosynthesis pathways and osteogenic
differentiation of MSCs have been established possibly connecting the osteogenic effects of strontium-

containing biomaterials with the results obtained by the microarray and the work presented in this

chapter.
2.4.1 Limitations

A disadvantage of the bioactive glass system used for the experiments described in this chapter was that
a 100% strontium substitution for calcium resulted in lower calcium concentrations in the Sr100-
conditioned medium (approximately 32.2 mg/L (Ca?")) compared to all other conditions (around 68.57
mg/L (Ca®")). Thus, the results obtained with Sr100-conditioned medium could have been due to a
lower calcium level rather than the presence of strontium. To fully rule a calcium concentration-
dependent effect out, calcium ions could have been supplemented to the Sr100-conditioned medium to
compensate for the reduced calcium concentration. However, the addition of calcium ions may have led
to precipitation of CaP and thus may not have increased the overall calcium concentration in the
solution. Alternatively, a bioactive glass with a strontium substitution between 10% and 100% (e.g.
50%) that allows the maintenance of the calcium level whilst releasing a similar amount of strontium
as Sr100 could have been used to ascertain a strontium-dependent effect.

Furthermore, SrO-conditioned medium supplemented with 1 mM Sr** would have been an
interesting additional condition to assess if cells treated with Sr100-conditioned medium behaved
comparable to cells treated with strontium supplemented SrO-conditioned medium. By supplementing
the amount of strontium that was released from Sr100 into the medium, it would have been possible to
ascertain the role of strontium within the mix of other ion release products in the up-regulation of the
isoprenoid pathway and its downstream mediators. As the concentration of ions in the medium is based
on an equilibrium, it would have been important to assess possible modifications in ion contents for
calcium, phosphorous and silicon as a result of the addition of an external source of strontium.

As previously discussed, the choice to use stem cell growth medium for the experiments likely
had an effect on the outcome of the gene expression profiling. It would have been interesting to repeat

the experiment in osteogenic conditions to investigate whether the up-regulation of the isoprenoid
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pathway was still observed in presence of pro-osteogenic factors.

To better understand the influence of BG-conditioned medium on hMSC (pre-)commitment,
the gene expression of other markers, apart from PPARG and RUNX2, such as COLIA1 would be
interesting to assess. Since no big changes in gene expression were observed with the time points chosen
for this study, using later time points instead would allow to better assess a differential regulation.
Additionally, it would have been preferable to include positive controls for the studied lineages to
establish what expression levels can be expected at the respective time points. Apart from gene
expression analysis, performing functional assays such as ALP or Alizarin red staining at later time
points would complement the assessment of hMSC differentiation in presence of strontium-containing

bioactive glasses.
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2.5 Conclusion

In conclusion, the work described in this chapter demonstrated how simple ion incorporation can have
a profound impact on the global cell response to a biomaterial. Replacing 100% of the calcium with
strontium in the 45S5 BG composition significantly up-regulated the gene expression of isoprenoid
pathway-associated genes, as well as increased the cholesterol and lipid raft contents in the cellular
plasma membrane of hMSCs compared to un-substituted 45S5 BG. A clear understanding of cell-
biomaterial interactions and especially of how cells respond to certain cues is essential for the design
of scaffolds for tissue engineering purposes. The previously undescribed influence of strontium-
containing bioactive glass dissolution products on the isoprenoid pathway in hMSCs was uncovered by
using an unbiased “global” approach as opposed to an analysis limited to a desired or expected outcome.
This study exemplified how biomaterials can affect cell behaviour via unexpected mechanisms opening

up possible future avenues of investigation.
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CHAPTER 3

Strontium and Magnesium-containing

Bioactive Glasses for Osteochondral Repair

(Some of the work in this chapter is in preparation for publication in “The composition of the
ionic environment differentially affects hMSC chondrogenesis” by Littmann E, Autefage H,
Solanki AK, You A, Jones JR, Alini M, Peroglio M and Stevens MM)

All data presented in this chapter were collected by me unless explicitly stated otherwise.
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3.1 Introduction

Classically, bioactive glasses have been used for bone regeneration applications. However, bioactive
glasses are increasingly recognised as versatile biomaterials not only for hard but also for soft tissue
repair as reviewed by Miguez-Pacheco et al. and Baino et al.*> 3%, This trend can be, at least in part,
attributed to the influence of bioactive glass dissolution products on cells and eventually tissue
regeneration.

Stemming from their well-described osteconductive/osteoinductive properties, bioactive
glasses have been suggested as bone-facing component of multi-layered scaffolds for the repair of
osteochondral defects. Yet, through the release of ions from the bioactive glasses, not only the
subchondral bone but also the cartilage layer may benefit from rationally designed bioactive glass
compositions. In this chapter, the influence of bioactive glass dissolution products on hMSC
chondrogenesis in a pellet culture model was assessed. While there are numerous studies investigating
the effect of such bioactive glass dissolution products on the osteogenic lineage commitment of hMSCs,
data on hMSC chondrogenic differentiation is scarce. In particular, the question was pursued whether
the modification of bioactive glass compositions would affect cell behaviour. To test this hypothesis,
two compositions were chosen; the classic 45S5 BG (Compl) and a second composition designed and
prepared in collaboration with Professor Julian Jones’s group at Imperial College London. The second
composition, referred to as Comp2, was initially designed to obtain a melt-derived bioactive glass that
can be used for the fabrication of 3D porous scaffolds. The composition of Comp2 contains magnesium
which has been shown to enhance cartilage repair in vivo. Both compositions were modified by
strontium incorporation. There was a special interest in strontium as clinical studies suggested that StrR

attenuated the progression of OA and concomitant cartilage degeneration®®’- 3%,

3.1.1 The use of bioactive glasses for cartilage regeneration

To date, a limited number of studies have evaluated the effect of bioactive glasses on cartilage repair.
Early studies demonstrated that bioactive glass discs supported the attachment and proliferation of
foetal rat chondrocytes in vitro®® and the growth of newly formed cartilage with mostly hyaline-like
features in osteochondral defects in the rabbit femur®'?. Yet, considering the latter study, empty control
defects healed as well, limiting the interpretation of the data provided. Aho et al introduced
osteochondral defects in the knee joint of the distal femur of rabbits to investigate the performance of
injectable composites of bioactive glass and poly(e-caprolactone-co-D,L-lactide)®!!. Newly formed
cartilaginous tissue covered up to 82% of filled defects and had a higher quality than the cartilage found
in empty controls. Interestingly, mature chondrocytes were localised in close proximity to the composite
surface. Yet, newly formed bone and fat cells were found in the nascent cartilage layer as well,
warranting further evaluation. Similar to the results obtained in animal models, human chondrocytes

were shown to attach to and proliferate on 45S5 BG discs®!2. The human chondrocytes proceeded to
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form cartilage nodules accompanied by positive type II collagen staining indicative of re-differentiation
as hypothesised by the authors. In patients there is evidence for the growth of cartilage with hyaline-
like features on top of bioactive glass®!>.

Several studies have evaluated the use of bioactive glasses as bone substrate of bi- or multi-
layered osteochondral scaffolds. Classically, such scaffolds consist of a cartilage-facing layer, usually
made of a cell-seeded hydrogel, and a bone-facing component. In an interesting study, Bal et al.
assessed the influence of the subchondral support material of bi-layered scaffolds on the repair of a
critical sized ostechondral defect in the trochlear groove and medial condyle of rabbits®'4, To that end,
a polyethylenglycol (PEG) hydrogel was attached to a porous cylinder consisting of allograft bone, 13-
93 bioactive glass (13-93 BG) or porous tantalum metal. The PEG hydrogel was either acellular or
seeded with chondrogenic pre-differentiated MSCs. After 6 weeks, cell-seeded hydrogels connected to
either allograft or 13-93 BG constructs promoted a significantly greater formation of cartilage-like
matrix in the defects than all other groups. Assessment of the quality of the newly formed tissue by
immunohistochemical detection of type I and type II collagen showed that the matrix formed on top of
cell-seeded hydrogels joined to 13-93 BG resembled normal hyaline cartilage most closely compared
to all other conditions. Thus, in the conditions used for the study, the nature of the subchondral material
affected the repair of the chondral portion of the defect. Overall, 13-93 BG outperformed the other
bone-facing components with regards to cartilage repair. The authors hypothesised that the enhanced
cartilage-like tissue regeneration in presence of 13-93 BG was linked to suitable mechanical properties.
In a subsequent pilot study, a bovine chondrocyte seeded agarose layer was joined with a 13-93 BG
subchondral substrate to obtain a bi-layered scaffold for osteochondral repair’!®. After 42 days of culture
the SGAG content of the cell-seeded agarose layer connected to 13-93 BG appeared higher than the
cell-seeded agarose layer only control, however, the difference was not significant. The authors went
on to investigate whether ions released from 13-93 BG constructs had an influence on the chondrocyte-
seeded agarose layer®!'>. A 13-93 BG cylinder was placed next to the chondrocyte-seeded agarose layer
throughout the culture period (days 0 - 42), at the beginning of the culture period (days 0 - 14) or at the
end of the culture period (days 28 - 42). Interestingly, the most favourable results, both in terms of
sGAG and collagen production as well as mechanical properties, were obtained when the agarose layer
was cultured adjacent to 13-93 BG constructs at the end of the culture period (days 28 - 42). However,
also the other exposure protocols had a tendency to improve extracellular matrix production and
mechanical properties compared to the untreated control alluding to a pronounced role of bioactive
dissolution products.

Bioactive glasses have also been combined with polymers to form composite materials with
improved bioactivity for osteochondral applications. Jiang et al. used sintered polylactide-co-glycolide
(PLGA)/45S5 BG composite microspheres in combination with agarose hydrogel to create stratified
scaffolds®'®. The interface region of the PLGA/45S5 BG composite with the agarose gel was designed

to promote the formation of a stable calcified cartilage layer. As outlined by the authors, a functional
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and stable calcified cartilage layer functions as physical barrier to prevent bony ingrowth and is key to
lasting cartilage repair. Interestingly, the incorporation of 4555 BG particles increased both the ALP
activity and sGAG synthesis of chondrocytes significantly when the cells were seeded directly on the
PLGA/45S5 BG composite compared to the PLGA only control*'®. When the whole stratified construct
was seeded with chondrocytes and osteoblasts respectively and cultured for 20 days, mineralisation was
apparent in the interface and bone-facing region in a 45S5 BG-dependent manner suggesting that the
presence of bioactive glass facilitated the deposition of mineral.

A recent study modified polylactide-based knitted and rolled 3D scaffolds with chitosan and/or
13-93 BG?!". Chondrogenic lineage commitment of adipose tissue-derived hMSCs was mildly
enhanced both in terms of SGAG production and cartilage marker gene expression in presence of 13-93
BG when compared to the plain polylactide control but was inferior to chitosan modified scaffolds.
Interestingly, the presence of 13-93 BG had no significant effect on osteogenic marker expression
suggesting a low or absent osteostimulative activity on the adipose tissue derived hMSCs in the
conditions used for the study.

In summary, previous studies demonstrate that bioactive glasses are suitable substrates for
chondrocyte culture in vitro and are able to enhance cartilage regeneration in vivo. Furthermore,
bioactive glasses have been recognised as attractive bone-substrate of multi-layered osteochondral
scaffolds and there is one study reporting an influence of bioactive glass dissolution products on

cartilaginous ECM production.
3.1.2 Mechanisms by which therapeutic ions influence cartilage repair

Thus, while bioactive glasses have been described as suitable substrates for chondrocyte culture and
have been shown to support chondrogenic differentiation of MSCs, little is known about the effects of
bioactive glass dissolution products. Apart from the study by Jayabalan et al. there is only one other
study that indirectly investigated and supported a modulation of chondrocyte behaviour by bioactive
glass dissolution products. Here, using a medium composition facilitating endochondral ossification,
rat nasal chondrocytes were cultured in presence of either 45S5 BG or the less reactive 60S BG

318, While some of the cells in culture were in direct contact with the bioactive glass particles,

particles
the majority was likely only affected by the ions released from the particles. In presence of 45S5 BG,
the gene expression of RUNX2, Indian hedgehog and type X collagen (COLI0A1) were up-regulated
which is indicative of chondrocyte hypertrophic differentiation. In keeping, ALP activity was enhanced
in presence of 45S5 BG compared to the 60S BG control. Unfortunately, the authors neither measured
the ion release from the particles nor the pH of the medium rendering a comparison between the two
groups difficult.

While bioactive ions in general have the ability to modulate cell behaviour, here, evaluating the
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role of strontium and magnesium was deemed particularly interesting. Both ions have individually been

shown to improve cartilage extracellular matrix production in vitro and cartilage repair in vivo.

3.1.2.1 The impact of strontium on cartilage repair

Compelled by the suggested dual action of SrR on bone remodelling, Henrotin et al. studied the
influence of SrR treatment on chondrocytes isolated from either healthy or osteoarthritic donors*'?. SrR
(0.5-1 mM) significantly increased proteoglycan secretion from normal and osteoarthritic human
chondrocyte pellets as well as proteoglycan accumulation in healthy chondrocyte pellets after 72 h
compared to the control. Treatment with 2 mM SrCl, enhanced proteoglycan secretion to a similar
degree suggesting that the effects were independent of ranelic acid. Yet, also treatment with 1 mM CaR
increased proteoglycan secretion. Interestingly, CaR but not SrR or SrCl, enhanced the activity of
MMP3, a proteinase linked to cartilage degeneration and OA. Therefore, the authors argued that SrR
was a more suitable agent to enhance cartilage repair. When total proteoglycan production was
considered all tested substances (SrR, CaR, SrCl,) had significant stimulatory effects on normal and
OA chondrocytes. Furthermore, SrR (1 mM) and SrCl, (2 mM) enhanced production of sGAG
compared to control. Unfortunately, CaR was not included in this experiment.

Following on from this study, Wang et al. sought to investigate further how SrR influenced
chondrocyte behaviour®?’. Therefore, rat chondrocytes were exposed to SrR at different concentrations
(1 mM to 5 mM) for up to 72 h. Type II collagen gene expression was significantly increased on all
tested time points (24 h, 48 h, 72 h) in presence of 3 mM and SmM SrR. SrR at both concentrations
similarly enhanced insulin growth factor I (IGF-I) expression after 24 h and 48 h of culture but
significantly decreased IGF-I levels after 72 h compared to control. Gene expression of both type II
collagen and IGF-I was not affected by culture with 1 mM SrR, indicating a dose-dependent effect.
MMP13, a major type Il collagenase, was down-regulated at all time points by all StR concentrations.
Considering that MMP13 was found to be up-regulated in OA, this result merits special attention.
Quantification of the respective protein levels showed similar trends as on the gene level. Analysis of
hydroxyproline abundance as indicator of collagen synthesis revealed a significant increase in a
strontium dose-dependent manner after 72 h for all concentrations. Considering the promising results
obtained with SrR treatment of chondrocyte cultures, Okita et al. assessed the effect of strontium
supplementation on adipose-derived dedifferentiated fat cells (DFAT) and a hMSC cell line*?!. DFAT
cells were cultured in chondrogenic medium supplemented with either 0.15 mM SrCl, or 1.5 mM SrCl,.
After 14 days in monolayer culture, 1.5 mM SrCl increased Alcian blue staining as marker for
chondrogenic lineage commitment in DFAT cells. Strontium supplementation had no effect on the
hMSC cell line; however, as Alcian blue staining was nearly absent, the monolayer culture model might
not have been suitable to assess chondrogenesis in hMSCs. Gene expression analysis in DFAT cells
showed that 1.5 mM SrCl, seemed to induce type II collagen, while hypertrophic and osteogenic

markers were unchanged compared to control. Interestingly, inhibition of calcium sensitive receptor
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(CaSR) reduced Alcian blue staining, indicating a function in chondrogenic differentiation.

While there are only a number of in vitro studies on the influence of strontium on chondrocytes
and MSC chondrogenesis available, clinical data provide compelling evidence of StR’s beneficial effect
on cartilage (repair). Unfortunately, most studies were primarily focused on SrR treatment for
osteoporosis and therefore did not necessarily evaluate relevant parameters for cartilage repair nor
represented an unbiased patient group. Carboxy-terminal telopeptides of type II collagen (CTX II) are
a biomarker for cartilage turnover and elevated CTX II levels have been associated with cartilage

degeneration®??

. The CTX II levels in urine samples of osteoporotic women treated with SrR or placebo
were measured over a 3 year period*??. StR reduced the CTX 1l level as early as 3 months after treatment
commenced by approximately 20% compared to the start of the study and the placebo control. The CTX
II level remained significantly lower than the placebo group throughout the measurement period. Since
the main focus of the study had been on osteoporosis, OA parameters were not assessed so that no direct
conclusions on the effect of SrR on OA (progression) could be drawn. Yet, a post-hoc analysis of two
large trials performed on 1105 women with osteoporosis and radiological spinal OA was able to shed
some light on the impact of StfR on OA progression®?. Indeed, SrR was found to attenuate the
progression of radiographic features of spinal OA in osteoporotic women after a three year treatment

period compared to placebo’®

. A large clinical double blind placebo controlled study further
underscored a beneficial effect of StR on OA. Here, patients suffering from knee OA were treated with
either 1 g/day or 2 g/day SrR3%. After three years, treatment with SrR attenuated clinical signs for OA
such as joint space narrowing and there were fewer progressors in the SrR patient cohort as identified
by radiology. In line with previous findings, patients treated with SR had significantly lower levels of
CTX Il in their urine. Furthermore, it was found that knee OA patients treated with SrR had fewer bone
marrow lesions and decreased cartilage volume loss compared with the placebo group?®’.

Apart from clinical trials, in vivo data from animal models further underscores an effect of StR
on cartilage. Using an experimental OA model in dogs, Pelletier et al. investigated the influence of
treatment with SrR for 12 weeks®?*. A significant, StR dose-dependent, decrease in lesion depth and
size was observed. In cartilage, gene expression of key catabolic factors (MMPs) associated with
cartilage degeneration were significantly decreased by the highest tested SrR dose (75 mg/kg). As
previously observed, SrR reduced the level of CTX II secretion. A study using an experimental OA rat
model obtained similar results®?. SrR attenuated cartilage lesions compared to the untreated OA control
and reduced chondrocyte apoptosis. Furthermore, mechanical properties of the subchondral bone were
improved suggesting that SrR had an effect on both, cartilage and the underlying bone. Interestingly,
SrR enhanced the study parameters at a relative high dose (1800 mg/kg) while the lower dose
(625 mg/kg) had little or no effect. Considering both studies using OA animal models, there seems to
be a threshold for SrR as beneficial effects on cartilage/subchondral bone were only seen at higher

325

concentrations. Yet, the studies were relatively short with 12°** and 6 weeks* while the clinical studies
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lasted at least 3 years. SrR likely needs to reach a certain serum level to exert its action. Therefore,

shorter studies may require higher doses to obtain statistically significant results.

3.1.2.2 The impact of magnesium on cartilage repair

Magnesium is an alkaline earth metal and an essential element in the human body fulfilling numerous
intracellular functions. In vertebrates, magnesium is the fourth most common cation with 50 - 60%
bound as substitute in the mineral component of bone. On an intracellular level, magnesium is the
second most abundant cation after potassium and serves as cofactor in more than 300 enzymatic

reactions>?

. Magnesium deficiency or hypomagnesaemia can affect heart function and the central
nervous system and lead to clinical symptoms such as cardiac arrhythmia and depression.

Notably, magnesium availability appears to be crucial for proper cartilage development as a
magnesium-deficient diet during postnatal development of rats was shown to cause cartilage lesions®*’.
In addition, a magnesium deficient diet altered the morphology of articular cartilage and reduced the
proteoglycan content in juvenile rats after 6 months of treatment®?. Interestingly, immunolocalisation
of SOX9 was likewise lower in magnesium-deficient rats compared to the control group and might be
the underlying reason for the observed changes in morphology as hypothesised by the authors®Z.
Further evidence suggests that magnesium has a protective effect on cartilage growth and repair beyond
postnatal development. Intra-articular injections of magnesium sulphate (MgSQO4) were demonstrated
to reduce OA and alleviate nociception in an experimental OA model in rats*?’. Furthermore, OA-
induced chondrocyte apoptosis was attenuated through a mechanism likely linked to inhibition of the
N-methyl-D-aspartate receptor (NMDA) receptor by magnesium ions. /n vitro experiments using
human articular chondrocytes showed that 10 mM MgSO4 enhanced proliferation significantly while
20 mM decreased cell number over time®*°. Supplementation of 10 mM MgSOy4 to control medium,
however, did not enhance sGAG production. Similarly, sGAG synthesis by goat costal
fibrochondrocytes was not affected by magnesium ion concentrations of up to 20 mM. Interestingly, 20
mM MgSO; but not 20 mM MgCl; significantly increased the type II /type I collagen ratio compared
to control. This suggests at least a supporting role of the sulphate anion. Duo et al. assessed the response
of porcine chondrocytes, either in monolayer culture or encapsulated in alginate hydrogel, to
magnesium microspheres®!. The microspheres degraded over time in the medium, releasing
magnesium ions into their surroundings. This method was chosen to mimic fluctuating magnesium
concentrations during degradation of magnesium alloys in vivo. Assessment of porcine chondrocyte
metabolic activity showed that 20 mM MgCl, caused a significant decrease in monolayer culture but
not in 3D possibly indicating that diffusion of magnesium ions into the alginate hydrogel was limited.
In monolayer culture, the addition of 250 ug/mL magnesium microspheres to the medium (peak
concentration of magnesium ions 10 mM on day 3) or supplementation of 5 mM or 10 mM MgCl,
significantly enhanced sGAG secretion compared to control on day 14. In contrast, high concentrations

of extracellular magnesium (20 mM) decreased SGAG release significantly. In 3D alginate culture,
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magnesium ions significantly decreased sGAG production at concentrations of 10 mM and 20 mM,
however, sGAG abundance appeared overall low. Gene expression analysis of chondrogenic markers
did not indicate magnesium-concentration dependent changes in porcine chondrocytes. Yet, also a
reduction in GAG production and chondrogenic marker expression has been observed in the
prechondrogenic cell line ATDCS5 after treatment with 4.2 mM MgCl,**2. In contrast, calcium
supplementation increased GAG accumulation and chondrogenic marker expression and this effect was
abrogated by addition of magnesium. In the same study, the supplementation of 4.2 mM MgCl, to
culture medium containing excess calcium inhibited calcium-induced matrix-mineralisation. This is
particularly interesting for cartilage tissue engineering applications as mineralization is generally not
desired in cartilaginous tissue.

Overall, in vitro experiments using chondrocytes, either in monolayer or 3D culture, have not
been able to offer an insight into the beneficial effects of magnesium administration on cartilage (repair)
in vivo. Thus, the influence of magnesium observed in vivo could be due to indirect alterations in cell-
cell or cell-material interactions that are not easily replicated by in vitro experiments. Magnesium ions
are known to enhance the binding of integrins to their respective ligands. Integrins are heterodimeric
transmembrane receptors responsible for cell-cell or cell-ECM interactions that bind to specific amino
acid motifs such as RGD**?. Upon ligand binding, a complex process is initiated involving the
recruitment of the cellular actin cytoskeleton to form focal adhesions. Such focal adhesions, together
with growth factor receptors, are thought to orchestrate complex signalling cascades affecting cell
growth and differentiation®**. Indeed, several studies have linked changes in MSC behaviour in response
to magnesium ions to the binding affinity and expression of integrins.

The proliferation of bone-marrow derived hMSCs was found to be increased in response to
treatment with 2.5 - 10 mM magnesium ions after 72 h***, In the same study, the gene expression of
integrin subunits a2 and a3 but not 1 was assessed after exposure to 2.5 - 10 mM magnesium ions for
up to 4 h and found to be up-regulated. When integrin subunits a2 and a3 were knocked-down by
siRNAs, no magnesium-associated increase in hMSC proliferation was observed indicating that a2 and
a3 integrin function was crucial. A study by Shimaya et al. investigated the effect of magnesium ions

on hMSC chondrogenesis and adherence to osteochondral defects®*

. Medium supplementation with 5
mM magnesium enhanced sGAG production by synovial fluid-derived hMSC in 3D pellet culture®*.
The same study demonstrated that synovial fluid-derived hMSCs adhered better to osteochondral
defects in vitro and in vivo in presence of magnesium ions. These magnesium-dependent effects were
likely mediated through integrins as neutralising antibodies to integrins a2 and/or B1 reduced matrix
accumulation and adherence to the control level. In line with the previous studies, extracts prepared

from magnesium alloys were found to enhanced the proliferation of hMSCs?*

. When magnesium but
not the alloy extracts was added to chondrogenic medium, hMSC chondrogenesis tended to be enhanced

compared to control as measured by aggrecan staining after 21 days of culture.
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In summary, treatment with magnesium ions did not negatively affect chondrocyte viability or
proliferation up to concentrations of 20 mM. The effect of magnesium ions on chondrocyte extracellular
matrix production is less clear. In contrast, magnesium ions appear to increase MSC proliferation as

well as chondrogenesis in a process likely mediated through integrins.
3.1.3 Choice of bioactive glass compositions

Thus far, the influence of bioactive glass (dissolution products) on MSC chondrogenesis has been
studied mainly with a focus on the classic compositions 4555 and 13-39. In this chapter, it was sought
to investigate whether differences in the glass composition and thus nature of the respective glass
extracts affected hMSC chondrogenesis with a particular emphasis on strontium. There was a particular
interest in the novel composition 44.5 mol% Si0O», 17.8 mol% CaO, 17.8 mol% SrO, 4.0 mol% Na,O,
4.0 mol% K>0, 7.5 mol% MgO, 4.5 mol% P>0s (herein termed Comp2-Sr) which had previously been
designed in a collaboration between Prof. Stevens’s and Prof. Jones’s research groups. The composition
was designed to allow 3D scaffold formation whilst releasing strontium in a biologically relevant range.
A 50% substitution of strontium for calcium was shown to fulfil both requirements. An in vivo study
using an ovine model demonstrated that Comp2-Sr 3D scaffolds supported osteogenesis and formation
of high quality newly-formed bone when compared to 45S5 BG particles (Autefage et al., paper under
review). Based on these findings, Comp2-Sr might represent an interesting material for the bone-facing
layer of osteochondral scaffolds. To assess the role of strontium within the ion release products, the
same composition without strontium incorporation was included in the study (44.5 mol% SiO,, 35.6
mol% CaO, 4.0 mol% Na»O, 4.0 mol% K,0, 7.5 mol% MgO, 4.5 mol% P,Os, herein termed Comp2-
Ca). As the 45S5 composition remains the most widely used bioactive glass in the clinic, it was added
as an additional condition (herein referred to as Comp1-Ca). To analyse if the presence of strontium
ions had an effect on hMSC chondrogenesis that was independent from the other dissolution products,
50% of the calcium in the 45S5 BG composition were replaced by strontium resulting in a fourth
composition, termed Comp1-Sr. A substitution of 50% of the calcium was chosen to be consistent with
Comp2-Sr. Bioactive glass-free medium was added as a reference for the chondrogenic differentiation
potential of the hMSCs in standard conditions and to assess the general effect of the bioactive glass

dissolution products.
3.1.4 Aims and objectives

Taken together, both magnesium and strontium ions appear to have a beneficial influence on cartilage
maintenance and repair especially with respect to in vivo data from previous studies. Furthermore,
bioactive glasses have been identified as attractive bone substrate for multi-layered osteochondral
scaffolds and their release products seem to influence cartilage-like ECM production. In light of these

findings, it seems important to study if the composition of bioactive glasses and their extracts
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respectively, differentially affect chondrogenic lineage commitment of MSCs. In particular, strontium-

and/or magnesium-containing bioactive glasses merit evaluation for treatment of osteochondral defects.

The aim of the work presented in this chapter was to identify bioactive glass compositions with a
beneficial effect on hMSC chondrogenic lineage commitment, with a special emphasis on the impact

of strontium incorporation. The objectives were to:

e Assess chondrogenic differentiation of hMSCs in presence of bioactive glass extracts derived

from two different bioactive glass base compositions;

e Evaluate if incorporation of strontium into bioactive glass enhanced chondrogenic

differentiation.
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3.2 Materials & Methods

3.2.1 Glass synthesis

To evaluate the impact of different bioactive glass compositions on hMSC chondrogenic differentiation
and cartilaginous tissue formation, the classic 45S5 BG composition, which will be referred to as
Comp1-Ca (46.1 mol% SiO», 26.9 mol% CaO, 24.4 mol% Na,O, 2.6 mol% P,0Os), and a novel glass
composition (Comp2-Ca) (44.5 mol% SiO», 35.6 mol% CaO, 4.0 mol% Na,O, 4.0 mol% K,0, 7.5
mol% MgO, 4.5 mol% P»Os) were chosen (Table 3.1). Strontium was incorporated into both
compositions by replacing 50% of the calcium on a molar basis resulting in a strontium content of
13.45 mol% and 17.80 mol%, respectively (Table 3.1). The strontium-containing compositions were
termed Comp1-Sr and Comp2-Sr accordingly. The bioactive glasses were prepared using the precursor
materials SiO; (Prince Minerals, UK), Na,CO;, CaCOs, SrCOs, K,O, MgO and P,Os, (all Sigma-
Aldrich, UK). The precursor materials were mixed, melted at 1,400°C in a platinum-gold crucible for
90 min and quenched into deionised water. The resulting glass frit was allowed to dry between 120 -
150°C over-night before milling in a planetary ball mill at 500rpm for 5 min. Glass powder was sieved
to <38 um and stored in a desiccator. A particle size of <38 pm is widely used for the preparation of
bioactive glass-conditioned medium!'?® ¥ 337 Glass synthesis and processing were kindly performed

by Miss Anu Solanki and Dr. Hok Man Tang.

Table 3.1: Glass compositions (mol%o).

Glass SiO, Na,O Ca0 SrO K,0 MgO P,0O,
Compl1-Ca 46.13 24.36 26.9 / / / 2.6
Compl1-Sr 46.13 24.36 13.45 13.45 / / 2.6
Comp2-Ca 44.50 4.00 35.6 / 4.00 7.50 4.50
Comp2-Sr 44.50 4.00 17.80 17.80 4.00 7.50 4.50

3.2.2 Preparation of bioactive glass-conditioned medium

Bioactive glass-conditioned (BG-conditioned) medium was obtained by incubating 1.5 mg/mL of
bioactive glass particles in high glucose Dulbecco's Modified Eagle Medium (DMEM) (Gibco®, UK)
containing 100 units (U)/mL penicillin and 100 pg/mL streptomycin (Gibco®, UK) as well as 20 mM
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) (Gibco®, UK) under constant agitation
at 37°C for 4 h. The medium was subsequently passed through a 0.2 um filter (Sartorius, UK) under

sterile conditions to remove remaining bioactive glass particles. The BG-conditioned medium was
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stored at 4°C. Following the standard operation procedure at AO Foundation Davos, HEPES buffer was
added to the medium to improve the buffer capacity in order to allow a more stable pH, especially with
respect to pellet culture in microcentrifuge tubes. In contrast to Chapter 2, high glucose DMEM medium
was used as it is the gold standard medium for chondrogenic differentiation. Prior to treatment of cells,
the medium was equilibrated in a cell culture incubator at 37°C/ 5% (v/v) CO; for at least 4 h or over-
night. The elemental concentrations of calcium, phosphorus, silicon, magnesium and strontium in the
conditioned medium were determined by ICP-OES using an iCAP6000 Series ICP spectrometer
(Thermo Scientific, UK) on at least three independent samples. The ICP-OES was operated with the
assistance of Miss A. Solanki.

The concentration of bioactive glass particles and the length of incubation had previously been
optimised for the preparation of conditioned medium from glass particles with a diameter of <38 um
by members of the Stevens group!?® 18+ 2% For the glass compositions Comp1-Ca, Comp2-Ca and
Comp2-Sr specifically, the optimisation was carried out by Dr. Héléne Autefage and Hortense Le
Ferrand (published in the Master thesis of Hortense Le Ferrand “Cell response to complex
osteochondral scaffold”, Swiss Federal Institute of Technology Zurich and Imperial College London).
Overall, the release profiles showed a stabilisation in ion concentration after 4 h of incubation in DMEM
high glucose medium. A concentration of 1.5 mg/mL particles resulted in a similar concentration of
ions in the medium after 4 h as incubating a 3D Comp2-Sr scaffold in medium for 24 h and was thus

chosen for further experiments.
3.2.3 Cell culture

Bone marrow-derived human mesenchymal stem cells (hMSCs) were isolated from human bone
marrow obtained from the Hospital of Davos, Switzerland after approval by the local ethical
commission (KEK-ZH-NR: 2010-0444/0). The human bone marrow was harvested from the femoral
heads of five patients. Commonly, MSCs are isolated from bone marrow aspirates from the iliac crest;
yet, a previous study has demonstrated the osteogenic and chondrogenic differentiation potential of
hMSCs harvested from femoral bone marrow**®. After bone marrow homogenisation, hMSCs were
isolated by Ficoll® gradient centrifugation and adherence to tissue culture plastic as previously
described*®. Isolation of hMSCs was performed by the permanent staff at AO Foundation Davos. The
details for each donor are listed in Table 3.2 and a representative bright field image of donor #4 is shown
in Figure 3.1. As the isolation of hMSCs is a routine procedure at AO Foundation Davos, only few
donors are characterised by flow cytometry. To assure the right phenotype of the hMSCs used for
experiments presented in this thesis, donor #4 was characterised by flow cytometry analysis as a
representative for all donors. Donor #4 derived cells at passage 2 stained positive for the surface markers
CD73, CD105, CD90, CD44 but were negative for the haematopoietic markers CD45, CD34 and CD14.

On basis of this result, the isolated cells were deemed hMSCs. Flow cytometry analysis was performed
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with the assistance of Dr. Jennifer Bara and Dr. Ursula Menzel (both AO Foundation Davos).

Cells were expanded in Minimum Essential Medium Eagle alpha (a-MEM) (Gibco®, UK)
containing 10% (v/v) FBS (SeraPlus, Pan-Biotech, Germany), 5 ng/mL basic fibroblast growth factor
(bFGF) (Fitzgerald, USA), 100 U/mL penicillin and 100 pg/mL streptomycin (Gibco®, UK) in a
standard cell culture incubator (37°C, 5% (v/v) CO>). In Chapter 2 hMSCs were cultured in PromoCell
hMSC growth medium (PromoCell GmbH, Germany). Here, the hMSCs were cultured in the above
outlined supplemented o-MEM medium to follow the standard procedures at AO Foundation Davos.
Upon 70 - 90% confluency, cells were detached as outlined in 2.2.3 and re-seeded at a density of
3000 cells/cm? for culture expansion. For chondrogenic differentiation, 2 x 10° passage 1 hMSCs were
thawed and passaged twice before they were subjected to pellet culture. For initial cell viability and
proliferation assays, bone marrow-derived hMSCs purchased from PromoCell GmbH, Germany and

Lonza, UK at passages 5 - 6 were used.

Table 3.2: Details of hMSC donors used for assessment of chondrogenic differentiation in various
BG-conditioned media. hMSCs (donors #1 - #5) were isolated from human bone marrow at AO
Foundation Davos. The age refers to the age of the respective donor when the hMSCs were isolated.
F = female, m = male. *Donor #6 was commercially obtained from Lonza, UK.

Age
Donor Gender
(years)
#1 69 F
#2 56 M
#4 58 M
#5 73 F
#6* 29 F

Figure 3.1: Primary human mesenchymal stem cells (hMSC) isolated at AO Foundation Davos.
Representative images of donor #4 hMSCs at passage 1. (A) 10x magnification, scale bar =200 pm (B)
20x magnification, scale bar = 100 um.
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3.2.4 MTT assay

The MTT assay was performed to assess the effect of the various BG-conditioned media on hMSC
metabolic activity. In brief, 1.5 x 10* cells/cm? of passage 5 - 6 hMSCs were seeded in 96-well plates.
After 24 h the medium was replaced by DMEM or BG-conditioned DMEM medium containing 10%
(v/v) FBS (Seraplus, Pan-Biotech, Germany), 100 U/mL penicillin and 100 pg/mL streptomycin
(Gibco®, UK) and 20 mM HEPES (Gibco®, UK). After 24 h, 3 days and 7 days, respectively, medium
was removed and cells were washed once with PBS prior to addition of 5 mg/mL of MTT (Thiazolyl
Blue Tetrazolium bromide, M2128, Sigma®, UK) in phenol-free high glucose DMEM (Gibco®, UK).
After 2 h the MTT solution was thoroughly removed and replaced by 100 pL of dimethylsulphoxide
(DMSO) (Sigma-Aldrich, UK) to solubilise the formed formazan crystals. Absorbance was measured
at a wavelength of 570 nm with a reference wavelength of 620 nm using a microplate reader
(SpectraMax M5, Molecular Devices, UK). Three independent repeats of the experiment were

performed each time using a different donor. Each condition was run in quadruplicates.
3.2.5 CyQUANT® Direct Cell Proliferation Assay

Cell growth in the presence of BG-conditioned medium was assessed using the CyQUANT® Direct
Cell Proliferation Assay (Life technologies, UK). The assay was performed according to the
manufacturer’s instructions. In brief, 5 x 10° cells/cm? of passage 5 - 6 hMSCs were seeded in 96-well
plates. To avoid confluency throughout the 7 day culture period, a lower cell density compared to the
MTT assay was chosen. After 24 h the medium was replaced by DMEM or BG-conditioned DMEM
medium containing 10% (v/v) FBS (Seraplus, Pan-Biotech, Germany), 100 U/mL penicillin and
100 pg/mL streptomycin (Gibco®, UK) and 20 mM HEPES (Gibco®, UK). The medium was changed
every other day over the course of the experiment. After 24 h, 4 days and 7 days respectively, medium
was removed and cells were washed once with PBS prior to addition of CyQUANT® Direct Cell
Proliferation Assay kit in phenol-free high glucose DMEM (Gibco®, UK). After 1 h of incubation
fluorescence was excited at 480 nm and emission was quantified at 535 nm using a microplate reader
(SpectraMax MS5, Molecular Devices, UK). Three independent repeats of the experiment were

performed each time using a different donor. Each condition was run in quadruplicates.
3.2.6 Chondrogenic differentiation of hMSCs

To induce chondrogenic differentiation in hMSCs, hMSCs were cultured as pellets in chondrogenic
medium for up to 21 days. Bone marrow-derived hMSCs at passage 3 were re-suspended in
chondrogenic medium consisting of high glucose DMEM (Gibco®, UK) containing 20 mM HEPES
(Gibco®, UK), 10 ng/mL TGF-B1 (Fitzgerald, USA), 100 nM dexamethasone (Sigma, UK), 50 pg/mL
ascorbic acid-2-phosphate (Sigma, UK), 1% (v/v) non-essential amino acids (Gibco®,UK), 1% (v/v)

insulin, transferrin, sodium selenite (ITS) + premix (BD biosciences, UK) and 100 U/mL penicillin and
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100 pg/mL streptomycin (Gibco®, UK). HEPES was added to the medium to ensure a stable pH during
cell medium changes in pellet culture. Furthermore, HEPES was added with respect to the increase in
pH caused by partial dissolution of the bioactive glasses during preparation of the BG-conditioned
medium.

For pellet culture, 250,000 hMSCs were re-suspended in 1 mL of chondrogenic medium, placed
into sterile conical mircocentrifuge tubes (Eppendorf, UK) and spun at 400 xg for 10 min. To allow
hMSC condensation, cells were incubated in a controlled humidified chamber (37°C, 5% (v/v) CO»)
for three days prior to the first medium change. On the day of the first medium change (day 0), 1 mL
of either chondrogenic medium, Comp1-Ca, Comp1-Sr, Comp2-Ca or Comp2-Sr-conditioned medium,
all containing chondrogenic supplements, was added to the respective tubes. Medium was changed
every 2 - 3 days for a total culture period of 21 days. Medium was retained to quantify the sGAG release
throughout the experiment. The DNA content and sGAG production were measured in three
independent experiments using different donors (#2, #4 and #5). Each condition was run in triplicates

for each independent experiment.
3.2.7 Biochemical analysis of hMSC pellets

After pellet formation (day 0) or after 21 days, hMSC pellets were washed twice in PBS prior to
digestion in 0.5 mg/mL proteinase-K (PK) (2.5 U/mg, chromozyme assay; Roche, Germany) at 56°C
for 16 h. The digested samples were stored at -20°C until further use. The DNA content per pellet was
measured spectrofluorometrically using Hoechst 33258 dye*¥. In brief, 40 pL of the PK digested
sample were incubated with 160 pL of 0.1% (w/v) Hoechst 33258 (Sigma, Germany) in PBS for
20 min in the dark. Fluorescence intensity was measured at 360 nm excitation/ 465 nm emission. The
standard curve was generated with calf thymus DNA (Invitrogen, Germany).

The sGAG content for each sample and in medium was determined by 1,9-Dimethyl-methylene
blue dye (DMMB) binding assay**'. In brief, 200 pL of DMMB solution (16 mg DMMB in 1 L water
containing 3.04 g glycine and 2.37 g NaCl at pH 3.0) were added to 20 pL of PK digested sample and
immediately measured at 538 nm absorbance using a Victor3 Micro Plate Reader (Perkin Elmer, USA).
For detection of sGAG in medium, the digestion step was not necessary so that 200 pL of DMMB
solution were directly added to 50 pL of retained medium per sample. The standard curve was generated

with chondroitin 4-sulphate sodium salt from bovine trachea (Fluka BioChemika, Germany).
3.2.8 Gene expression analysis of key differentiation markers by qPCR

200,000 hMSCs were used to obtain pellets as previously described in section 3.2.6 and treated with
BG extract free chondrogenic medium or BG-conditioned medium containing chondrogenic factors for
up to 7 days. The medium was changed every 2 - 3 days. After the formation of pellets (day 0) as well

as after 3 and 7 days of treatment, cells were harvested for total RNA isolation using either TRIzol®
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(Invitrogen, UK) or RLT buffer containing 1% (v/v) f-mercaptoethanol (Qiagen, UK). Pellets were
homogenised in the respective buffer with RNase free pestels followed by RNA extraction using the
RNeasy® Plus Mini Kit (Qiagen, UK), according to supplier’s instructions. The amount of total RNA
per sample was measured by light absorbance at 260 nm using a Nanodrop 2000c¢ spectrophotometer
(Thermo Scientific, UK). RNA quality was assessed by calculating the A260/ A280 ratio. For cDNA
generation, up to 100 ng of total RNA of each sample were reverse transcribed into cDNA using the
QuantiTect Reverse Transcription Kit (Qiagen, UK) following manufacturer’s instructions. For gene
expression analysis by qPCR, RNAse free water (Sigma, UK) was used to dilute the cDNA 1:5.

For qPCR, the total reaction volume was 10 uL. containing 300 nM of each primer and 5 pL of
EXPRESS SYBR® GreenER™ gPCR Supermix, with premixed ROX (Life technologies, Invitrogen,
UK) for each sample. The QuantStudio™ 6 Flex Real-Time PCR System (Applied Biosystems™, UK)
was used to perform the qPCR reactions. Each sample was run in triplicates. Sequences and cycling
conditions of primers used in this study are listed in Table 3.3. Each condition was run for 40 cycles.
All primers were custom-designed by Dr. Héléne Autefage and Dr. Jean-Philippe St.-Pierre and ordered
from Invitrogen, UK. Data analysis was performed according the AACt method outlined in Chapter 2
(2.2.4). Data are presented relative to the first medium change after pellet formation (day 0) unless
otherwise stated. For differentiation marker gene expression analysis, three donors (#1, #5 and #6) were

analysed. Each condition was run in triplicates for each independent experiment.

122



Table 3.3: Primer sequences and cycling conditions.

Gene Cycling
Primer sequence (5°-3°)
name conditions
%‘) 95°C for 15 s
= GTAACCCGTTGAACC
9] g 188 61°C for 30s
3 ) CCATCCAATCGGTAGTAGTAGCG
E 72°C for 30 s
=
AACGCCGAGCTCAGCAAG
SOX9 ACGAACGGCCGCTTCTC 95°Cfor 155
62°C for 30 s
GCTACCCTGACCCTTCATC 72°C for 30 s
. ACAN | A AGCTTTCTGGGA TGTCCAC
=
5]
;D CATCCCACCCTCTCACAQGTT
=< COL2A41 95°C for 15 s
= GTCTCTGCCTTGACCCAAAG
g 60°C for 30 s
(-]
%’0 CATTAGGGGTCACAATG GTC 72°C for 15 s
'5 COLIAl TGGAGTTCCA TTTTCACCAG
95°C for 15 s
CCGCCTCAGTGATTTAGGGC
RUNX2 61°C for 30 s
GGGTCTGTAATCTGACTCTGTCC
72°C for 30 s

3.2.9 Histology

To study the quality of in vitro formed tissue in presence of BG-conditioned medium containing
chondrogenic factors or BG extract-free chondrogenic medium, pelleted hMSCs were cultured for up
to 21 days as previously described in 3.2.6 and assessed by histology. Samples for histology were fixed
in 70% (v/v) methanol in H,O and stored at 4°C. At least 24 h prior to cryo-sectioning, samples were
transferred to 5% (w/v) sucrose (Fluka, Germany) in PBS to aid the penetration of the optimal cutting
temperature (OCT) medium on the next day. Prior to sectioning, samples were incubated in OCT (Jung
Tissue Freezing Medium, Leica Biosystems, Germany) for at least 10 min before being fast frozen at
-56°C. For histological staining and immunohistochemistry, 10 um sections of hMSC pellets were
prepared using a cryostat at -24°C (Microm HM 560, Thermo Fisher Cryostat Series, USA). Generally,

it was aimed to obtain sections from the centre of the pellets. The sample sections were collected on
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Menzel-Glaeser Superfrost® Plus slides (Thermo Fisher, Germany) and stored until further use at

-20°C. Donors #4 and #5 were subjected to histological assessment.

3.2.9.1 Toluidine Blue staining

Toluidine Blue is a basic metachromatic dye with a high affinity for acidic tissue components*#.
Toluidine Blue staining of tissues is based on the phenomenon of metachromasia as the dye changes
colour depending on its binding partners and surroundings. Characteristically, the cytoplasm of cells
stains light blue, the nuclear region dark blue, and proteoglycans purple.

Slides were selected and allowed to reach RT to enhance the binding of tissue sections to the
slide. The OCT medium was removed by rinsing the slides for at least 10 min in dH>O. Sections were
stained in a 0.1% (w/v) Toluidine Blue solution in MilliQ water containing 0.1% (w/v) sodium
tetraborate (Fluka, Germany). After 1 min the sections were washed in dH»O until all excess Toluidine
Blue was removed. Sections were dried for at least 30 min prior to transfer to xylene. Sections were
mounted with Eukitt (Fluka, Germany). After at least 24 h, the sections were observed using an
Olympus BX51 epifluorescence microscope equipped with an Olympus DP70 digital camera under

visible light. Image processing was performed using GIMP 2.8.

3.2.9.2 Safranin O/ Fast Green staining
Safranin O staining allows the detection of cartilage-like tissue as it binds to the negatively charged
glycosaminoglycans. Using this method, proteoglycans will be stained orange/red. Fast Green, which
serves as the counter stain of Safranin O, binds strongly to the amino group of proteins by virtue of a
sulphate group-containing motif.

Slides were selected and allowed to reach RT to enhance the binding of sections to the slide.
The OCT medium was removed by rinsing the slides for at least 10 min in dH,O. To stain the nuclei,
sections were exposed to Weigerts Haematoxylin (Merck, Germany) for 12 min followed by 10 min
incubation in running, lukewarm tap water. Sections were rinsed once in dH>O and stained in a
0.02% (w/v) Fast Green (Fluka, Germany) solution in MilliQ water containing 0.1% (v/v) acetic acid
for 6 min. Remaining Fast Green was rinsed off in a 1% (v/v) acetic acid solution before the slides were
exposed to a 0.1% (w/v) Safranin O (Polysciences Inc, Warrington, USA) solution in MilliQ water for
15 min. To remove remaining Safranin O, sections were briefly washed in water before being
dehydrated for 2 min each in 70% EtOH, 96% EtOH, 96% EtOH, 100% EtOH and 100% EtOH.
Afterwards, the sections were exposed to Xylene for a total of 10 min and mounted with Eukitt (Fluka,
Germany). After at least 24 h, the sections were observed using an Olympus BXS51 epifluorescence
microscope equipped with an Olympus DP70 digital camera under visible light. Image processing was

performed using GIMP 2.8.
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3.2.10 Immunohistochemistry

Immunohistochemical staining (IHC) was used to visualise the distribution of type I, type II and type
X collagens in hMSC pellets. For the preparation of pellet sections please refer to 3.2.9. Sections of
bovine cartilage were used as positive controls (Appendix A). For IHC, cryosections of pellets were
selected and allowed to reach RT. To remove the cryo-compound, cells were washed for 10 min in
dH»O. To block the endogenous peroxidase, the sections were incubated in 1% (v/v) 30% H>0, (Sigma,
UK) in methanol (Sigma, UK) for 30 min. Afterwards, the slides were washed twice in PBS and
transferred to 0.05 U/mL hyaluronidase (Sigma, UK) in PBSTw for 30 min at 37°C for antigen retrieval.
The slides were washed three times in PBS and subjected to Avidin/Biotin blocking (Avidin D/Biotin
Blocking Kit, Vektor Laboratories, UK). Therefore, slides were placed in a humidified chamber and
incubated with avidin D prior to incubation with biotin for 15 min each. After removal of biotin, the
slides were washed twice in PBS. The sections were blocked with 5% (v/v) goat serum (Dako, UK) in
PBS for 1 h at RT. The sections were immunostained with the primary antibodies mouse anti-
collagen I (Sigma C2456, 1:500), rabbit anti-collagen II (abcam ab34712, 1:150) and rabbit anti-
collagen X (GeneTex GTX37732 1:150) in 5% (v/v) goat serum in PBS at 4°C over-night. For the
negative control, sections were incubated in 5% (v/v) goat serum in PBS at 4°C over-night (Appendix
A). After three washes with PBSTw, all sections were incubated with the secondary horseradish
peroxidase (HRP)-coupled antibodies, goat anti-mouse (Dako P044801-2 1:100) or anti-rabbit (Dako
P044701-2, 1:100) in 5% goat serum (v/v) in PBS for 1 h at RT. The sections were washed three times
with PBSTw and subjected to the 3,3’-diaminobenzidine kit (DAB) (Vector Labs, UK) following the
manufacturer’s instructions. The HRP-DAB system is a widely used method in IHC to detect the
presence of a desired antigen, as the resultant staining can be viewed with traditional microscopy and
stored for extended periods of time without signal loss. The method relies on the ability of the enzyme
HRP to oxidise DAB in the presence of hydrogen peroxide thereby producing a dark-brown insoluble
precipitate which indirectly visualises the location of the antigen. Once the reaction was deemed to be
sufficient, samples were washed for 10 min to terminate the reaction. The sections were counterstained
with Harris” Haematoxylin for 3 s and subsequently washed under running tap water for 5 min.
Haematoxylin is a basic dye used to visualise the nuclei of cells as it forms an insoluble salt with DNA
and RNA, staining them red. By washing the slides in tap water, the dye is “blued” which results in the
characteristic purple/blue staining of nuclei. The sections were then dehydrated for 2 min each in 70%,
90%, 100%, 100% EtOH and 5 min each of three Histo-Clear (Fisher Scientific, UK) baths. All sections
were briefly soaked in Xylene and mounted with Eukitt (Sigma, UK). After at least 24 h, the sections
were observed using an Olympus BX51 epifluorescence microscope equipped with an Olympus DP70
digital camera under visible light. Image processing was performed using GIMP 2.8. Donors #4 and #5

were subjected to IHC analysis.
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3.2.11 Fourier transform infrared spectroscopy (FTIR) of hMSC pellet sections

To further assess tissue formation in presence of BG-conditioned medium containing chondrogenic
factors or BG extract-free chondrogenic medium, pelleted hMSCs were cultured as previously
described in 3.2.6 for 21 days and subsequently subjected to FTIR analysis. Donors #4 and #5 were
used for FTIR analysis. Samples for FTIR analysis were fixed in 70% (v/v) methanol in H>O and stored
at 4°C. At least 24 h prior to cryo-sectioning, samples were transferred to 5% (w/v) sucrose (Fluka,
Germany) in PBS to aid the penetration of the OCT (Jung Tissue Freezing Medium, Leica Biosystems,
Germany) medium on the next day. Prior to sectioning, samples were embedded and incubated in OCT
medium for at least 10 min before being fast frozen at -56°C. For FTIR analysis, 5 um sections of hMSC
pellets were prepared using a cryostat at -24°C (Microm HM 560, Thermo Fisher Cryostat Series, USA).
Generally, it was aimed to obtain sections from the centre of the pellets. The sample sections were
collected on calcium fluoride (CaF,) slides (Global Optics, UK) and stored until further use at -20°C.
Prior to FTIR analysis, pellet sections were carefully washed with MilliQ water to remove remaining
OCT. Donors #4 and #5 were subjected to FTIR and two sections per donor and condition were

analysed.

FTIR maps of pellets were acquired on an Agilent Cary 670-IR spectrometer coupled with a Cary 620-
IR imaging microscope (Agilent Technologies, CA) with a 128 x 128 MCT focal plane array (FPA)
detector. The FTIR maps were obtained in transmission mode with a 15 x objective with a numerical
aperture of 0.62. Spectral resolution was set to 4 cm™'. 16 spectral scans were co-added for background
whereas 4 spectral scans were co-added for the sample. All pre-processing and analysis of the FTIR
spectroscopic data were performed in Matlab version R2015a (MathWorks, Natick, MA, USA) and
PLS toolbox version 8.0 (Eigenvector Technologies, Manson, Washington, USA). The raw FTIR
spectra were cropped to the biological “fingerprint” region (1000 - 1825 ¢m™) for Multivariate Curve
Resolution (MCR). Wavenumbers below 1000 cm™ are beyond the detection limit of the FPA detector.
After that the data was pre-processed by Savitzky-Golay smoothing (9 points), weighted least squares
polynomial baseline correction (4™ order) and normalisation to area under the curve. MCR analysis was
applied to the pre-processed data to estimate the pure component spectra and respective concentrations
of each pure component within each spectrum (scores). Heat maps of each pure component were then
plotted with the MCR scores (normalised across all the samples). For visual display, K-means clustering
was used to segment the pellet regions removing the surrounding background area. FTIR imaging and

data analysis were performed in collaboration with Miss Amanda You.
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3.2.12 Statistical analysis

To determine statistical significance, a one-way ANOV A combined with Tukey post-hoc test was used
for experiments with one time point. For experiments with multiple time points, a two-way ANOVA
followed by Bonferroni post-hoc test was used. Results with p-values lower than 0.05 were deemed

significant. All data are expressed as mean + standard deviation (SD).
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3.3 Results

Previous studies have evaluated the use of bioactive glasses as bone facing substrates of multi-layered
osteochondral scaffolds. So far, only the classic bioactive glass compositions and in particular 45S5 BG
and 13-93 BG have been studied for such applications and the influence of bioactive glass dissolution
products on the chondrogenic differentiation of hMSCs remains largely unknown. Modifying bioactive
glass compositions to aid chondrogenic differentiation is a novel approach, which remains to be
explored.

To study the impact of key bioactive ion species on hMSC chondrogenic lineage commitment, two
compositions (Compl and Comp2) were chosen (Table 3.1). Compl-Ca is the classic 4585 BG
composition while Comp2-Ca was designed and fabricated by the Stevens group in collaboration with
Prof. Jones’s group. Comp2 contains magnesium and potassium which are known to influence the glass
transition temperature allowing the fabrication of 3D scaffolds. Strontium was incorporated into both
compositions by replacing 50% of the calcium on a molar basis resulting in a molar strontium content

of 13.45 mol% (Comp1-Sr) and 17.80 mol% (Comp2-Sr).

3.3.1 Ionic composition of strontium and/or magnesium-containing BG-conditioned

media

Particles prepared from all compositions (Compl-Ca, Compl-Sr, Comp2-Ca and Comp2-Sr) were
incubated in high glucose DMEM medium containing 20 mM HEPES for 4 h at 37°C under constant
agitation and subsequently filtered to remove remaining particles. The elemental concentrations of
silicon, calcium, phosphorous, strontium and magnesium in BG-conditioned or BG-free DMEM
medium were determined using ICP-OES (Table 3.4). The silicon content in all BG-conditioned media
was comparable. The calcium content was similar for Compl-Ca and Comp2-Ca as well as for
Comp1-Sr and Comp2-Sr. The ion concentration of phosphorous was similar in all samples; however,
it tended to be slightly lower for Compl. The strontium release into the medium was comparable for
the strontium-containing compositions and was with around 1.75 mM in the range of strontium
concentrations used for in vitro experiments!’® 3°. The concentration of strontium in blood of
osteoporotic patients, both male and female, treated with StR was determined to be 0.12 mM?3!:343_ The
magnesium concentration was found to be comparable between BG-free and Compl-conditioned
medium. The magnesium release from Comp2 into the medium doubled the basal concentration
(0.8 mM to 1.65 mM). Supplementation of 5 mM MgCl, has been shown to enhance in vitro

335

chondrogenesis of human synovial MSCs”>> while 10 mM MgSO4 supported proliferation of human

articular chondrocytes*°

. While the magnesium concentration in the Comp2-conditioned media was
below the levels used in literature, the long-term exposure and the interaction with other bioactive ions

may suffice to stimulate chondrogenesis in hMSCs.
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Table 3.4: Ion content of BG-conditioned DMEM medium. Elemental concentrations of bioactive
glass ionic dissolution products (Si, Ca, P, Sr, Mg) in DMEM high glucose medium are shown.
Bioactive glass particles were incubated in DMEM for 4 h at 37°C under constant agitation. lon release
was measure by ICP-OES. Elemental concentrations are expressed as mean + SD of 3 independent
experiments (in ppm). The ICP-OES was operated with the assistance of Miss Anu Solanki. ND = non-
detectable.

Si Ca P Sr Mg
DMEM ND 65+ 7 26+ 6 ND 20+3
Comp1-Ca 65+3 155+20 14+6 ND 17+2
Comp1-Sr 65+2 98 £ 11 222 147 £ 11 17£2
Comp2-Ca 63+1 166 £21 23+7 ND 41+3
Comp2-Sr 64+ 1 104+ 13 29 +38 168 £ 15 40+2

The partial dissolution of bioactive glasses in aqueous buffers and the concomitant release of ions are
known to increase the pH. The rise in pH is caused by H" consumption during initial ion exchange
reactions'®. As a high pH is linked to cellular cytotoxicity, the BG-conditioned medium was
equilibrated for at least 4 h or over-night in a standard cell culture incubator (37°C, 5% (v/v) CO) prior
to addition to cells. The pH was measured before and after equilibration (Table 3.5). Equilibration
resulted in a decrease in pH for Comp1-conditioned media, while differences in pH before and after
equilibration for Comp2 were subtle. The pH of all BG-conditioned media were comparable after
equilibration. The pH of the DMEM control increased. After equilibration, the difference in pH between

BG extract-free and BG-conditioned media was markedly reduced.

Table 3.5: pH values of DMEM and BG-conditioned DMEM medium before and after
equilibration. DMEM and BG-conditioned media were equilibrated under standard cell culture
conditions (37°C, 5% (v/v) CO>) for at least 4 h or over-night. pH values are expressed as a mean + SD
of two independent experiments.

pH before pH after
DMEM 7.23+0.07 7.70 £0.11
Compl1-Ca 8.07+0.13 7.86+0.14
Comp1-Sr 8.05 £0.16 7.86+£0.11
Comp2-Ca 7.88£0.13 7.85+0.13
Comp2-Sr 7.87+0.12 7.84£0.10
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3.3.2 Metabolic activity and hMSC cell number in presence of BG dissolution products

Generally, bioactive glasses have been shown to enhance cell metabolic activity!8* 33734 To assess the
influence of the BG-dissolution products used in this study on the cell metabolic activity and
development of cell number over time, hMSCs were treated with the various BG-conditioned media for
up to 7 days (Fig. 3.2). The metabolic activity of hMSCs was determined using the MTT assay on days
1, 4 and 7 of culture (Fig. 3.2A). There were no significant differences in metabolic activity between
hMSCs cultured in the various BG-conditioned media. Thus, the incorporation of strontium or the use
of different base compositions (Compl and Comp2) had no significant influence on cell metabolic
activity. On day 7, Compl-Sr (p<0.05), Comp2-Ca (p<0.01) and Comp2-Sr (p<0.05) dissolution
products significantly enhanced hMSC metabolic activity compared to BG extract-free DMEM
medium. In presence of all bioactive glass dissolution products but not BG extract free DMEM medium,
the metabolic activity increased significantly over time when day 1 was compared to day 4 (p<0.01 for
Comp1-Ca, Comp2-Ca and p<0.001 for Comp1-Sr, Comp2-Sr) and day 7 (all p<0.001). There was no
significant difference in metabolic activity between days 4 and 7 which may be indicative of a near-
confluent cell layer on day 4.

The change in cell number over time was assessed using the CyQUANT® Direct Cell
Proliferation Assay on days 1, 4 and 7 of culture (Fig. 3.2B, Appendix B). Due to donor variability, the
results are presented separately for each donor. The cell number increased for all donors when
comparing days 1 and 4. For donor #1 and the hMSCs purchased from PromoCell, cell number was
comparable on days 4 and 7 (Fig. 3.2B, Appendix B). Considering donor #6, cell number further
increased when comparing day 4 to day 7 (Appendix B, Fig. A). There are several possible explanations
for this observation. Firstly, passage 6 hMSCs may have lost some of their proliferative potential.
Especially the donor #1 hMSCs which were obtained from an individual undergoing total hip
replacement, might not have had the same replicative potential as the hMSCs purchased from Lonza
(donor #6). Secondly, the hMSCs were expanded in the presence of bFGF while the experiments were
conducted without bFGF. As bFGF is known to support hMSC cell proliferation it was not
supplemented to the media during the experiments to focus on the influence of the BG extracts. Yet,
withdrawal from bFGF might have reduced the cell proliferation®*.

Lastly, due to donor-dependent differences in the size of hMSCs, cells might have reached near
confluency prematurely at 4 days of culture. After 4 and 7 days of culture, the various BG extracts
increased cell number compared to BG extract-free DMEM for all donors. Considering these results,

all conditions allowed or supported hMSC growth, proliferation and metabolic activity.
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Figure 3.2: Effect of various BG extracts on hMSC metabolic activity and cell number. BG-
conditioned or DMEM medium was used to culture hMSCs for up to 7 days. At the indicated time
points, A) metabolic activity was measured by the MTT assay and B) cell proliferation over time was
assessed using the CyQUANT® Direct Cell Proliferation Assay. A) Data are expressed as mean = SD
of 3 independent experiments using different donors. Statistical significance was assessed using two-
way ANOVA followed by Bonferroni post-hoc test. ¥p<0.05,4¥p<0.01 versus DMEM only at the same
time point. Statistically significant changes over time are not indicated in the figure. Over time,
metabolic activity increased significantly for all media containing bioactive glass extracts but not
DMEM when days 1 and 4 (p<0.01 for Comp1-Ca, Comp2-Ca and p<0.001 for Comp1-Sr, Comp2-Sr)
and days 1 and 7 (all p<0.001) were compared. B) Cell abundance over time is shown representatively
for donor #1. Data are expressed as mean &+ SD of 4 biological replicates. As only one donor is displayed,
no statistical analysis was performed.

3.3.3 sGAG production of hMSCs in response to BG dissolution products

Once all bioactive glass dissolution products were deemed biocompatible, the influence of BG-
conditioned medium on hMSC chondrogenic lineage commitment was assessed. In pellet culture for in
vitro chondrogenesis, hMSCs were exposed to BG-conditioned medium containing chondrogenic
supplements or chondrogenic medium only as a reference for up to 21 days. The DNA content per pellet
after 21 days of culture was similar in all conditions and not significantly different from day 0 (DO)
(Fig. 3.3A). Quantification of sGAG showed that the accumulation of the extracellular matrix protein
by the pellets normalised according to their respective DNA content was significantly increased
compared to day 0 for all conditions save Comp2-Sr (Fig. 3.3B). There were no significant differences
between the various BG extract conditions on day 21. Since some of the synthesised sGAG is known
to be released from pellets, the sGAG content in the medium was quantified over time (Fig. 3.3C). The
amount of SGAG in the culture medium per pellet increased over time for all conditions except Comp2-

Sr indicating a progressive commitment to the chondrogenic lineage during the culture period. The level
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of sGAG detected in the retained medium was significantly higher for all conditions save Comp2-Sr
when days 15 - 21 were compared to days 1 - 7 (p<0.05 for chondrogenic medium, Comp1-Sr, Comp2-
Ca, p<0.01 for Comp1-Ca). Thus, in contrast to all other conditions, hMSCs cultured in Comp2-Sr-
conditioned medium neither accumulated a significantly higher amount of normalised sGAG after 21
days compared to day 0 nor did the sGAG release into the medium increase significantly over the three
week culture period. The sGAG release from hMSCs cultured in Comp2-Sr was significantly lower
compared to Comp1-Ca when days 15 - 21 were compared. However, since the sSGAG release did not
statistically differ between Comp2-Ca and Comp2-Sr, no conclusions can be drawn regarding the role

of strontium. The results for the individual donors are shown in Appendix C.

132



4 w 25
8 C - .
E. 3 g 201 - _
~ 5=
2~ 2215 I
232 <5
(=]

€= Z 3 10-

[= R
(&) 1 a

0 I |t |
Day O Day 21 Day O Day 21
C
80+ .
L
2 0 po
a OcTL
~ E Comp1l-Ca
» @ Comp1-Sr
3 @ Comp2-Ca
E B Comp2-Sr
Q
<
[C)
[1)]
Days Days Days
1-7 8-14 15-21

Figure 3.3: Effect of various BG extracts on hMSC chondrogenic differentiation. A - C) hMSC
pellets were cultured in BG-conditioned medium in the presence of chondrogenic supplements or
chondrogenic medium (CM) for up to 21 days prior to quantification of A) DNA by Hoechst or B)
sulphated glycosaminoglycans (sGAG) by DMMB. C) Media samples were retained to assess SGAG
released to media during the 21 day culture period. Data are expressed as mean = SD of 3 independent
experiments using different donors. Statistical significance was assessed A), B) using one-way ANOVA
followed by Tukey post-hoc test and C) using a two-way ANOVA combined with Bonferroni post-hoc
test. ~p<0.05, ~~p<0.01 (vs. day 0), *p<0.05. Statistically significant changes over time are not
indicated in the figure. Comparing days 1 - 7 with days 15 - 21, sGAG release increased significantly
for CM, Comp1-Sr, Comp2-Ca (all p<0.05) and Comp1-Ca (p<0.01).

3.3.4 Key chondrogenic marker gene expression in hMSCs during treatment with

bioactive glass extracts

Since there were no pronounced differences in cartilage-like ECM production between conditions after
21 days in culture, it was sought to investigate whether bioactive glass dissolution products affected the
early phase of hMSC chondrogenic lineage commitment. Therefore, the gene expression levels of key
differentiation markers on days 3 and 7 of pellet culture in BG-conditioned medium in the presence of
chondrogenic supplements or chondrogenic medium only were analysed. As pellets prepared from
donor #4 for gene expression analysis did not properly form, they were excluded from analysis (data
not shown). Instead, the experiment was repeated using donor #6. Donor #6 was commercially obtained
from Lonza, UK. The expression levels of all genes were normalised to the housekeeping gene, /85,

and are expressed relative to day 0, except for type I collagen (COL2A1). As the gene expression level
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of type Il collagen was below the detection level on day 0, data was normalised to chondrogenic medium
only on day 3. Due to donor variability, the gene expression results are presented separately and need
to be considered with caution.

Treatment with chondrogenic medium only, Comp1-Ca or Comp2-Ca-conditioned medium
resulted in similar gene expression levels of the chondrogenic markers SOX9, ACAN and COL2A1 (Fig.
3.4A, D, G). While Comp1-Ca and Comp2-Ca appeared to promote SOX9 and ACAN expression in
donors #5 and #6 beyond chondrogenic medium only, chondrogenic medium performed better than
Comp1-Ca (but not Comp2-Ca) with respect to donor #1. The gene expression patterns of RUNX2 and
COLI1AI were similar between conditions except for Comp2-Ca which appeared to mildly up-regulate
the mRNA levels of both osteogenic markers. When the two time points were compared, the gene
expression of all tested genes was higher on day 7. This trend was particularly pronounced for ACAN
and COL2A1 suggesting a progressive lineage commitment. Overall, the relative gene expression level
of SOX9 was rather low which may suggest that the chosen time points were either too early or too late
to observe a peak in SOX9 mRNA level. Overall, strontium incorporation reduced the gene expression
levels of chondrogenic lineage marker genes.

Taken together, gene expression analysis of pellet culture of donor #5 followed a trend
reminiscent of donor #1. For both donors, Comp2-Ca seemed to particularly enhance chondrogenic
marker gene expression but also COLIAI compared to all other conditions. Yet, also Comp1-Ca and
Comp2-Sr induced higher or at least similar gene expression levels of SOX9, ACAN and COL2A1
compared to chondrogenic medium. Considering the day 3 time point, Comp1-Sr appeared to enhance
SOX9, ACAN and COL2A1 expression compared to chondrogenic medium only, however, this trend
was not maintained on day 7. The up-regulation of chondrogenic markers was particularly pronounced
in donor #6 likely owing to the relatively young age of the donor. The influence of bioactive glass
dissolution products was particularly marked for donor #6 as Comp1-Ca and Comp2-Ca increased
COLZ2A1 expression levels more than 10 fold compared to chondrogenic medium only on day 7. Overall,
Comp1-Ca and Comp2-Ca strongly up-regulated chondrogenic marker gene expression compared to

BG extract-free chondrogenic medium for donor #6.

134



Donor #1 Donor #5 Donor #6
A 5, 50X9 Sox9

[
w

Relative mRNA
Expression Level
g
Relative mRNA
Expression Level
i N é i
Relative mRNA
Expression Level
© w o
tg
3

Day 3 Day 7 Day 3 Day 7 Day 3 Day 7

B RUNX2 RUNX2 RUNX2

10

Relative mRNA
Expression Level
e N & o @ 5
Relative mRNA
Expression Level
o [V}

Relative mRNA
Expression Level
[=] N £

Day 3 Day 7 Day 3 Day 7 Day 3 Day 7
C —__ ACAN <200, ACAN ACAN
Q
-1150 1000

Si00 100

Relative mRNA
Expression Leve
e - N w H w

o © © o ©

Relative mRNA
Expression

wn
o o

Relative mRNA

Expression Level
o

(=]

= ©

[ =] (=]

Day 3 Day 7 Day 3 Day 7 Day 3 Day 7

D 1000.COL2A1 1000, COL2A1 10000 COL2A1

1000
100

10

Relative mRNA
Expression Level
P

- o o
Relative mRNA
Expression Level
P

- o o
Relative mRNA
Expression Level
pé

Day 3 Day 7 Day 3 Day 7 Day 3 Day 7

E COL1A1 COL1A1 -5 COL1A1

Relative mRNA
Expression Level
o « 5

Relative mRNA
Expression Level
° « o
Relative mRNA
Expression Leve
g

Day 3 Day 7 Day 3 Day 7 Day 3 Day 7

ocMm

@ Comp1l-Ca
@ Comp1-Sr
@ Comp2-Ca
@ Comp2-Sr

Figure 3.4: Effect of various BG extracts on chondrogenic and osteogenic lineage marker gene
expression by hMSCs. Prior to qPCR, hMSCs were grown as pellets in BG-conditioned medium
containing chondrogenic supplements or chondrogenic medium (CM) only for up to 7 days. A) SOX9,
B) RUNX2, C) ACAN, D) COL2A1 and E) COL141 mRNA expression, respectively relative to DO (or
day 3 CM for COL2A1) in hMSC after 3 and 7 days as quantified by qPCR. Gene expression analysis
was conducted for donors #1, #5 and #6. Data are expressed as mean + SD of 3 biological replicates.
As data for single donors are presented, no statistical analysis was performed.
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3.3.5 In vitro tissue formation of hMSCs in BG-conditioned medium

To obtain a better understanding of (cartilage-like) tissue formation by hMSC pellets in BG-conditioned

medium, the in vitro formed tissue was characterised by histology, immunohistochemistry and FTIR.

3.3.5.1 Histology

In a first step, the quality of extracellular matrix production by hMSCs in presence of bioactive glass
dissolution products was assessed using histology. hMSCs were pelleted and cultured for 21 days in
chondrogenic medium or BG-conditioned medium in presence of chondrogenic supplements as
previously described.

Toluidine Blue is a metachromatic stain that changes colour from dark blue to a rich purple
when bound to acidic proteins such as proteoglycans/glycosaminoglycans. Day 0 pellet sections stained
only faintly for Toluidine Blue indicating little extracellular matrix (Fig. 3.5, left panel and Appendix
D). After 21 days of culture, Toluidine Blue staining appeared dark purple suggesting the presence of
proteoglycans/glycosaminoglycans in all conditions. In the centre of all pellets a fainter stained region
was visible. This may point towards an undifferentiated core possibly due to the lack of sufficient
nutrient and differentiation factor diffusion. Interestingly, in presence of Compl-Sr dissolution
products, the faintly stained core region was particularly pronounced and rounded (Fig. 3.5 and
Appendix D). Culture in Comp2-Sr-conditioned medium led to smaller pellets relative to the other
conditions and a smaller area of intense purple staining.

Safranin O similarly binds to proteoglycans/glycosaminoglycans giving rise to a bright red
colour. Safranin O staining is thought to be proportional to proteoglycan content in healthy cartilage;
however, the stain has been shown not to be sufficiently sensitive to detect low levels of
glycosaminoglycans*®. Fast Green is frequently used as the counter stain to Safranin O as it binds to
other proteins such as collagens. No Safranin O staining on day 0 hMSC pellets was visible supporting
the result obtained with Toluidine Blue (Fig. 3.5, right panel and Appendix D). After 21 days of culture,
Safranin O staining of sectioned pellets was visible in all conditions indicating robust production of
glycosaminoglycans. Cell nuclei in Safranin O stained regions appeared bigger and rounder suggesting
chondrogenic lineage commitment. The central region of pellets did not show uniform Safranin O
staining as observed with Toluidine Blue. The rim of all pellets was stained positive for Fast Green
which was accompanied by tighter packed cells with flatter cell nuclei. Fast Green staining at the rim
of pellet sections has also been observed elsewhere®*’- 3%, The fibrocartilage-like layer was particularly
pronounced in the Comp2-Sr condition. Interestingly, hMSC pellet growth appeared to be modulated
by Comp2-Sr resulting in smaller, differently shaped pellets.
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Toluidine Blue Safranin O/Fast Green

Figure 3.5: Effect of various BG extracts on in vitro cartilage-like tissue formation assessed by
histology. Prior to histological assessment, hMSCs were grown as pellets in chondrogenic medium
(CM) or BG-conditioned medium in chondrogenic conditions for up to 21 days. The presence of
sulphated proteoglycans in the extracellular matrix of hMSC pellets was assessed by a) Toluidine Blue
(purple metachromasia) and b) Safranin O staining. Fast Green stains collagens and other proteins.
Representative images (donor #4) are shown.

3.3.5.2 Immunohistochemistry (IHC)

To further characterise cartilaginous tissue formation in presence of bioactive glass extracts,
immunohistochemical detection of type I, type II and type X collagens was performed (Fig. 3.6 and
Appendix D). Type I collagen is produced by undifferentiated hMSCs but is also regarded as indicator
for fibrocartilage and osteogenic differentiation®***°, Immunohistochemical detection of type I collagen
was visible on pellet sections on day 0 (Fig. 3.6, left panel). After 21 days of culture, sectioned pellets
of all conditions stained positive for type I collagen. Type I collagen was mainly localised to the rim of

pellets in the region stained by Fast Green (Fig. 3.5) but was also visible throughout. Type II collagen
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is indicative of chondrogenic differentiation and a crucial part of the hyaline cartilage ECM.
Immunohistochemical detection of type II collagen on day 0 pellet sections was negative (Fig. 3.6,
middle panel). After 21 days of culture, type II collagen was detected especially in the rim region of
pellets but also throughout for all conditions. Especially for Comp2-Sr, type II collagen staining co-
localised with Safranin O staining when the results for histology and IHC were compared. Type I and
II collagen staining was faint or absent in the central region of pellets. Type X collagen is a marker for
hypertrophic cartilage and is thought to support bone formation during endochondral ossification, in
part through its ability to bind calcium®. Type X collagen staining was overall very faint (Fig. 3.6, right
panel). Due to the faint staining, pellets were not exposed to haematoxylin as this would have masked
the detection of type X collagen. Positive staining for type X collagen mainly localised to the outer rim
of pellets. While type X collagen staining was nearly absent in presence of Comp2-Ca dissolution
products, it tended to be slightly stronger in the fibrocartilage-like outer rim of pellets cultured in
Comp2-Sr-conditioned medium. For the anti-type X collagen antibody there was a slight nonspecific

background stain as observed in the negative control (Appendix A).
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Figure 3.6: Distribution of type I, II and X collagens in hMSC pellets in presence of various
bioactive glass extracts. Prior to immunohistochemistry, hMSCs were grown as pellets in
chondrogenic medium (CM) or BG-conditioned medium in chondrogenic conditions for up to 21 days.
Immunohistochemical staining of type I collagen (left panel), type Il collagen (middle panel) and type
X collagen (right panel). Representative images (donor #4) are shown.
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3.3.5.3 Fourier transform infrared spectroscopy (FTIR)

Infrared (IR) spectroscopy is an analytical technique which is based on the interactions between infrared
light and molecules. Chemical bonds within molecules absorb characteristic IR wavelengths which
allow the molecular characterisation of samples. Fourier transform infrared (FTIR) imaging and
spectroscopy have been used to study the chemical composition of various tissues including cartilage

and bone*?

. The combination of FTIR technology with focal plane array (FPA) detectors opens up the
possibility of collecting a large number of spectra simultaneously from relatively big sample areas. This
development is especially interesting for the analysis of tissue samples*!. Recently, hMSC pellets have
been analysed by FTIR to monitor the state of chondrogenic differentiation®*,

In the work described in this chapter, hMSC pellets were subjected to FTIR analysis as an
independent alternative method to observe the distribution of collagen. Multiplicative Curve Resolution
(MCR) was used to extract the collagen spectrum in a spatially defined manner (Fig. 3.7). Heat maps
of the MCR scores relating to collagen were then plotted®>* 3%, The heat maps showed a similar trend
for collagen distribution as the results obtained with IHC supporting the previous observations.
Collagen was detected throughout the pellet sections for all conditions. The relative signal intensity for

collagen tended to be stronger at the rim of pellets which is in line with the results obtained by IHC.

Overall, Comp2-Sr seemed to have the highest relative collagen signal intensity.
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Figure 3.7: FTIR analysis of collagen distribution in hMSC pellets after culture in BG-
conditioned media. Prior to FTIR, hMSCs were grown as pellets in chondrogenic medium (CM) or
BG-conditioned medium in chondrogenic conditions for 21 days. A) Artificially coloured images from
cross sections of hMSC pellets are shown. Multiplicative curve resolution (MCR)-determined collagen
components are presented. The colour bar represents the scores by MCR. Representative images (donor
#4) are shown. Scale bar = 400 um. Pixel size = 5.5 um x 5.5 um. B) MCR pure component spectra of
collagen. FTIR imaging and data analysis were performed in collaboration with Miss Amanda You.

Furthermore, FTIR opens up the possibility of detecting the presence of CaP depositions. As bioactive
glasses have been shown to favour the formation of mineral, pellet sections were examined with respect
to possible mineral depositions. In the context of (articular) cartilage regeneration, such depositions
would be undesirable. Mineralised bone and cartilage are known to present a hydroxyapatite phosphate
band at around 1000 to 1150 ¢cm™ **, In this study, no such peak was found in all samples, thus

suggesting that there was no mineral deposition within the pellets (Fig. 3.8).
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Figure 3.8: Effect of BG-conditioned media on the mean IR spectra of hMSC pellets. Prior to FTIR,
hMSCs were grown as pellets in chondrogenic medium (CM) or BG-conditioned medium containing
chondrogenic supplements for 21 days. The mean IR spectra for h(MSC pellet sections for donor #4 are
shown. Analysis of the mean IR spectra revealed no CaP depositions in hMSC pellets after culture in
BG-conditioned media. Two sections per condition were analysed and the result for one representative
section per condition is shown. The phosphate band (1000 to 1150 cm™) is highlighted. FTIR imaging
and data analysis were performed in collaboration with Miss Amanda You.

3.3.6 Summary

In summary, it was demonstrated that bioactive glasses and their respective ionic dissolution products
did not significantly affect sGAG accumulation. However, there was a composition-dependent effect
on hMSC chondrogenesis when considering histological as well as immunohistochemical assessment.
The incorporation of strontium into both studied compositions seemed to reduce chondrogenic lineage
commitment in the conditions of this study. Further research is required to fully understand the influence
of bioactive glass extracts on hMSC chondrogenesis and how single ion species within such ionic

dissolution products can be used to promote chondrogenic differentiation.
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3.4 Discussion

Bioactive glasses, either as granules, scaffolds or part of composites, are highly attractive materials for
bone regeneration and beyond due to their bioactive properties. Owing to their superior bonding to bone
and osteoconductive characteristics, bioactive glasses have been evaluated as bone substrate for multi-
layered scaffolds for osteochondral repair. MSCs have emerged as the cell type of choice for tissue
engineering applications in the osteochondral system and MSC-seeded scaffolds are widely being
evaluated for osteochondral defects. Even though a couple of studies have reported a supporting role of
bioactive glasses on cartilage repair in vivo, little is known about the effect of bioactive glasses on MSC
chondrogenic differentiation. Here, it was aimed to shed light on the effect of bioactive glass ionic
dissolution products on hMSC chondrogenesis in a pellet culture model. In particular, the question was
addressed whether modification of bioactive glass compositions had an impact on hMSC differentiation
and if hMSC commitment towards the chondrogenic lineage could be enhanced by incorporating key
bioactive ions. To that end, two compositions were chosen; the classic 45S5 BG (termed Compl)
composition and a composition with a wider processing window that allows the formation of 3D
scaffolds (Comp2). Strontium was incorporated by substitution for calcium into both compositions.
Strontium was deemed especially interesting as previous in vitro and in vivo studies had suggested a
positive effect of the ion on cartilage regeneration. Additionally, it was sought to evaluate a bioactive
glass that would release magnesium ions. There was evidence from previous ix vifro and in vivo studies
for a beneficial effect of magnesium on cartilage regeneration. Therefore, Comp2 was included in the
study.

The strontium content in Comp1-Sr and Comp2-Sr-conditioned medium was quite high with
147 ppm and 168 ppm. These values are higher than the 92 ppm measured in Sr100-conditioned medium
in Chapter 2. Yet, Sr100 contains a higher amount of strontium with 26.91 mol% compared to
13.45 mol% (Comp1-Sr) and 17.80 mol% (Comp2-Sr). Generally, it needs to be stressed that the ion
release from bioactive glasses depends on a multitude of factors, including glass composition, physical
features of the glass and the characteristics of the medium the glass is immersed in. Furthermore, the
release of ion species is not necessarily linear with respect to their content in the glass, as shown by
Gentleman et al. for strontium'®. As the silicon concentration in the BG-conditioned medium in
Chapter 2 is below its solubility limit in solution with on average 36 ppm, it can be assumed that the
overall ion release from the 0.1 — 1 mm particles used in Chapter 2 was lower than the ion release from
the <38 um particles used in this chapter where on average 65 ppm silicon were measured in the
medium. This is likely due to several factors. Firstly, a smaller particle size has been associated with a
higher rate of ion release due to a bigger surface area’>. Secondly, the media used in Chapter 2 and
Chapter 3, PromoCell hMSC growth medium and high glucose DMEM medium respectively, might
have differentially influenced the ion release from the glasses. In a study by Gentleman et al., the

strontium ion release from strontium-containing glasses differed depending on the cell culture
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medium'®*. Thirdly, addition of the buffer HEPES to the medium used in this chapter increased the ion
concentration of calcium, strontium, magnesium and phosphate. While no conclusions can be drawn
from the obtained ICP-OES results, the stronger regulation of the pH might have enhanced the ion
release from particles or reduced the re-precipitation of ions. Without HEPES, the strontium
concentration in Comp1-Sr and Comp2-Sr-conditioned medium was 67 ppm and 80 ppm, respectively
(data not shown). Also the values for calcium and phosphate were about half of the values measured in
the presence of HEPES in the medium.

Culture in BG-conditioned medium increased metabolic activity of hMSCs compared to
DMEM medium only on day 7 and this may in part be attributed to an enhanced proliferation of hMSCs
in presence of bioactive glass dissolution products. Yet, the influence of bioactive glass dissolution
products on hMSC proliferation needs to be confirmed. There were no significant differences between
BG compositions. Previous studies have shown an increase in osteoblast proliferation in response to
bioactive glasses'¥’. These observations are believed to be especially linked to the presence of silicon
and calcium?*’-3%, Continuing from these promising findings, the effect of bioactive glass dissolution
products on hMSC chondrogenesis was assessed in a pellet culture model. The hMSCs used for the
differentiation study all originated from the femoral heads of patients undergoing total hip replacement
surgery. After 21 days in culture, the DNA content of pellets was comparable between conditions and
not significantly different from day 0. After condensation to pellets, hMSCs cease to proliferate and
start to differentiate so that no substantial increase in DNA content was expected. In fact, several studies
observed a decrease in DNA content per pellet over time*? **"- 3>, The normalised sGAG content of
hMSC pellets after 21 days of culture was significantly higher for all conditions, save Comp2-Sr,
compared to day 0. In light of data in the literature, the normalised sGAG values presented in this
chapter fall within the upper/normal range®*® 3%, Interestingly, several studies have investigated the use
of various treatments, including hypoxic culture, to enhance sGAG production in vitro®>® 3 In the
following chapter, the use of hypoxia-mimicking agents to influence hMSC chondrogenic
differentiation will be discussed. Quantification of sGAG release from hMSC pellets indicated a
progressive lineage commitment throughout the culture period. There were no significant differences
between the Comp1-Ca and Comp1-Sr or Comp2-Ca and Comp-Sr-conditioned media conditions. To
obtain more pronounced differences between conditions, which would allow a clearer interpretation of
the influence of the various BG-conditioned media, a longer culture period may be necessary. Apart
from the standard 21 day time point chosen for this study, 28 days of culture are also routinely used to
study chondrogenic differentiation®*®, As SrR administration enhanced cartilage repair in patients and
promoted cartilage regeneration in in vivo experiments, the performance of Comp1-Sr and Comp2-Sr
in the in vitro experiments described in this chapter were unexpected. The concentration of strontium
in the blood of patients treated with SR was determined to be 0.12 mM, which is considerably lower
than the strontium ion levels in the BG-conditioned media used for the experiments presented in this

chapter (around 1.75 mM). Therefore, the strontium ion concentration may have been too high in the
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BG-conditioned media. Yet, previous studies showed that strontium ion concentrations of up to 5 mM
increased ECM production by chondrocytes suggesting that a strontium ion level above 0.12 mM does
not inhibit cartilage-like ECM accumulation per se. Moreover, most studies assessing the impact of StrR
on chondrocytes in vitro used (at least) 1 mM of SrR, which equals 2 mM of strontium ions. In this
context, the length of treatment may be critical as the endpoint of most in vitro studies was usually not
longer than 72 h, which is significantly shorter than the 21 day culture period described in this chapter.

As there were no significant differences in SGAG production between conditions after 21 days,
the question was pursued whether BG-dissolution products induced more subtle changes at earlier time
points of hMSC lineage commitment. Therefore, the gene expression of key differentiation markers
after 3 and 7 days of pellet culture was analysed. Due to variability on donor level, no definite
conclusions can be drawn from the results and the data need to be interpreted with caution. An up-
regulation of 4ACAN and COL2A41 expression by all donors on day 7 indicated commitment to the
chondrogenic lineage for all culture conditions. Overall, compositions Compl-Ca and Comp2-Ca
appeared to enhance expression of chondrogenic differentiation markers. Interestingly, gene expression
levels of chondrogenic markers in hMSC pellets cultured in Comp2-Sr were similar to chondrogenic
medium only. This may suggest that the reduced cartilage-like tissue formation observed by histological
assessment on day 21 was due to a prolonged exposure to Comp2-Sr beyond the 7 day time point. There
were no big differences in SOX9 gene expression level for donors #1 and #5. Zhang et al. and Murdoch
et al. did not observe a correlation between SOXY expression and extent of extracellular matrix
production; however, different time points were chosen®***¢!. With respect to donor #6, Comp1-Ca and
especially Comp2-Ca increased gene expression of chondrogenic markers. Gene expression levels of
chondrogenic marker genes correlated with pellet size and likely extracellular matrix production. In
contrast to donors #1 and #5, which were isolated at AO Foundation Davos from femoral heads of
patients undergoing total hip replacement, donor #6 was commercially obtained from Lonza, UK.
According to the information supplied by the company, donor #6 was 29 years old at the time of cell
isolation and female. All donors were of Caucasian origin. Hence, #donor 6 was significantly younger
than the other donors used in this study which may account for the differences in gene expression values.
Previously, donor age has been negatively correlated with differentiation capacity in both murine and
human MSCs3¢% 363, Overall, the relative gene expression levels of all chondrogenic marker genes were
higher and up-regulated at earlier time points indicating an earlier and stronger lineage commitment.
The impact of bioactive glass dissolution products was likewise more pronounced than for the other
donors; however, this could also owe to a donor and not age-dependent effect. Comp1-Ca and Comp2-
Ca dissolution products particularly enhanced SOX9, ACAN and COL2A1 expression compared to
chondrogenic medium only and the strontium-containing conditions. Focusing on the day 3 time point,
Comp1-Sr-conditioned medium seemed to increase SOXY9, ACAN and COL2A1 expression compared
to chondrogenic medium only, albeit not to a similar degree as Comp1-Ca and Comp2-Ca.

In a preliminary experiment using donor #5 it was shown that gene expression of COLI0AI
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was below the detection level on both time points for all conditions (data not shown). However, the
chosen time points may have been too early to detect an up-regulation of COLI0AI. A previous study
has reported the up-regulation of hypertrophic markers on day 7; notably, before the induction of
COL2AI on day 14%. Yet, generally it is accepted that COL2AI up-regulation precedes hMSC
maturation and hypertrophy>#.

Next, the quality of cartilage-like tissue formation was assessed by histology, IHC and FTIR.
Toluidine Blue and Safranin O/Fast Green staining of pellet sections showed that a glycosaminoglycan-
rich matrix was produced in all conditions. However, the area of glycosaminoglycan positive staining
was smaller when hMSC pellets were cultured in presence of strontium-containing bioactive glass
extracts. The outer layer of cells had a fibrocartilage-like phenotype. This phenomenon is not unusual
for hMSC pellet culture and has been described elsewhere®® 3%°. Mechanical stresses at the outside of
the pellets may be causative for this observation. In the central region of pellets, cells appeared
undifferentiated which was accompanied by little cartilage-like ECM production. The presence of cells
throughout the pellet argues against a necrotic core region. To ascertain the viability of cells in the
central region of pellets, a TUNEL assay could have been performed*®'. Using the TUNEL assay,
apoptosis of cells in situ can be visualised. In presence of either Comp1-Sr or Comp2-Sr, the outer
fibrocartilage-like rim appeared thicker which may have caused a further reduction in nutrient and
growth factor diffusion to the central region of the pellet. In turn, this may have led to a larger
undifferentiated core. Characterisation of the in vitro formed tissue by IHC, showed the presence of
both type I and type II collagens at the rim and throughout the pellet matrix. While this result warrants
further confirmation, it seemed like, in the presence of Comp2-Sr dissolution products, type II collagen
did not localise to the rim of pellets but was exclusively visible in regions also positive for Safranin O.
Staining for type X collagen was overall very faint and mainly localised to the rim of pellets. Pellets
cultured in Comp2-Ca-conditioned medium showed the faintest type X collagen staining while the rim
of pellets cultured in Comp2-Sr had a tendency to be more intensely stained. Yet, both observations
need to be further validated with more donors to be reliable. Generally, the expression of type X
collagen and thus the development of a hypertrophic phenotype by hMSCs/chondrocytes are largely
not desired in cartilage engineering. Yet, some studies suggest the guided formation of a confined
calcified cartilage layer for osteochondral tissue repair’'®. Such a calcified interface is thought to
function as a barrier between the articular cartilage and bone to prevent bony ingrowth into the newly
formed cartilage layer. Previous studies have observed positive type X collagen staining in control
conditions in pellet culture’® 337, Data presented in this chapter suggest a low level of type X collagen
as visualised by IHC staining but with a longer culture period of e.g. 28 days, type X collagen abundance
may have been more pronounced. Of note, Mueller and Tuan suggested that a combination of TGF-f
withdrawal, a reduction of dexamethasone and addition of thyroid hormone (T3) in the culture medium
was necessary to elicit a full hypertrophic maturation hMSCs™.

FTIR analysis of tissues can provide information that is complimentary to histological
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assessment and biochemical techniques. Preliminary analysis of pellet sections by FTIR confirmed the
presence of collagens in all conditions. Collagen was detected throughout the pellet sections and showed
a similar relative intensity pattern between conditions. The relative signal intensity for collagen tended
to be higher around the rim of the pellets. Comparing the different culture conditions, the relative
collagen signal intensity appeared to be increased for Comp2-Sr which is in line with IHC. As bioactive
glass dissolution products are known to enhance hMSC differentiation towards the osteogenic lineage
and support formation of mineral depositions, it was sought to ensure that hypertrophy was not
promoted in chondrogenic-differentiated hMSCs. Indeed, immunohistochemical detection of type X
collagen demonstrated that the pellets were only faintly positive for the hypertrophic marker.
Furthermore, FTIR analysis showed that the pellets were free of mineral depositions as no phosphate
band peak was detected. This result is encouraging; however, it would be necessary to repeat the
experiment in presence of mineralisation inducing factors.

High density culture systems have been shown to provide an efficient support for hMSC
chondrogenic differentiation in vitro. In particular, pellet culture is thought to provide a suitable 3D
environment for hMSC chondrogenic differentiation that resembles the conditions MSCs encounter in
pre-cartilage condensations during embryonic development. While pellet culture is the classic high
density culture model to induce MSC chondrogenesis, lately micromass culture has emerged as possibly
superior system. Pellet culture can lead to an undifferentiated or necrotised central region and facilitate
the differentiation towards a fibrocartilage-like phenotype as characterised by type I and type X collagen
expression °% ¥, In the micromass culture system, a high density cell suspension in a small volume (for
example 12.5 uL*®! or 20 uL*®*) is placed in a well of an i.e. 24-well plate. After an initial incubation
period, chondrogenic medium is added and cells aggregate within the first 24 h. Extracellular matrix
production and chondrogenic marker expression were found to be increased in micromass culture
compared to pellets. Additionally, fibrocartilage and hypertrophy markers were decreased. The authors
argued that better nutrient diffusion and a slightly lower cell density may be causative for the superior
performance of the micromass system. A highly interesting question which was beyond the scope of
this work is how bioactive glass dissolution products would affect the initial condensation of hMSC
pellets or, respectively, the aggregation of hMSCs in a micromass system. Future work could address
this matter by re-suspending hMSCs in BG-conditioned media prior to centrifugation of hMSCs for
pellet formation/preparation of micromasses. Since magnesium ions are known to stimulate integrin
binding and thus cell-cell interactions, compositions Comp2-Ca and Comp2-Sr may modulate cell
behaviour to a greater extent than after pellet formation.

Taken together, data provided in this chapter reinforce the notion that bioactive glasses are
suitable substrates for the bone facing component of multi-layered osteochondral scaffolds with respect
to their influence on hMSC chondrogenesis. In the conditions of this study, strontium incorporation
seemed to favour a more fibrocartilage-like phenotype with fewer sGAG accumulation as shown by

histology and immunohistochemistry. This result was surprising since there is compelling clinical trial
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and in vivo data which support a beneficial effect of strontium on cartilage maintenance and repair.
However, the effect of strontium on hMSC chondrogenesis is largely unknown and the study presented
in this chapter was the first to evaluate strontium-containing bioactive glasses with respect to
chondrogenic lineage commitment of hMSCs. Since chondrogenic marker gene expression of hMSC
pellets treated with Comp2-Sr was similar to chondrogenic medium only on days 3 and 7, prolonged
exposure to the strontium-containing bioactive glass extracts may have eventually hampered a proper
differentiation towards a chondrocyte phenotype. The remodelling of subchondral bone is a common
phenomenon observed in osteoarthritis®”’. Therefore, strontium-substituted bioactive glasses would be
especially interesting to use for osteochondral defects considering the well-described beneficial effects
of strontium on bone remodelling in osteoporosis. Hence, a further evaluation of strontium-containing
bioactive glasses merits consideration.

An up-coming notion in the field of bone tissue engineering is to pursue an endochondral
ossification approach to mimic processes during development and injury repair as shown by e.g. Scotti
et al.*® and reviewed by Thompson et al.’!. Bioactive glasses with a tailored composition and their
respective dissolution products may prove useful in guiding MSCs along chondrogenic lineage
commitment and subsequent maturation towards a hypertrophic phenotype. Indeed, previous studies
have observed an up-regulation of chondrogenic and osteogenic markers in presence of bioactive
glasses. Based on the results presented in this chapter, no definite conclusions can be drawn regarding
an optimal composition for such an application. Hypertrophic differentiation of hMSCs is usually
induced with a medium composition that differs from the chondrogenic medium used for experiments
described in this chapter. Comp1-Sr appeared to mildly enhance type X collagen accumulation as shown
by immunohistochemistry, which may point towards a hypertrophic phenotype. Pursuing the
endochondral ossification approach, bioactive glasses may present a highly interesting material to use.
Future studies could address this hypothesis and investigate whether the incorporation of key ions could

facilitate such a strategy.
3.4.1 Limitations

In this chapter, HEPES was added to the medium to allow a stable pH during hMSC pellet culture in
microcentrifuge tubes following the standard protocol at AO Foundation Davos. The addition of HEPES
affected the ion concentration in the bioactive glass-conditioned media, increasing the values for
calcium, magnesium, strontium and phosphorous compared to HEPES-free conditioned medium. As
such this is not a problem as all conditions in this chapter were prepared the same way. Yet, a high
osmolarity caused by the high concentration of ion species may influence cellular behaviour. In the
context of this thesis, the results obtained in Chapter 2 cannot be directly related to those obtained in
this chapter, as the ion contents of the conditioned media differed. More generally, it is difficult to draw

definite conclusions from the results obtained with conditioned medium in vitro to a possible
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performance in vivo as the composition of ion release products in vivo is unknown.

It is possible that the 21 day time point used in this study was too early to detect the effects of
different bioactive glass compositions on hMSCs. It would be interesting to evaluate longer time
periods, such as 28 or 35 days, to investigate whether or not the composition of BG-conditioned media

would influence chondrogenesis.
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3.5 Conclusion

In summary, this chapter shows that hMSCs cultured in BG-conditioned chondrogenic medium produce
a similar amount of normalised sGAG compared to chondrogenic medium only. The incorporation of
strontium within bioactive glasses did not enhance hMSC chondrogenic differentiation. In contrast,
histology and immunohistochemistry pointed towards a reduction in cartilaginous matrix formation in
presence of strontium in the conditions of this study. Further research is needed to clarify if tailored

bioactive glasses containing key bioactive ion species can enhance hMSC chondrogenesis.
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CHAPTER 4

The Influence of Cobalt-containing Bioactive
Glasses on hMSC Chondrogenic

Differentiation

(Some of the work in this chapter is in preparation for publication in “Hypoxia-mimicking
bioactive glasses reduce hMSC chondrogenesis despite HIF-1o stabilisation” by Littmann E,
Autefage H, Solanki AK, Kallepitis C, Jones JR, Alini M, Peroglio M and Stevens MM)

All data presented in this chapter were collected by me unless explicitly stated otherwise.
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4.1 Introduction

The necessity of molecular oxygen for animal life was illustrated by Joseph Priestley as early as 17723
In his famous experiment he placed a mouse along with a burning candle in a sealed bell jar with fatal
consequences for the rodent. Since then much research has been undertaken to elicit the vital role of
oxygen in an array of organisms ranging from bacteria to vertebrates. Molecular oxygen is required for
many intracellular biochemical reactions as primary electron acceptor and, importantly, is essential for
the generation of ATP in the mitochondrion (aerobic respiration). While the lack of a sufficient oxygen
supply can have deleterious effects on living organisms, hypoxic microenvironments and oxygen
gradients are, in fact, required for the proper development of embryos as well as tissue formation and
repair at later stages of development and in the adult. For a review on the role of oxygen in embryonic
development, please refer to the paper by Simon and Keith, 2008>%. An important point to be made is
that physiological normoxia for most cells in the adult body ranges between 2 - 11% of molecular
oxygen and hence deviates strongly from ambient air (21%) and conditions cells encounter in any
regular cell culture incubator.

Building on the knowledge that reduced oxygen tension can guide cellular differentiation events
as well as tissue formation in vivo; researchers have sought to use hypoxia for tissue engineering
purposes. In this context, cartilage appears as an obvious choice as it is avascular and hence inherently
hypoxic. Due to the lack of vasculature, nutrients as well as oxygen must diffuse from the surface of

the joint facing the synovial fluid into the cartilage tissue below>*’

. In vivo, articular chondrocytes are
thought to be exposed to 1 - 7% oxygen and there is evidence for a decreasing oxygen tension gradient
from the surface of the articular cartilage layer to the subchondral bone?®® 3 Treatment of cartilage
lesions remains a challenge in the clinic and for the tissue engineering community owing to the limited
self-repair capacity of cartilage. One of the main hurdles of using chondrocytes for cartilage repair
applications is their relatively low number in cartilage explants necessitating substantial expansion in
vitro. During expansion, chondrocytes tend to change their phenotype, a process termed
dedifferentiation. This process is characterised by loss of aggrecan and type II collagen production and
an increase in the synthesis of type I and type III collagens”’. The extracellular matrix produced by
such dedifferentiated chondrocytes has inferior biochemical properties to hyaline cartilage and thus is
not desirable for cartilage repair applications.

Appreciating that chondrocytes reside in a hypoxic environment in vivo, culture of
chondrocytes in hypoxic conditions in vitro has been studied to improve the outcome of expansion. In
a study by Domm et a/. dedifferentiated bovine chondrocytes were either cultured in a monolayer or in
alginate beads under 5% or 21% O in the absence of redifferentiation factors such as TGF-B*"!. While
low oxygen tension had no effect on dedifferentiated chondrocytes in monolayer culture, it increased
the expression of type Il collagen and stimulated the production of extracellular matrix constituents in

alginate culture compared to the ambient air control. The authors concluded that low oxygen tensions

152



induced redifferentiation of dedifferentiated cells in alginate bead culture. Likewise, the
dedifferentiated state of adult human chondrocytes was reversed by culture in reduced oxygen
conditions in absence of TGF-p in studies by Malda et al. and Murphy and Polak®’* 3", Grimshaw and
Mason demonstrated that extracellular matrix production was enhanced at 10% O, compared to 20%

and anoxic conditions in bovine articular chondrocyte pellets*’

. Using a mathematical model, Li et al.
predicted that oxygen tensions below 8% favoured proteoglycan production while higher levels of
oxygen enhanced collagen production in human articular chondrocytes™.

Due to the drawbacks associated with cell-based therapies using chondrocytes for cartilage
repair including high donor site morbidity, MSCs have emerged as attractive alternative cell source®®.
One of the main advantages of using MSCs for tissue engineering applications is their potential to be
readily expanded in vitro. Once a sufficiently large cell population is obtained, MSCs can be
differentiated towards the adipogenic, osteogenic, chondrogenic and possibly other mesoderm-derived
lineages®! 2. While MSC-based therapies for cartilage repair have been receiving growing interest,
currently the number of clinical trials is still limited and their quality is often insufficient to draw
conclusions, as reviewed by Filardo et al.*”>. Even though Pittenger ef al. demonstrated the multilineage
differentiation potential of MSCs, and particularly interesting in this context, the ability to give rise to
cartilage-like tissue, almost 20 years ago, there is still no consensus on the optimal conditions for
chondrogenic differentiation®. One of the main issues encountered with in vifro chondrogenic
differentiation of MSCs is their tendency to adopt a hypertrophic chondrocyte phenotype which fails to
produce a hyaline cartilage-like matrix*. Hypertrophic differentiation is characterised by the expression
of terminal chondrocyte differentiation markers such as type X collagen and MMP13. Thus, during
chondrogenic lineage commitment in vitro, the hMSC phenotype is unstable and tends to follow the
endochondral ossification pathway® 37, Considering the hypoxic environment during growth plate
development and the finding that low oxygen tension promotes chondrocyte redifferentiation, several
studies pursued the hypothesis that reduced oxygen tension might enhance chondrogenesis and
cartilaginous extracellular matrix production by MSCs.

In agreement with the results obtained for chondrocytes, hypoxia was shown to promote MSC
differentiation towards the cartilaginous lineage®’’**°. Using adipose-derived hMSCs Wang et al.
demonstrated that 5% oxygen tension significantly enhanced the production of cartilage-associated
ECM proteins such as collagens and proteoglycans®®!. Yet, this effect depended on the presence of
chondrogenic medium suggesting that hypoxia alone was not sufficient to support chondrogenic
differentiation in vitro. Similarly, hypoxic pellet culture of MSCs isolated from the infrapatellar fat pad
of osteoarthritic patients increased the total and normalised sGAG production significantly, yet the total

DNA content was reduced compared to the normoxic control**?

. In keeping with this, hypoxic culture
(1% O») of pelleted hMSCs cultured in chondrogenic differentiation medium enhanced chondrogenesis
compared to the normoxic control condition as shown by up-regulation of chondrogenic marker genes

and more intense Alcian blue staining of pellet sections®®. Notably, the gene expression of hypertrophy
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markers RUNX2 and type X collagen (COL10AI) was reduced in the hypoxic condition compared to
the ambient air control. The authors linked the beneficial effects of hypoxic culture to activation of the
PI3K/Akt/FoxO pathway. While most studies evaluated the effect of hypoxia during chondrogenic
differentiation after MSC monolayer expansion in ambient air, the impact of hypoxic expansion on
subsequent differentiation was likewise investigated. Interestingly, reduced oxygen tension during
monolayer expansion up to passage 2 of ovine MSCs enhanced subsequent chondrogenic differentiation
in pellet culture and in a type I collagen gel at ambient oxygen levels suggesting that hypoxic pre-
culture primed the MSCs**. In contrast, Sheehy ef al. showed that the oxygen pressure during porcine
MSC expansion had only a mild effect on subsequent differentiation while reduced oxygen levels during
differentiation proved as a strong promoter of chondrogenesis®®. Yet another study showed that
chondrogenic differentiation of hMSCs in pellet culture was inhibited by pre-conditioning with

hypoxia®*

. Here, the most favourable results were obtained by applying hypoxia during pellet culture
after cell expansion in normoxia. While MSCs in all studies mentioned above experienced at least a
short period of culture in normoxic conditions during isolation or initial expansion, a well-designed
study by Adesida et al. investigated the impact of hypoxic isolation and expansion of MSCs on

subsequent chondrogenic differentiation>®

. Hypoxic culture conditions during expansion from passage
0 onwards positively affected differentiation in pellet culture and overruled the influence of oxygen
tension during pellet culture similar to the observations made by Zscharnak et al**® 3. Yet, the
differentiation step was carried out in closed polypropylene tubes making it difficult to assess how much
gas exchange took place during culture in the incubators. Interestingly, hypoxic conditions during
differentiation significantly reduced COLI0A1 expression independent from the oxygen level during
expansion. While the majority of studies demonstrate that hypoxic (pre-) treatment enhances MSC
chondrogenic lineage commitment, there is also conflicting data®®> 3¢, The discrepancies in outcome
are likely owed to differences in experimental set-up (species, cell source, O tension) and/or donor
variability.

Kanichai et al. linked the beneficial effect of low oxygen environments on hMSC
glycosaminoglycan and type II collagen production to the activation of HIF-1a*’. Similarly, in the
study by Khan et al., the positive effect of hypoxia on extracellular matrix synthesis was linked to an
up-regulation of key chondrogenic differentiation markers mediated by higher levels of HIF-1a and
HIF-20*2. Further supporting the notion that hypoxic stabilisation of HIF-l1a was responsible for
enhanced chondrogenic differentiation, the transcription factor was identified as a positive regulator of
the principal chondrogenic differentiation marker gene, SOX9*7-3%,SOX9 is an essential transcription
factor that governs hMSC condensation, the initial step of cartilage formation®!, as well as later stages
of cell commitment to the chondrogenic lineage®?. More specifically, SOX9 is known to activate

specific enhancer elements in cartilage extracellular matrix genes such as type Il collagen and aggrecan.
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Overall, hypoxic pre-conditioning and/or hypoxic conditions during differentiation are associated with
enhanced chondrogenic gene expression and cartilage-like extracellular matrix synthesis®’® 3%,
Similarly, a beneficial effect on cartilage repair and chondrocyte redifferentiation has been attested to

390

hypoxia . The discovery of the role of HIF-1a in mediating the effects of hypoxia has sparked interest

in modulating the activity of this transcription factor for therapeutic strategies.
4.1.1 The influence of cobalt on hMSC differentiation

While numerous studies have assessed the effect of low oxygen tension on MSC behaviour and
differentiation, notably fewer studies describe the use of hypoxia-mimicking agents for tissue
engineering applications. Yet, replacing reduced oxygen tension by hypoxia-mimicking agents has the
advantage that special oxygen chambers are not required for in vitro cell culture. Even more
importantly, hypoxia-mimicking moieties such as cobalt open up the avenue of incorporating such
molecules into scaffolds, hence using them for in vivo tissue repair applications.

Interestingly, when human articular chondrocytes were exposed to 200 uM CoCl, for 24 h
similar results to hypoxic culture were obtained®”’. Thus, the expression of cartilage marker genes
(SOX9, aggrecan and type Il collagen (COL2A1)) was significantly promoted by CoCl, treatment while
the levels of type I and 111 collagens were reduced compared to the untreated control*”°. Analysis of the
corresponding protein levels correlated with these findings. In keeping, Alcian blue staining indicated
a higher level of GAG production by CoCl, treated human articular chondrocytes compared to control.
Hence, Duval et al. demonstrated that the hypoxia-mimicking agent CoCl, had a similar influence on
chondrocyte behaviour as physiological hypoxia, albeit the treatment duration with 24 h was rather
short. In keeping with the results obtained by Duval ef al., treatment of primary rabbit chondrocytes
with 150 uM CoCl, for 24 h increased the gene expression level of type II collagen and proteoglycan
core protein®’®3%!, Concomitantly, cell viability was increased after treatment with 150 uM CoCl, for
12 h compared to the untreated control. Of note, it was demonstrated that the glucose uptake of equine
chondrocytes in monolayer culture was increased when the cells were exposed to CoCl, concentrations
of as little as 15 uM highlighting that CoCl, treatment has a profound effect on the cellular
metabolism*-.

As outlined above, MSCs have been identified as a promising, more suitable cell type for
cartilage repair and it is hence not surprising, that the influence of CoCl, on hMSC chondrogenesis has
been evaluated. In a subsequent study by Duval ef al., chondrogenic marker gene expression was shown
to be higher in hMSCs treated with 200 uM CoCl, for 24 h than in the untreated control**. Apart from
a significant up-regulation of aggrecan, COL2A1 as well as SOX9 and its downstream transcription
factors SOX5 and SOX6 after 24 h, exposure to CoCl, reduced the expression of COL10A41. The gene
expression pattern obtained with CoCl, treatment was similar to the gene expression profile of hMSCs

constitutively expressing HIF-1a reinforcing the influence of cobalt-mediated HIF-1a. stabilisation on
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these effects. In line with these findings, Focaroli et al. stated that the expression of chondrogenic
lineage associated genes was increased in adipose tissue-derived hMSCs cultured in cobalt/calcium
alginate beads compared to the calcium alginate bead control?*. Yet, when cobalt/alginate beads with
different Co** contents were compared, no common trend in the regulation of gene expression was
apparent and the fold change of gene expression differed quite considerably between conditions. Seo et
al. similarly investigated the use of hypoxia mimicking agents to induce chondrogenesis in a clonal
hMSC cell line**.Yet, there is also conflicting data with a study by Jeon et al. reporting down-regulation
of SOX9 on gene and protein level in response to CoCl, treatment (100 pM for 3 h) in hMSCs**. This
decrease was linked to higher levels of miR-124a, a micro RNA that is known to suppress the expression
of anti-neural proteins®®’.

While cobalt ions are usually administered as CoCl,, cobalt-containing biomaterials are of
particular interest for in vivo applications and the design of bioactive scaffolds. As previously
mentioned, the composition of bioactive glasses can be elegantly tailored to incorporate desired
inorganic ions. Pursuing the incorporation of the hypoxia mimicking agent cobalt into a smart carrier
system that would allow a controlled release, cobalt-doped bioactive glasses were prepared and
characterised in the Stevens group by Azevedo et al. > ?*, To study the optimal amount of cobalt
incorporation for bone tissue regeneration applications, increasing amounts of calcium were replaced
by cobalt (0, 0.5, 1, 2, and 4 mol%) in a 49.46 mol% SiO,, (23.08 — X mol%) CaO, X mol% CoO, 26.38
mol% NayO, 1.07 mol% P>0s system. Cobalt-containing bioactive glass (CoBG)-conditioned medium
prepared from these glasses was used to culture hMSCs for up to 7 days**®. The CoBGs successfully
induced a hypoxic state in the hMSCs as HIF-1a was shown to be activated in response to CoBG
treatment after 8 h which was further corroborated by up-regulation of hypoxia target genes after
24 h**, In particular, VEGF gene expression was found to be up-regulated after 24 h of exposure to
CoBG-conditioned medium and VEGF release was consistently increased up to 7 days underscoring a
functional effect**’. Following on from these encouraging findings, CoBG was incorporated in a
previously optimised collagen-glycosaminoglycan (CG) scaffold system with the aim to design a
scaffold for bone tissue engineering that would also support angiogenesis®*!. For the study CoBG with
4 mol% cobalt incorporation was chosen with particle diameters of either 38 um or 100 um. Scaffolds
with smaller sized particles had a tendency to release more cobalt ions; yet, this trend was not
significant. Cobalt-doped bioactive glass/CG scaffolds enhanced ALP activity of MC3T3 pre-
osteoblasts compared to the bioactive glass free CG control and cobalt free bioactive glass/CG scaffolds
suggesting a cobalt-dependent mechanism. Furthermore, the scaffolds supported an up-regulation of
angiogenic markers as VEGF gene expression as well as protein production were enhanced and tubule
formation by HUVECS in a functional assay was promoted. Interestingly, this beneficial effect was
particularly pronounced in scaffolds containing larger CoBG particles highlighting that little differences

in cobalt release may have a strong impact on the biological response.
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4.1.2 Aims and objectives

Based on the benefits of hypoxic culture for chondrogenesis of MSCs together with promising results
obtained with the hypoxia-mimicking agent cobalt, the hypothesis was explored whether cobalt-doped
bioactive glasses might enhance chondrogenic differentiation of hMSCs. Considering the compelling
results by Azevedo ef al. and Quinlan et al., cobalt-doped bioactive glasses might be especially

interesting materials to use at the osteochondral interface?*" 24!,

Thus, the aims of the work presented in this chapter were to investigate if cobalt-containing bioactive
glasses enhanced chondrogenic differentiation of hMSCs and to identify an optimum cobalt

concentration within bioactive glass to support chondrogenic differentiation. The objectives were to:

e Assess the influence of cobalt-containing bioactive glasses on chondrogenic differentiation of

hMSCs pellets;
o Investigate the influence of cobalt-containing bioactive glasses on chondrogenic

differentiation of hMSCs seeded on PCL membranes.
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4.2 Materials & Methods

4.2.1 Glass synthesis

Glass synthesis and particle preparation were performed as previously described®*-34. Cobalt was
incorporated into the bioactive glass composition 49.46 mol% SiO,, (23.08 — X mol%) CaO, X mol%
Co0, 26.38 mol% Na,O, 1.07 mol% P»Os by substitution with calcium on a molar basis (where X equals
0, 1, 1.5 or 2 mol% cobalt substitution) (Table 4.1). Increasing amounts of cobalt were incorporated
into the composition to identify an optimal cobalt concentration to support chondrogenesis. In future,
the bioactive glasses will be referred to as 0%CoBG, 1%CoBG, 1.5%CoBG and 2%CoBG according
to their molar cobalt content or as CoBGs if all glass compositions are concerned. The CoBGs were
prepared using SiO; (Prince Minerals, UK), Na,COs, P,Os, CaCOs, and CoCO; (all Sigma-Aldrich,
UK) as precursor materials. The precursor materials were mixed, melted at 1,400°C in a platinum-gold
crucible for 90 min and quenched into deionised water. The resulting glass frit was allowed to dry
between 120 - 150°C over-night before milling in a planetary ball mill at 500rpm for 5 min. The glass
particle size used in this study was <38 um in diameter (d = 0.9). Glass synthesis and processing were

performed by Miss Anu Solanki.

Table 4.1: Glass compositions (mol%).

Glass SiO; Na,O CaO CoO P05

0%CoBG 49.46 2638  23.08 / 1.07
1%CoBG 4946 2638 2208 1.00 1.07
1.5%CoBG 4946 2638 21.58 1.50 1.07
2%CoBG 4946 2638 21.08 2.00 1.07

4.2.2 Preparation of bioactive glass-conditioned medium

To obtain bioactive glass-conditioned medium, 1.5 mg/mL of CoBG particles were added to high
glucose Dulbecco's Modified Eagle Medium (DMEM) (Gibco®, UK) containing 100 U/mL penicillin
and 100 pg/mL streptomycin (Gibco®, UK) as well as 20 mM HEPES (Gibco®, UK). After 4 h of
incubation under constant agitation at 37°C, the solution was subsequently passed through a 0.2 um
filter (Sartorius, UK) under sterile conditions to remove remaining glass particles. The CoBG-
conditioned medium was stored at 4°C until further use. Prior to treatment of cells, the medium was
equilibrated at 37°C, 5% (v/v) CO; for at least 4 h or over-night. As described in Chapter 3 (3.2.2), the
preparation of CoBG-conditioned medium followed a protocol previously established in the Stevens
Group. Specifically, the concentration of <38 pm particles and the incubation time for bioactive glass

compositions in the system 49.46 mol% SiO,, (23.08 — X mol%) CaO, X mol% Co0O, 26.38 mol%
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Na;O, 1.07 mol% P»Os were optimised by Dr. Maria Azevedo (Maria M. Azevedo PhD Thesis
“Hypoxia-mimicking bioactive materials for skeletal tissue engineering”, Imperial College London,
Department of Materials, 2012 and Azevedo et al**°). Cobalt-containing bioactive glass particle
concentrations of higher than 1.5 mg/mL were shown to reduce viability of SaOs2 cells. The incubation
time of 4 h was chosen as the ion release from particles was in a stable plateau phase at this time point.
The elemental concentrations of calcium, phosphorous, silicon and cobalt in the bioactive glass-
conditioned medium were determined by ICP-OES using an iCAP6000 Series ICP spectrometer
(Thermo Scientific, UK) on at least three independent samples. The ICP-OES was operated with the

assistance of Miss A. Solanki.
4.2.3 Cell culture

Bone marrow-derived human mesenchymal stem cells (hMSCs) were isolated from human bone
marrow obtained from the Hospital of Davos, Switzerland after approval by the local ethical
commission (KEK-ZH-NR: 2010-0444/0). The human bone marrow was harvested from the femoral
heads of five patients. After bone marrow homogenisation, hMSCs were isolated by Ficoll® gradient
centrifugation and adherence to tissue culture plastic as previously described**. Isolation of hMSCs
was performed by the permanent staff at AO Foundation Davos. The details for each donor are listed in
Table 4.2. To assure the right phenotype of cells, donor #4 was characterised by flow cytometry as
described in Chapter 3 (3.2.3). Cells were expanded in Minimum Essential Medium Eagle alpha (a-
MEM) (Gibco®, UK) containing 10% (v/v) FBS (SeraPlus, Pan-Biotech, Germany), 5 ng/mL bFGF
(Fitzgerald, USA), 100 U/mL penicillin and 100 pg/mL streptomycin (Gibco®, UK) in a standard cell
culture incubator (37°C, 5% (v/v) CO3). Upon 70 - 90% confluency, hMSCs were trypsinised at
previously described and plated at 3000 cells/cm? for expansion. For all chondrogenic differentiation
studies, 2 x 10° passage 1 hMSCs were thawed and passaged twice before they were subjected to
chondrogenic differentiation. For initial cell viability assays, hMSCs purchased from PromoCell

GmbH, Germany/ Lonza, UK at passages 5 - 6 were used.

Table 4.2: Details of hMSC donors used for assessment of chondrogenic differentiation in CoBG-
conditioned media. h(MSCs were isolated from human bone marrow at AO Foundation Davos. The
age refers to the age of the respective donor when the hMSCs were isolated. F = female, m = male.

Donor Age Gender
(years)
#1 69 F
#2 56 M
#3 46 M
#4 58 M
#5 73 F
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4.2.3 AlamarBlue® viability assay

The alamarBlue® assay (Invitrogen, UK) is routinely used to quantitatively assess cell metabolic
activity. The active component of alamarBlue® is the water-soluble blue dye resazurin that can
permeate the cell membrane without being toxic. Upon entering the cellular cytosol, resazurin is
converted to its reduced form, resorufin, a red fluorescent dye, by mitochondrial enzyme activity.
Prolonged monitoring of cell viability is possible as viable cells continuously reduce resazurin to
resorufin. The alamarBlue® assay was performed according to the manufacturer’s instructions. In brief,
1.5 x 10 cells/cm? were seeded in 96-well plates. 24 h after seeding, the growth medium was replaced
by CoBG-conditioned or DMEM medium containing 10% (v/v) FBS (SeraPlus, Pan-Biotech,
Germany), 100 U/mL penicillin and 100 ug/mL streptomycin (Gibco®, UK) and 20 mM HEPES
(Gibco®, UK). After 24 h or 48 h, the CoBG-conditioned or DMEM medium was removed and the
cells were washed once with PBS. 200 pL of 10% (v/v) alamarBlue® in DMEM (Gibco®, UK) were
added per well using empty wells as a control. After 2 h incubation in a cell culture incubator, 50 puL of
the solution were transferred to a black 96-well plate in triplicates for each sample. Fluorescence was
measured at an excitation wavelength of 540 nm and an emission wavelength of 585 nm using a
microplate reader (SpectraMax M5, Molecular Devices, UK). Three independent repeats of the

experiment were performed each time using a different donor. Each condition was run in quadruplicates.
4.2.6 Chondrogenic differentiation of hMSCs

Bone marrow-derived hMSCs at passage 3 were re-suspended in chondrogenic medium consisting of
high glucose DMEM medium (Gibco®, UK) containing 20 mM HEPES (Gibco®, UK) and
supplemented with 10 ng/mL TGF-B1 (Fitzgerald, USA), 100 nM dexamethasone (Sigma, UK),
50 ug/mL ascorbic acid-2-phosphate (Sigma, UK), 1% (v/v) non-essential amino acids (Gibco®, UK),
1% (v/v) insulin, transferrin, sodium selenite (ITS) + premix (BD biosciences, USA), and 100 U/mL
penicillin and 100 pg/mL streptomycin penicillin—streptomycin (Gibco®, UK). HEPES was added to
the medium to ensure a stable pH during medium changes, in particular for the pellet culture.
Furthermore, the HEPES was added with respect to the increase in pH caused by partial dissolution of
the CoBGs during preparation of the CoBG-conditioned medium.

4.2.6.1 Pellet culture

For chondrogenesis in pellet culture, 200,000 hMSCs were re-suspended in 1 ml of chondrogenic
medium, placed into sterile conical mircocentrifuge tubes (Eppendorf, Germany), and spun at 400 xg
for 10 min. Cells were incubated in a controlled humidified chamber (37°C, 5% (v/v) CO) for 3 days
to allow condensation of hMSCs prior to the first medium change. On the day of the first medium
change (day 0), 1 mL of either chondrogenic medium, 0%CoBG, 1%CoBG, 1.5%CoBG or 2%CoBG-

conditioned medium, all containing chondrogenic supplements, was added to the respective tubes.
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Medium was changed every 2 - 3 days for a total culture period of 21 days. Medium was collected to
quantify the sGAG release throughout the 21 day culture. The DNA content and sGAG production were
measured in 5 independent experiments, each using a different donor. Medium for sGAG release
quantification was retained throughout 4 of the independent experiments with different donors. Each

condition was run in triplicates for each independent experiment.

4.2.6.2 Culture on poly(e-caprolactone) (PCL) membranes

In parallel, 200,000 hMSCs were seeded on a poly(e-caprolactone) (PCL) fibrous membrane. To
prepare fibrous PCL membranes, 12% (w/v) PCL (average number molecular weight My: 80,000,
Aldrich, UK) in hexafluorisopropanol was electrospun in random orientation onto a rotating mandrel at
100rpm with an applied potential difference of 16V. The distance between the 16-gauge blunt-tip needle
and the rotating mandrel was 10 cm. The resulting PCL membranes were ~ 200 uM in thickness. To
restrict cells to the PCL membrane, a 6 mm circular shape was generated using a biopsy punch. The
PCL fibrous membrane was then immobilised by placing it between custom fabricated holders made
from 200 uL microtubes*® 3%’ The construct was sterilised by incubation in 70% ethanol (EtOH) for
30 min. After 3 washes in PBS, the scaffolds were incubated in 0.01% (w/v) BSA in PBS over-night.
Prior to cell seeding, scaffolds were washed twice in sterile PBS and once in sterile MilliQ water. The
scaffolds were placed in 6-well plates (2 scaffolds/well) in 1.5 mL of chondrogenic medium. 200,000
hMSCs were seeded in 50 puL on top of the PCL membrane. 24 h after cell seeding, the medium was
replaced by 3 mL of CoBG extract-free chondrogenic medium or CoBG-conditioned medium
containing chondrogenic supplements. To allow medium exchange from both sides it was ensured that
there were no air bubbles trapped at the bottom of the scaffold by carefully turning the scaffolds in the
medium after the initial 24 h incubation period. The medium was changed three times per week for a
total culturing period of 21 days. The DNA content and sGAG production were measured in three
independent experiments each using a different donor (donors #1, #2 and #3). Each condition was run

in triplicates for each independent experiment.
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Figure 4.1: Fibrous PCL membrane immobilised between holders. Electrospun PCL fibres were
cut into a 6 mm circular shape using a biopsy punch and placed between custom fabricated holders. The
holders consisted of parts of 200 uL tubes and the respective tube lids (arrows). Scale bar = 1 cm.

4.2.7 Biochemical analysis of hMSC-derived tissue in chondrogenic conditions

Cell-seeded PCL membranes or hMSC pellets were rinsed twice in PBS and digested with 0.5 mg/mL
proteinase-K (PK) (2.5 U/mg, chromozyme assay; Roche, Germany) at 56°C for 16 h. Prior to washing,
the plastic parts of the scaffold construct were removed. The DNA content per pellet or scaffold was
measured spectrofluorometrically using Hoechst 33258 dye. In brief, 40 pL of the PK digested sample
were incubated with 160 pL of 0.1% (w/v) Hoechst 33258 (Sigma, Germany) in PBS for 20 min in the
dark. Fluorescence was measured at 360 nm excitation/465 nm emission. The standard curve was
generated with calf thymus DNA (Invitrogen, UK). The sulphated glycosaminoglycan (sGAG) content
for each sample and in medium was determined by 1,9-Dimethyl-methylene blue dye (DMMB) (Sigma-
Aldrich, Germany) binding assay. In brief, 200 uL DMMB solution (16 mg DMMB in 1 L H,O
containing 3.04 g glycine and 2.37 g NaCl at pH 3.0) were added to 20 uL of PK digested sample and
immediately measured at 538 nm absorbance using a Victor3 Micro Plate Reader (Perkin Elmer, USA).
For detection of sGAG in medium, the digestion step was not necessary so that DMMB was directly
added to 50 pL of retained medium per sample. The standard curve was generated with chondroitin 4-

sulphate sodium salt from bovine trachea (Fluka BioChemika, Germany).
4.2.8 Gene expression analysis of key lineage markers by qPCR

To study lineage marker gene expression, 200,000 hMSCs were seeded on PCL fibrous membranes as
previously described in section 4.2.6.2 and treated with CoBG extract-free chondrogenic medium or
CoBG-conditioned medium containing chondrogenic supplements for 7 days. The medium was
changed every 2 - 3 days. After culturing the cells on the membranes over-night (day 0) as well as after

7 days of treatment, cells were harvested for total RNA isolation using RLT buffer (Qiagen, UK)
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followed by the RNeasy® Plus Mini Kit (Qiagen, UK), according to supplier’s instructions. In brief,
the scaffolds were washed twice in PBS prior to transfer to RNase/DNase free Eppendorf tubes
containing 350 uL RLT buffer (Qiagen, UK). The tissue was lysed using the TissueLyser II (Qiagen,
Germany) with 6 mm diameter stainless steel balls at 25Hz for 3 min. Subsequently, the samples were
spun down at 12000 xg for 10 min to remove cell debris and the supernatant was subsequently
transferred to a new tube followed by total RNA extraction using the RNeasy® Plus Mini Kit (Qiagen,
UK). The amount of total RNA per sample was measured by light absorbance at 260 nm using a
Nanodrop 2000c spectrophotometer (Thermo Scientific, UK). RNA quality was assessed by calculating
the A260/A280 ratio.

For cDNA generation, 250 ng of total RNA of each sample were reverse transcribed into cDNA
using the QuantiTect Reverse Transcription Kit (Qiagen, UK) following manufacturer’s instructions.
For gene expression analysis by gPCR, RNAse free water (Sigma, UK) was used to dilute the cDNA
1:10. The total reaction volume was 10 puL containing 300 nM of each forward and reverse primer and
5 pL of QuantiTect SYBR® Master Mix (Qiagen, Hilden, Germany) for each sample. A Qiagen Rotor-
Gene Q (Qiagen, UK) was used to perform the qPCR reactions. Each sample was run in triplicates.
Sequences and cycling conditions of primers used in this study are listed in Table 4.3. Each condition
was run for 40 cycles. The primers for SOX9, RUNX2 and GAPDH were purchased from Qiagen
(QuantiTect® Primer Assay Qiagen, UK), while the second GAPDH and OCT4 primers were custom-
designed and ordered from Invitrogen, UK by Dr. Christine Horejs (Table 4.3). Data analysis was
performed according to the AACt method outlined in Chapter 2 (2.2.4). Data are presented relative to
the time of seeding (TO0).
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Table 4.3: Primer sequences and cycling conditions.

Gene Primer sequence (5°-3°) Cycling
Name conditions
(QuantiTect® Primer Assay) 93°C for 15s

2 55°C for 30s

5]

o 72°C for 30s

=

-é'_ GAPDH or

[F]

é of 95°C for 15s

=

E TGGTATCGTGGAAGGACTCATGA 62°C for 30s
ATGCCAGTGAGCTTCCCGTTCAG 72°C for 30s

2 SOX9 QuantiTect® Primer Assay 95°C for 155

§n 55°C for 30s

E RUNX2 QuantiTect® Primer Assay 79°C for 30s

g 95°C for 155

AGTTGGCGTGGAGACTTTGC

St ocT4 62°C for 30s

= CAGGGCTTTCATGTCCTGG

NS 72°C for 30s

4.2.9 Histology

To study the quality of in vitro formed tissue in presence of CoBG-conditioned medium containing
chondrogenic supplements or CoBG extract-free chondrogenic medium, pelleted hMSCs were cultured
for up to 21 days as previously described and assessed by histology. Tissue generated from pellet and
scaffold cultures was washed once in PBS prior to fixation in 70% (v/v) methanol and storage at 4°C.
At least 24 h prior to cryo-sectioning, samples were transferred to 5% (w/v) sucrose (Fluka, Germany)
in PBS to aid the penetration of the OCT medium on the next day. In order to section the samples, they
were embedded in OCT (Jung Tissue Freezing Medium, Leica Biosystems, Germany). The samples
were incubated in OCT medium for at least 10 min before being fast frozen at -56°C. For histological
staining, 10 um sections of hMSC pellets and 8 um sections of cell-laden PCL membranes were
prepared using a cryostat at -24°C (Microm HM 560, Thermo Fisher Cryostat Series, USA). Generally,
it was aimed to obtain sections from the centre of the pellets and PCL membranes. The sample sections
were collected on Menzel-Glaeser Superfrost® Plus slides (Thermo Fisher, Germany) and stored until

further use at -20°C.
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4.2.9.1 Toluidine Blue staining

As mentioned in Chapter 3, Toluidine Blue is a basic metachromatic dye with a high affinity for acidic
tissue components**2. Toluidine Blue staining of tissues is based on the phenomenon of metachromasia
as the dye changes colour depending on its binding partners and surroundings. Characteristically, the
cytoplasm of cells stains light blue, the nuclear region dark blue, and proteoglycans purple. According
to the protocol described in 3.2.9, slides were selected and allowed to reach RT to enhance the binding
of the sections to the slide. The OCT medium was removed by rinsing the slides for at least 10 min in
dH»O. Sections were stained in a 0.1% (w/v) Toluidine Blue (Fluka, Germany) solution in MilliQ water
containing 0.1% (w/v) sodium tetraborate (Fluka, Germany). After 1 min the sections were washed in
dH>O until all excess Toluidine Blue was removed. Sections were dried for at least 30 min prior to
transfer to xylene. Sections were mounted with Eukitt (Fluka, Germany). After at least 24 h, the sections
were observed using an Olympus BX51 epifluorescence microscope equipped with an Olympus DP70

digital camera under visible light. Image processing was performed using GIMP 2.8.

4.2.9.2 Safranin O/ Fast Green staining

Safranin O staining allows the detection of cartilage-like tissue as it binds to negatively charged
glycosaminoglycans. Using this method, proteoglycans will be stained orange/ red. Fast Green, which
serves as the counter stain of Safranin O, binds strongly to the amino group of proteins by virtue a
sulphate group-containing motif. Slides were selected and allowed to reach RT to enhance the binding
of sections to the slide. The OCT medium was removed by rinsing the slides for at least 10 min in dH,O.
To stain the nuclei, sections were exposed to Weigerts Haematoxylin (Merck, Germany) for 12 min
followed by 10 min incubation in running, lukewarm tap water. Sections were rinsed once in dH,O and
stained in a 0.02% (w/v) Fast Green (Fluka, Germany) solution in MilliQ water containing 0.1% (v/v)
acetic acid for 6 min. Remaining Fast Green was rinsed off in a 1% (v/v) acetic acid solution before the
slides were exposed to a 0.1% (w/v) Safranin O (Polysciences Inc, Warrington, USA) solution in MilliQ
water for 15 min. To remove remaining Safranin O, sections were briefly washed in water before being
dehydrated for 2 min each in 70% EtOH, 96% EtOH, 96% EtOH, 100% EtOH and 100% EtOH.
Afterwards, the sections were exposed to xylene for 10 min total and mounted with Eukitt (Fluka,
Germany). After at least 24 h, the sections were observed using an Olympus BXS51 epifluorescence
microscope equipped with an Olympus DP70 digital camera under visible light. Image processing was

performed using GIMP 2.8.
4.2.10 Raman spectroscopy of hMSC pellet sections

To further assess tissue formation in presence of CoBG-conditioned or CoBG extract free chondrogenic
medium, pelleted hMSCs (donor #1) were cultured as previously described for 21 days and
subsequently subjected to Raman spectroscopic analysis. As an additional control, control medium was

supplemented with CoCl; to obtain a final concentration of 100 uM. Cobalt (II) chloride hexahydrate
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(Sigma-Aldrich, UK) was used to prepare a 10 mM CoCl; stock solution in MilliQ water. Samples for
Raman spectroscopic analysis were fixed in 4% (v/v) PFA in PBS for 20 min. Pellets were rinsed
repeatedly and stored in PBS at 4°C. Samples were incubated in OCT (Jung Tissue Freezing Medium,
Leica Biosystems, Germany) for at least 10 min prior to being snap frozen in a pre-chilled isopentane
bath cooled with liquid nitrogen. For Raman analysis, 10 um sections of hMSC pellets were prepared
using a cryostat (Model OT, Bright Instruments, Huntington, UK) at -21°C specimen temperature.
Generally, it was aimed to obtain sections from the centre of the pellets. The sample sections were
collected on magnesium fluoride (MgF>) slides (Global Optics, UK) and stored until further use at -
20°C. Prior to Raman analysis, pellet sections were carefully rinsed with MilliQ water to remove
remaining OCT. Raman imaging and data analysis were performed in collaboration with Mr.

Charalambos Kallepitis.

4.2.10.1 Confocal Raman spectral imaging

Raman imaging was performed on a confocal Raman microscope (alpha300R+, WITec, Ulm,
Germany). A 532 nm laser was used with the application of a 10 x dry microscope objective lens.
Scattered light was directed through a 100 um fibre to the spectrometer. Imaging of cell pellet sections
was performed in a continuous mode and Raman spectral images of ~1500 x 1500 um for large and
~1100 x 1100 um for small pellets were collected. A ~650 nm spatial resolution and 0.3 s integration

time were used.

4.2.10.2 Multivariate data analysis

Each Raman image was processed using in-house written analytical methods through Matlab software
(2016, MathWorks). Each Raman spectral image was first pre-processed by undergoing a third order
polynomial baseline correction, Principal Component Analysis (PCA) assisted cosmic rays
removal/outlier and Savitzky—Golay smoothing. K-means clustering was used to segment the pellet
regions removing the surrounding background area. Multivariate Curve Resolution (MCR) was used to
identify the spectral signatures dominating the data variation (i.e. collagen, GAG and lipid bodies).
Afterwards, spectra of pure collagen, GAG and lipids were obtained (Appendix H) and a non-negative
least-squares curve fitting analysis was used to calculate abundance values for these components in
each pixel of the Raman images. Using the abundance values a semi-quantification and comparison

between the different culture conditions was possible.
4.2.11 Statistical analysis

To determine statistical significance, a one-way ANOV A combined with Tukey post-hoc test was used
for experiments with one time point. For experiments with multiple time points a two-way ANOVA

followed by Bonferroni post-hoc test was used. A p-value of <0.05 was deemed significant.
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4.3 Results

In order to study the influence of cobalt-containing bioactive glass dissolution products on hMSC
chondrogenic differentiation, bioactive glasses based on the composition 49.46 mol% SiO,, (23.08 — X
mol%) CaO, X mol% CoO, 26.38 mol% Na,O, 1.07 mol% P»Os (where X equals 0, 1, 1.5 or 2 mol%
cobalt substitution) were prepared. The resulting glass compositions were termed 0%CoBG, 1%CoBG,
1.5%CoBG and 2%CoBG respectively. In particular, there was an interest in identifying an optimal
cobalt concentration window or threshold to guide hMSC differentiation events, thus increasing
amounts of cobalt were incorporated into the CoBG composition. To obtain results relevant for a patient
population, hMSCs of 5 different donors undergoing total hip replacement surgery were used for this
study. For chondrogenic differentiation, hMSCs were either cultured as pellets, the gold standard to
induce chondrogenesis in hMSCs, or on fibrous PCL membranes for up to 21 days in DMEM or CoBG-
conditioned DMEM medium containing chondrogenic supplements.

The fibrous PCL membranes were used to mimic a scaffold system with a multi-layered
osteochondral scaffold in mind and were based on the previously published work of McCullen et al.
and Steele et al.*** . PCL is a FDA-approved, degradable polymer which has found wide application
in the field of tissue engineering as scaffold material. PCL is a versatile material that allows the
fabrication of scaffolds with varying geometries and mechanical properties whilst being easy to process.
Using bovine chondrocytes McCullen et al. demonstrated cell proliferation and sGAG deposition on
homogeneous or trilaminar composite electrospun PCL scaffolds®*®. The trilaminar composite scaffolds
were prepared by sequential electrospinning of PCL resulting in a superficial, middle and deep layer
with the aim to mimic the zonal organisation of cartilage. PCL fibres of the superficial zone were
aligned while middle and deep zone fibres were randomly oriented. The DNA and (normalised) sGAG
contents of constructs increased significantly over time. Bovine chondrocytes seeded on homogeneous
scaffolds with fibres either aligned or randomly oriented were shown to proliferate and produce SGAG
to a similar degree as on the trilaminar scaffolds. In agreement with an increase in sSGAG deposition,
ACAN and COL2A1 gene expression were up-regulated over time; however, there were no significant
differences between the different scaffolds. Steele e al. further developed the idea of a multi-layered
scaffold for cartilage repair by combining a layer of aligned PCL fibres with a particulate-templated
PCL layer*”. Over time, chondrocytes seeded in the fibre layer proliferated and produced cartilaginous
matrix as shown by biochemical analysis and histology. Taken together, electrospun PCL fibres present
an interesting option for the top layer of a multi-zonal scaffold. Since McCullen et a/. did not observe
a significant difference between aligned and randomly oriented fibres, for simplicity, a membrane of

PCL fibres with random orientation was chosen for the project presented in this thesis.
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4.3.1 Ionic composition of CoBG-conditioned DMEM medium

Increasing amounts of cobalt ions were incorporated into the bioactive glass composition 49.46 mol%
Si0,, (23.08 — X mol%) CaO, X mol% CoO, 26.38 mol% Na,O, 1.07 mol% P»Os by substitution for
calcium on a molar basis (X =0, 1, 1.5 or 2 mol%) to evaluate their influence on hMSC chondrogenic
differentiation (Table 4.1). Preliminary experiments using bovine chondrocytes indicated that the cobalt
release from 1%CoBG was not sufficient to induce HIF-1 associated effects on extracellular matrix
production (data not shown). Yet, while an increased cartilage-like extracellular matrix synthesis was
observed in presence of 2%CoBG, cell density appeared reduced. Therefore, 1.5 mol% calcium were
replaced by cobalt to introduce an intermediate condition.

CoBG-conditioned medium was prepared by incubation of CoBG particles in DMEM medium
for 4 h at 37°C. The elemental concentrations of silicon, calcium, phosphorous and cobalt in conditioned
or DMEM medium were assessed by ICP-OES (Table 4.4). The cobalt ion release into DMEM medium
increased corresponding to its molar content in the bioactive glasses. The cobalt release from all cobalt
containing compositions (119 pM, 170 uM and 254 pM for 1%CoBG, 1.5%CoBG and 2%CoBG,
respectively) was within the range of concentrations routinely used in in vitro experiments to mimic
hypoxia (100 - 300 uM)??* 39349 The jon concentrations of silicon, calcium and phosphorous in the
medium were comparable between all glass compositions. The calcium concentration in control
medium was markedly lower than in CoBG-conditioned medium while the phosphate content was
higher. As expected, there was no silicon in the CoBG extract free DMEM medium. The lower amount
of phosphorous present in the CoBG-conditioned medium compared to DMEM medium only was most

likely due to partial precipitation of calcium phosphate.

Table 4.4: Ion content of CoBG-conditioned DMEM medium. Elemental concentrations of CoBG
ionic dissolution products (Si, Ca, P and Co) in DMEM high glucose medium. CoBG particles were
incubated in high glucose DMEM for 4 h at 37°C under constant agitation. lon release was measured
by ICP-OES. Elemental concentrations are expressed as mean + SD of four independent experiments
(in ppm unless otherwise stated). The ICP-OES was operated with the assistance of Miss Anu Solanki.
ND = non-detectable.

Si Ca p Co Co (uM)
DMEM ND 66 = 6 29+3 ND ND
0%CoBG 64+ 8 142 +22 14+2 ND ND
1%CoBG 65+ 6 144 + 18 17+1 7+0 119
1.5%CoBG 66 =9 145 + 16 18 + 3 10+ 1 170
2%CoBG 66 + 4 145+ 17 16+4 15+1 254
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Partial dissolution of bioactive glasses increases the local pH and, in this case, of the CoBG-conditioned
medium. The rise in pH is due to H" consumption during initial ion exchange reactions'?®. As a high pH
can negatively affect cell viability, the CoBG-conditioned medium was equilibrated for at least 4 h or
over-night in a standard cell culture incubator (37°C, 5% (v/v) CO>). After equilibration, the pH of
conditioned medium remained slightly higher than in CoBG extract-free DMEM (less than + 0.2) but

the difference was deemed acceptable and was similar in all CoBG conditions (Table 4.5).

Table 4.5: pH values of DMEM and CoBG-conditioned DMEM medium before and after
equilibration. DMEM and CoBG-conditioned media were equilibrated under standard cell culture
conditions (37°C, 5% (v/v) CO») for at least 4 h or over-night. pH values are expressed as a mean + SD
of 3 independent experiments.

pH before pH after
DMEM 7.47 £0.20 7.62 +£0.03
0%CoBG 8.18+0.17 7.79 £0.02
1%CoBG 8.04 £0.10 7.78 £0.02
1.5%CoBG 8.14+0.14 7.79 +0.02
2%CoBG 8.11+£0.16 7.8 £0.02

4.3.2 hMSC metabolic activity in presence of CoBG dissolution products

To assess cell metabolic activity in presence of CoBG dissolution products, hMSCs were seeded on
tissue culture plates and their ability to reduce the active component of alamarBlue®, resazurin, was
measured after 24 and 48 h. The majority of studies report a cobalt dose- and exposure time-dependent

decrease in cell number and metabolic activity?#!: 400. 401

, yet an increase has been observed as
well** ¥1 There were no statistical differences in metabolic activity after 24 h between conditions.
After 48 h, cells cultured in 1.5%CoBG-conditioned medium had a significantly higher alamarBlue®
activity than cells cultured in 0%CoBG-conditioned medium. There was no significant increase of cell
metabolic activity over time which may indicate that the initial seeding density was too high. Incubating
hMSCs with the alamarBlue® solution for 2 h did not result in any visible change in colour by eye,
however, warranting careful evaluation of the results. As the hMSCs seemed to tolerate CoBG

dissolution products and based on the results obtained by Azevedo et al., the influence of CoBGs on

hMSC differentiation was studied?*.
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Figure 4.2: Effect of CoBG dissolution products on hMSC metabolic activity at early time points.
Cell metabolic activity was assessed after 24 h and 48 h of culture in CoBG-conditioned or DMEM
medium using the alamarBlue® assay. Data are represented as the mean + SD of 3 independent
experiments using different donors. Statistical significance was assessed using a two-way ANOVA
combined with Bonferroni post-hoc test. *p<0.05. There was no significant increase of cell metabolic
activity over time.

4.3.3 Downstream effect of CoBG dissolution products on hMSC chondrogenic

differentiation

Building on previous studies which showed a beneficial effect of hypoxic (pre-)culture on hMSC
chondrogenic differentiation, it was hypothesised that CoBG might enhance chondrogenic lineage
commitment of hMSCs in a similar fashion. Moreover, a study by Duval ef a/. demonstrated that CoCl;
treatment resulted in higher gene expression levels of chondrogenic markers further strengthening this
hypothesis®***. To evaluate whether the presence of CoBG dissolution products had a similar effect on
hMSC differentiation towards the chondrogenic lineage, hMSCs were cultured in chondrogenic
medium or CoBG-conditioned medium supplemented with chondrogenic factors for up to 21 days. For
hMSC culture two different systems were used: a) pellet culture, the gold standard for chondrogenic
differentiation of hMSCs and b) a fibrous PCL membrane to mimic cell culture on a multi-layered
osteochondral scaffold. For both systems, hMSCs were cultured for up to 21 days in chondrogenic

medium in the presence or absence of CoBG ionic dissolution products.

4.3.3.1 Accumulation and release of sSGAG in hMSC pellet culture model

The amount of DNA and sGAG in hMSC pellets was determined on day 0 (D0) and at the endpoint of
the study after 21 days (Fig. 4.3A, B). The release of sSGAG from pellets into the medium was monitored
over the entire culture period (Fig. 4.3C). Here, DO marks the day of the first medium change after pellet
formation. There was no significant difference in DNA content between conditions and compared to
DO (Fig. 4.3A). Quantification of sGAG accumulation normalised to DNA content in pellets cultured

in bioactive glass extracts, showed a cobalt dose-dependent decrease in sGAG production (Fig. 4.3B).
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The normalised sGAG/DNA contents in the 0%CoBG condition and in CoBG extract-free
chondrogenic medium were significantly higher than on day 0 (p<0.01) suggesting successful
chondrogenic differentiation in both groups. The considerable error bar for the 0%CoBG condition
owed to some degree of donor variability. While 0%CoBG dissolution products had no or a beneficial
effect on sGAG production by donors #1, #4 and #5 compared to chondrogenic medium, sGAG
accumulation by donors #2 and #3 was reduced when compared to the chondrogenic medium only
reference (Appendix E). In contrast, the normalised sGAG content in presence of 1%CoBG, 1.5%CoBG
and 2%CoBG was not significantly different compared to day 0. In presence of 1.5%CoBG and
2%CoBG dissolution products, the normalised sGAG content was significantly lower compared to
0%CoBG on day 21. The difference in sGAG synthesis of pellets cultured in 2%CoBG-conditioned
medium compared to 0%CoBG was highly significant (»p<0.01) indicating a cobalt dose-dependent
mechanism. The normalised sGAG values for 1%CoBG, 1.5%CoBG and 2%CoBG were also
significantly lower compared to CoBG extract-free chondrogenic medium further indicating a reduction
in chondrogenic differentiation. The sGAG release followed a similar trend as observed for sSGAG
accumulation (Fig. 4.3C). The sGAG release over time from pellets cultured in 0%CoBG-conditioned
or in CoBG extract-free chondrogenic medium was significantly increased when days 1 - 7 were
compared to days 15 - 21 (p<0.01 and p<0.05 respectively) suggesting a progressive commitment to
the chondrogenic lineage. Overall, the extent of sGAG release followed a similar, cobalt-dose
dependent trend as observed for sGAG accumulation with significantly lower values for 2%CoBG
compared to 0%CoBG and CoBG extract-free chondrogenic medium when days 15 - 21 were

considered.
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Figure 4.3: Effect of CoBG dissolution products on sGAG production and release by hMSCs in
pellet culture. hMSC pellets were cultured in chondrogenic medium (CM) or CoBG-conditioned
medium containing chondrogenic supplements for 21 days prior to quantification of A) DNA by
Hoechst or B) sulphated glycosaminoglycans (sGAG) by DMMB. C) The sGAG release from pellets
was measured in medium retained throughout the culture period. A, B) Data are expressed as mean +
SD of 5 independent experiments using different donors. Significance was assessed by a one-way
ANOVA combined with Tukey post-hoc test. C) sGAG release profile of hMSC pellets cultured in
CoBG-conditioned medium over the 21 days culture period. Data are expressed as mean = SD of 4
independent experiments using different donors. Statistical significance was assessed by two-way
ANOVA combined with Bonferroni post-hoc test. ¥*p<0.05, **p<0.01. B, C) For visual display,
significant differences compared to CM are indicated separately, ¥p<0.05 (vs. CM), ¥p<0.01.
Statistically significant changes over time are not indicated in the figure. C) The amount of sGAG in
retained medium from days 15 - 21 was significantly higher than in medium from days 1 - 7 for
0%CoBG (p<0.05) and CM (p<0.01).

4.3.3.2 Accumulation of sGAG in hMSC-seeded PCL membrane model

hMSCs from three donors (#1, #2, and #3) were subjected to culture on PCL membranes in presence of
CoBG-conditioned medium supplemented with chondrogenic factors or CoBG extract free
chondrogenic medium prior to biochemical analysis (Fig. 4.4). The DNA and sGAG contents of
hMSC/PCL constructs were quantified after 7, 14 and 21 days of culture and on day 0 (DO0). In this
system, the first medium change occurred 24 h after seeding of the hMSCs on the PCL constructs
(defined as DO0). To illustrate that the response of hMSCs to CoBG ionic dissolution products had a
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strong donor dependent component, the three donors are presented separately. For all three donors, the
amount of DNA peaked at day 7 which may be explained by a reduction of cell proliferation during
differentiation of progenitor cells (Fig. 4.4A, C, E). For all donors, the presence of cobalt within the
bioactive glass extracts dose-dependently lowered the values for DNA compared to the 0%CoBG
condition cultured for the same time period. There was a slight difference in seeding efficiency between
donors, as the DNA content of scaffold constructs of donor #1 was almost doubled compared to donors
#2 and #3. While all donors responded comparably to CoBG-dissolution products regarding the DNA
content, there was no common trend for normalised sSGAG production (Fig. 4.4B, D, F). Quantification
of sGAG accumulation normalised to DNA showed that chondrogenic differentiation of donor #3 was
not successful as indicated by very low sGAG/DNA values for all conditions (Fig. 4.4F). Even though
the amount of DNA remained constant, the sSGAG/DNA accumulation appeared to decline over time
with overall low values. Pellet culture of hMSCs from donor #3 resulted in markedly higher values for
normalised sSGAG accumulation (Appendix E) suggesting that the lack of differentiation in the PCL
membrane system was either due to the culture method itself or a technical error. Therefore, the
discussion will focus on donors #1 and #2 only from here onwards.

The normalised sGAG values for donors #1 and #2 were higher for all conditions at all time-
points compared to day 0. There was a slight increase in normalised sGAG from day 7 to day 14
suggesting a progressive chondrogenic differentiation in all conditions by both donors. Quantification
of normalised sGAG synthesis of donor #1 showed a similar trend as observed with the pellet culture
model (Fig. 4.4B). Comparison of the normalised sGAG values between conditions revealed a
pronounced cobalt dose-dependent reduction that was apparent at all chosen time points. Overall, donor
#1 produced the highest amounts of sSGAG compared to donors #2 and #3 in the scaffold culture model.
Analysis of normalised sGAG production of donor #2 revealed an inconsistent trend with fluctuating
results between conditions and time points (Fig. 4.4D). While chondrogenic medium only performed
well on days 7 and 14, the amount of sSGAG/DNA dropped on day 21 which may allude to a technical
problem with the samples, either during the last week of culture or during processing. The sGAG/DNA
values in presence of 0%CoBG were much lower than in CoBG extract-free chondrogenic medium;
however, this result was to some extent consistent with pellet culture of donor #2 (Appendix E).
Surprisingly, sGAG accumulation seemed similar if not enhanced in presence of 1%CoBG dissolution
products compared to CoBG extract-free chondrogenic medium on days 14 and 21. In pellet culture,
1%CoBG performed similarly to 0%CoBG but not as good as chondrogenic medium (Appendix E).

Overall, biochemical assessment of hMSC/PCL membranes showed that only donors #1 and
#2 successfully differentiated towards the chondrogenic lineage. There was a considerable variability
between donors #1 and #2 regarding their response to CoBG-conditioned media. While donor #1
differentiated well over time and showed a similar trend as obtained with pellet culture, sGAG/DNA
quantification of donor #2 gave rise to inconsistent results especially regarding the CoBG extract-free

chondrogenic medium and the 1%CoBG condition. The sGAG/DNA synthesis by donor #3 did not

173



increase over time and was overall low suggesting a very limited differentiation. Whether the
discrepancies between pellet and scaffold culture obtained for donors #2 and #3 owed to the culturing
technique or a technical error cannot be deduced from this data.

Taken together, donor #1 hMSCs cultured as pellets or on PCL membranes responded similarly
to the CoBG-conditioned medium. A comparable trend for DNA and normalised sGAG content was
observed with a cobalt dose-dependent decrease in DNA and cartilage-like extracellular matrix
production. In contrast, donor #2 hMSCs gave inconsistent results with respect to the normalised sGAG
content when seeded on PCL membranes. Comparing the two culture systems for all donors, hMSCs
cultured as pellets produced more sGAG suggesting a stronger commitment to the chondrogenic

lineage.
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Figure 4.4: Effect of CoBG dissolution products on sGAG production by hMSCs seeded on PCL
membranes. hMSCs were cultured on PCL membranes in chondrogenic medium (CM) or CoBG-
conditioned medium in presence of chondrogenic supplements for up to 21 days prior to quantification
of A, C, E) DNA by Hoechst or B, D, F) sulphated glycosaminoglycans (sGAG) by DMMB. Data are
expressed as mean & SD of 3 biological replicates. A, B) donor #1, female born in 1944, (C, D) donor
#2, male born in 1958, (E, F) donor #3, male born in 1968. As the results for the different donors are
presented separately, no statistical analysis was performed.

4.3.3.3 Gene expression of key differentiation markers at early time points of hMSC chondrogenic
culture on PCL membranes

To further characterise the lineage commitment of hMSCs, the gene expression of key lineage markers
was studied by quantitative real-time PCR (Fig. 4.5). hMSCs were cultured on PCL membranes in
chondrogenic medium or CoBG-conditioned medium in presence of chondrogenic supplements. Since
donor #3 failed to differentiate in scaffold culture, only donors #1 and #2 were subjected to gene

expression analysis. For this purpose, SOX9, RUNX2 and OCT4 were chosen to represent the
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chondrogenic and osteogenic lineage as well as the undifferentiated stem cell phenotype, respectively.
The principal chondrogenic differentiation marker gene, SOXY, has been identified as target gene of
HIF-1a. After 7 days of culture, total RN A was isolated and subjected to gene expression analysis. Gene
expression levels were normalised to the housekeeping gene GAPDH and presented relative to TO (time
of seeding). There were no significant differences in the expression levels of all tested genes which
likely owed to the fact that only two donors were used for the analysis. To gain statistical power, the
experiment needs to be repeated with more donors. Considering the overall low expression levels of
RUNX2 and OCT4 as well as the fact that only two donors were used, the gene expression results need
to be considered as preliminary. In particular, since chondrogenic differentiation on scaffolds was
inferior to the pellet culture model, it would be interesting to investigate differentiation marker gene
expression in hMSC pellets in presence of CoBG dissolution products. An up-regulation of OCT4 by
cobalt ions would present a highly interesting result opening up avenues for tissue engineering
applications.

Some studies have identified GAPDH as hypoxia responsive gene, although this effect appears
to be cell type specific. While GAPDH expression in nucleus fibrosus cells was independent of oxygen

402 In endothelial cells,

availability, GAPDH was up-regulated in HeLa cells in response to hypoxia
GAPDH expression was regulated by HIF-2a while in a hepatoma cell line, HIF-1a and HIF-2a
contributed equally to GAPDH expression*”®. Since GAPDH has been used as housekeeping gene in
previous studies assessing the effect of hypoxia on hMSCs it was chosen for normalising gene

expression values in the present experiment***,
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Figure 4.5: Effect of CoBG dissolution products on lineage marker gene expression. hMSCs were
cultured on PCL membranes for 7 days in chondrogenic medium (CM) or CoBG-conditioned medium
prior to RNA isolation. Gene expression levels of A) RUNX2, B) SOX9 and C) OCT4 were assessed,
representing the osteogenic and chondrogenic lineage and the undifferentiated state, respectively. The
relative mRNA expression was normalised to the housekeeping gene GAPDH and the fold increase
expressed relative to TO (time of seeding). Data are represented as the mean £+ SD of 2 independent
experiments (donors #1 and #2). Statistical significance was assessed by a one-way ANOVA combined
with a Tukey post-hoc test. Data were not statistically different.

4.3.4 Cartilage-like tissue formation by hMSC in CoBG-conditioned medium

To further analyse and visualise the cartilaginous tissue formation by hMSCs in presence of CoBG
dissolution products, pellets and hMSC/PCL constructs were subjected to histological assessment after

21 days in culture.

4.3.4.1 Characterisation of extracellular matrix production in hMSC pellet culture by histology
Visual examination of hMSC pellets at day 21 showed that the size of pellets was reduced in presence
of cobalt-containing bioactive glass extracts. Histological characterisation of hMSC pellets by
Toluidine Blue and Safranin O/ Fast Green staining confirmed a cobalt-dependent reduction of
cartilage-like extracellular matrix production by hMSCs (Fig. 4.5 and Appendix F). For donors #2 and
#3, cartilage-like extracellular matrix production was reduced in presence of all bioactive glass extracts
which is in line with the results obtained by biochemical analysis (4.3.3.1 and Appendix E, F). The
following discussion of the results obtained by histology is focussed on donors #1, #4 and #5. Pellets
cultured in chondrogenic and 0%CoBG-conditioned medium demonstrated a strong positive staining
for sGAGs, thereby suggesting a cobalt-dependent effect within the bioactive glass dissolution products
on cartilaginous extracellular matrix production. Toluidine Blue, a metachromatic stain, appears light
purple in presence of acidic extracellular matrix proteins such as GAGs. In absence of such negatively
charged proteins, Toluidine Blue adopts a dark blue colour as seen in the staining of pellet sections on
day 0. 0%CoBG and chondrogenic medium only both appeared light purple corroborating the results
obtained by biochemical analysis. With increasing cobalt concentration in the CoBG-conditioned
media, the staining of pellet sections turned continuously darker, more resembling the colour of day 0
than 0%CoBG.
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Similarly, Safranin O staining, which gives rise to a red colour when bound to acidic sGAGs,
was visible throughout the pellet sections of the chondrogenic medium and 0%CoBG-conditioned
medium conditions but only faintly visible in presence of cobalt ions and located near the rim regions
of the pellets. While there was some positive staining for cartilage-like matrix production in the
1%CoBG and 1.5%CoBG conditions, pellets cultured in presence of 2%CoBG dissolution products

lacked Safranin O staining and appeared to be very condensed indicating a cobalt-dependent effect.

Toluidine Blue Safranin O/Fast Green
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0%CoBG
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Figure 4.6: Effect of CoBG dissolution products on in vitro cartilage-like tissue formation by
hMSC pellets. Prior to histological analysis, hMSCs were grown as pellets in chondrogenic medium
(CM) or CoBG-conditioned medium containing chondrogenic supplements for 21 days. Proteoglycan
deposition in the extracellular matrix was assessed by a) Toluidine Blue (purple metachromasia) and b)
Safranin O staining. Fast Green stains collagens and other proteins. Representative images (donor #5)
are shown.
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4.3.4.2 hMSC chondrogenesis in PCL membrane model

Histological assessment of the hMSC/PCL constructs revealed a thin layer of tissue consisting of several
layers of cells on the PCL membrane for all conditions after 21 days of culture (Fig. 4.7). Whilst the
majority of the cells localised on top of the membrane, few cells appeared to have infiltrated into the
PCL fibres. The cell layer was thinner and appeared denser with fewer extracellular matrix in the
presence of cobalt ions from the CoBG dissolution products. Moreover, the cells seemed elongated and
more flattened than in the chondrogenic medium and 0%CoBG-conditioned medium conditions.
Compared to the pellet culture model, significantly less cartilaginous tissue formation was visible,
further corroborating the results obtained by biochemical analysis. While Toluidine Blue staining,
indicative of sGAGs, was light purple in the 0%CoBG-conditioned and chondrogenic medium
conditions, there was no positive Safranin O staining. This lack of staining was not due to a technical
error during staining, as the chondrogenic medium condition for another donor (#2) showed some red
staining (Appendix G), but was more likely related to an insufficient amount of sGAGs present to give
rise to positive Safranin O staining for donor #1. For the pellet culture model, Safranin O/ Fast Green
staining was in line with the results obtained by biochemical analysis. Yet, in conditions with a
relatively low sGAG content such as in presence of cobalt in the pellet culture system or, indeed, in the
hMSC/PCL construct culture model, Safranin O staining was absent. This confirmed previous findings,
that Safranin O fails to stain tissues with a low sGAG content and may thus not be sufficiently

sensitive34- 405,
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Figure 4.7: Effect of CoBG dissolution products on in vitro cartilage-like tissue formation by
hMSCs seeded on PCL membranes. Prior to histological analysis, hMSCs seeded on PCL membranes
were cultured in chondrogenic medium (CM) or CoBG-conditioned medium supplemented with
chondrogenic factors for 21 days. Proteoglycan deposition in the extracellular matrix was assessed by
a) Toluidine Blue (purple metachromasia) and b) Safranin O. Fast Green stains collagens and other
proteins. Representative images (donor #1) are shown.

4.3.5 Raman spectroscopy mapping of hMSC pellet sections

So far, it was not clear whether the reduction in hMSC chondrogenesis observed in presence of cobalt-
containing bioactive glass dissolution products was caused by a joined effect of cobalt with other
bioactive ions or exclusively cobalt-dependent. To address this question, 100 uM CoCl, was added to
chondrogenic medium as an additional condition. To further characterise the ECM produced by hMSC
pellets cultured in the various CoBG-conditioned media and in CoCl, supplemented chondrogenic
medium, Raman spectroscopy mapping was applied to hMSC pellet sections. Raman spectroscopy is a
vibrational spectroscopic technique capable of providing detailed biochemical characterisation of live
or fixed cells and tissues®* % 497 Raman spectroscopy presents a label-free and non-invasive

alternative to conventional techniques which makes it an attractive tool especially for tissue
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engineering. The Raman effect is a two photon inelastic light scattering event, caused by the interaction
of a constant electric field with the vibrational state of chemical bonds of molecules that are located
within the field. Chemical bonds can be identified by bond-specific differences in energy between
incident and scattered photons. The Raman spectrum of chemical bonds in tissues or (single) cells
provides a “biochemical fingerprint” that can be used to characterise them and uncover subtle
differences in biochemical composition between sample groups*’’. Spectra of pure components, e.g.
from collagen, can be used to create references of biochemical signatures which can facilitate a better
characterisation of these components within cells. In particular, Raman spectroscopy is a valuable tool
to identify cellular biopolymers such as nucleic acids, proteins, lipids and carbohydrates. Furthermore,
it does not require any prior knowledge of the samples’ chemical structure. Thus, Raman spectroscopy
provides the whole spectrum of chemical bonds present in a sample thereby giving a complete view of
a biological system which may help to uncover previously unknown tissue characteristics. In the context
of this chapter, differences in the composition of the extracellular matrix of hMSC pellets cultured in
the various media conditions were of particular interest.

hMSCs (donor #1) were pelleted and cultured for 21 days in the various media conditions in
presence of chondrogenic supplements as previously described in this chapter. After 21 days, pellets
cultured in CoBG extract-free chondrogenic medium or 0%CoBG-conditioned medium were markedly
bigger than in presence of cobalt-containing bioactive glass extracts or CoCl, (Fig. 4.8A). Prior to
Raman spectroscopy, hMSC pellets were sectioned as described in 4.2.10 and collected on MgF> slides.
Raman spectral analysis on the pellet sections highlighted clear differences between the experimental
conditions. The characteristic spectra that were identified by MCR clustering analysis were classified
as GAGs, collagens, and lipids (Fig. 4.8A). Using spectra collected from pure GAG, collagen and lipid
samples in combination with the non-negative least-squares curve fitting analysis allowed the semi-
quantitative assessment of these discriminators (Fig. 4.8B). The GAG, collagen and lipid content was
higher in the 0%CoBG and chondrogenic medium only condition than in all cobalt-containing media
likely owing to an overall reduction in extracellular matrix production. The GAG signal appeared to
decrease with increasing cobalt ion concentrations corresponding to the previously obtained results by
biochemical analysis and histological stainings. Addition of CoCl; to chondrogenic medium induced a
similar outcome as cobalt-containing bioactive glass extracts. The relative GAG signal in presence of
CoCl, was higher than in the CoBG conditions but lower than the values for 0%CoBG and CoBG-free
chondrogenic medium, possibly indicating a cobalt dose-dependent effect. As only one pellet section
per condition was analysed the results warrant further confirmation and are preliminary; however, the

results presented here are in line with histology and the biochemical analysis.
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Figure 4.8: Extracellular matrix characterisation of hMSC pellets by Raman spectral analysis.
Prior to Raman spectral analysis, pelleted hMSCs were cultured in chondrogenic medium (CM) or
CoBG-conditioned medium containing chondrogenic supplements for 21 days. Additionally,
chondrogenic medium was supplemented with 100 uM CoCl.. A) Bright field (BF) images of respective
pellet sections along with pseudo-coloured images of characteristic spectra within the hMSC pellet
sections. Scale bars = 300 pm. (B) Semi-quantitative analysis of Raman spectra of one pellet section
per condition. The intensity represents the number of pixels within each pellet section positive for the
identified discriminator spectra (GAGs, collagens or lipids) multiplied by the respective signal intensity.
Raman imaging and data analysis were performed in collaboration with Mr. Charalambos Kallepitis.
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4.4 Discussion

In this study, the effect of CoBG dissolution products on hMSC chondrogenic differentiation was
investigated. To induce hMSC chondrogenesis, two different models, the standard pellet culture and
culture on a PCL fibrous membrane, to mimic the top layer of a stratified scaffold system, were adopted.
The data presented in this chapter showed that the presence of CoBG dissolution products consistently
reduced chondrogenic lineage commitment in a cobalt dose-dependent manner in both culture systems.
In the chondrogenic and 0%CoBG-conditioned medium conditions, hMSCs differentiated well, albeit
with some degree of donor variability, further underscoring a cobalt-dependent effect. In pellet culture,
the amount of DNA was not significantly different compared to day 0 after 21 days of culture for all
conditions. Such a result was expected in pellet culture as cells cease to proliferate once they commit

347.357 In the PCL membrane culture

to the chondrogenic lineage and has been reported previously
system, cells proliferated during the first week after which the DNA content peaked for the 0%CoBG-
conditioned and CoBG extract-free chondrogenic medium conditions. The DNA content of hMSC/PCL
constructs was lower in presence of cobalt within bioactive glass extracts in a dose-dependent manner
correlating with the trend observed in pellet culture.

Quantification of sGAG accumulation normalised to the respective DNA content of pellets
revealed a cobalt dose-dependent reduction that correlated with increasing concentrations of cobalt
within the CoBG dissolution products. In chondrogenic medium and medium containing 0%CoBG
dissolution products, hMSCs differentiated well as indicated by a satisfactory level of sGAG synthesis
compared to values in the literature’®. In presence of ion products derived from either 1%CoBG or
1.5%CoBG, pellets were slightly bigger than on day 0 with more extracellular matrix suggesting some
degree of chondrogenic lineage commitment as visualised by histology. Yet, Safranin O staining was
either negative or only localised to certain areas of the pellets. In presence of 2%CoBG dissolution
products, there was little extracellular matrix and cells appeared to be densely packed after 21 days of
culture. Exposure to 2%CoBG seemed to condense the pellets, with tightly packed nuclei beyond the
morphology after initial pellet formation (D0) as observed by visual examination of the Toluidine Blue
and Safranin O/Fast Green stained pellet sections. Similarly, the cell layer on the PCL membranes
appeared more compact with cell nuclei closely packed on top of each other in the 2%CoBG condition.

Comparing the two different culture systems, the classic pellet culture proved as superior
system to induce chondrogenic differentiation in hMSCs. The mean sGAG/DNA values were
considerably higher in pellet culture indicating that chondrogenic differentiation on the PCL membranes
was not as efficient. Pellet culture is designed to recapitulate the processes during growth plate
development and in particular mesenchymal condensation®®. It has been established by several early
studies that chondrogenic differentiation of MSCs necessitates a high cell density both in vivo and in
vitro as reviewed by DeLise et al.***. Considering the rather thin cell layer on the PCL membranes as

visualised by histology, the seeding density of 200,000 hMSCs might not have been sufficient for 6 mm
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in diameter membranes. Furthermore, concerted cell-cell and cell-matrix interaction patterns are
thought to be crucial for MSC condensation and subsequent chondrogenesis during embryonic
development. Culturing hMSCs as a layer may deprive the cells of some of the characteristics of
condensation and may thus hinder a successful chondrogenic differentiation. Yet, initial seeding on the
PCL membranes and cell attachment after 24 h were satisfactory considering the amount of DNA after
24 h (D0). The discussion will focus on the pellet culture model from here onwards.

The reduction of hMSC chondrogenic differentiation in 1%CoBG, 1.5%CoBG and 2%CoBG-
conditioned medium was likely due to the cobalt ions within the bioactive glass dissolution products.
Yet, at this point, no definite conclusion could be drawn as a joined effect of cobalt together with other
bioactive ions was possible. Therefore, 100 uM CoCl» were added to chondrogenic medium as an
additional condition. Pellets cultured in 100 uM CoCl,-supplemeted chondrogenic medium were
similar in size as the other cobalt-containing conditions and, importantly, smaller than the chondrogenic
and 0%CoBG-conditioned medium conditions. Semi-quantitative analysis of Raman spectral imaging
of pellet sections indicated a higher overall relative GAG content in the pellets cultured in chondrogenic
and 0%CoBG-conditioned medium compared to all other conditions which is in line with the previous
results. The relative GAG signal intensity was higher in the 100 uM CoCl; condition than in presence
of all cobalt-containing bioactive glass dissolution products which may be due to cobalt-dose dependent
effects. With respect to the cobalt ion concentration, supplementation with 100 uM CoCl, resembled
1%CoBG-conditioned medium (119 pM). Indeed, pellets cultured in these two conditions were similar
in size and GAG signature albeit the latter was a bit higher in the 100 uM CoCl, group possibly owing
to the slightly lower Co** content. The intensity for collagens and lipids was comparable between all
cobalt-containing groups and differed from the chondrogenic medium and 0%CoBG-conditioned
medium conditions. This trend is likely due to a higher overall amount of extracellular matrix in
presence of 0%CoBG dissolution products and CoBG extract-free chondrogenic medium. Since Raman
spectral imaging analysis was only performed on 1 section of 1 pellet (donor #1), the results need to be
considered as preliminary and warrant further confirmation. The difference in pellet size between
cobalt-free and all cobalt-containing conditions, however, was observed in at least one other pellet
replicate by the same donor pointing towards a cobalt-dependent effect.

Since pellet culture was performed in closed 1.5 mL propylene tubes, the extent of gas exchange
between the atmosphere in the tube and the incubator is difficult to estimate. Compared to data in the
literature, the chondrogenic medium condition performed well both with respect to sGAG/DNA content
as well as to histological assessment. Therefore, a hypoxic environment might have been
unintentionally created in the closed propylene tubes. Most studies adopting the pellet culture method

used 15 mL falcon tubes with a loosened cap for gas exchange*?® 4%

or punctured the microcentrifuge
tubes and then transferred pellets to low-binding 96-well plates*!?. Thus, an effect of an unintentionally
created hypoxic environment during pellet culture in microcentrifuge tubes cannot be excluded. True

hypoxia in combination with the artificial cobalt-induced hypoxia may have over-stimulated the HIF-1
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pathway resulting in a downstream reduction of differentiation capacity of the hMSCs. Yet, the cobalt-
dose dependent trend observed in pellet culture correlated well with the results obtained with scaffold
culture, at least for donor #1, supporting a cobalt-dependent effect. Furthermore, Adesida et al. used
the same microcentrifuge experimental set up as in the study described herein and observed differences
in extracellular matrix production between groups cultured at different oxygen tensions indicating a gas
exchange between the microcentrifuge tube and the atmosphere in the incubator®®®. However, the
differences between groups were subtle so that a hindered gas exchange cannot be fully excluded based
on that study.

Similar to other studies, we encountered some degree of donor variability**®. Donors #1, #4 and
#5 tended to have a superior chondrogenic capacity as characterised by higher sGAG/DNA values,
pellet formation and more intense and uniform Safranin O staining compared to donors #2 and #3.
Furthermore, donors responded differently to bioactive glass dissolution products in general which was
most pronounced for the 0%CoBG condition (Appendices E, F). The sGAG /DNA accumulation in
pellets cultured in 0%CoBG-conditioned medium had a tendency to be higher than in the control
condition for donors #1, #4 and #5. For these donors, a pronounced reduction in chondrogenic
differentiation with increasing cobalt concentration was observed. In contrast, the sGAG/ DNA contents
of pellets prepared from donors #2 and #3 were markedly lower in presence of 0%CoBG dissolution
products compared to chondrogenic medium only. Here, all bioactive glass-conditioned media, save
2%CoBG, had a similar effect on chondrogenesis. Thus, bioactive glass dissolution products in general
appeared to reduce cartilaginous extracellular matrix production by donors #2 and #3 while cobalt had
a subordinate effect only visible in presence of high doses (2%CoBG). This observation suggests that
bioactive ions themselves can differently affect the donors possibly overruling the influence of single
ion species (i.e. cobalt).

An interesting study by Malda et al. suggested that age might influence the cell’s response to
hypoxia based on the finding that chondrocytes derived from a younger donor (47 years) responded to
hypoxic conditions with enhanced sGAG production while chondrocytes from an older donor (74 years)
did not®”. Yet, these observations could have been due to donor variability rather than age. The donors
used for the experiments presented in this chapter varied both in age (48 to 75 years) and gender (2
female vs. 3 male). No gender or age related differences in differentiation capacity or response to
CoBGs were observed. However, all donors underwent total hip replacement surgery alluding to some
degree of morbidity in the osteochondral system; hence, none of the donors represented a young/ healthy
population.

Based on the positive effect of hypoxic culture on hMSC chondrogenic differentiation as well
as data reporting an up-regulation of chondrogenic markers in response to CoCl,, the outcome of the
current work was unexpected. Several factors can be responsible for the observed cobalt-dose dependent
reduction in hMSC chondrogenesis. The study described in this chapter evaluated the long term effect

of CoBG dissolution products on chondrogenic differentiation. Most studies assessing the effect of
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CoCl; on chondrogenic markers focused on short time points of up to 24 h and did not monitor the
effect of CoCl, beyond that treatment period. Apart from the length of exposure, the cobalt
concentration may have been too high in the experimental set up described in this chapter. Yet, in the
literature, concentrations between 100 pM to 200 pM CoCl, were used to assess the influence of cobalt-
mediated HIF-la stabilisation on chondrogenic marker gene expression or extracellular matrix
accumulation either in chondrocytes or MSCs. These values correspond nicely to the amount of cobalt
ions in the 1%CoBG (119 uM) and 1.5%CoBG (170 uM)-conditioned medium. Therefore, rather a
combination of length of treatment and cobalt ion availability than the cobalt ion concentration in the
CoBG-conditioned medium as such seems to be causative for the reduction in chondrogenic lineage
commitment. Cobalt may exert its beneficial function within a tightly regulated concentration range
when used for treatment beyond 24 h with lower cobalt ion concentrations likely being preferable. The
synthesis of cartilaginous extracellular matrix by bovine and human articular chondrocytes has similarly
been shown to be dependent on the precise availability of oxygen, with moderate hypoxic conditions of
5 - 10% O, being beneficial while anoxic conditions (<0.1%) compromised extracellular matrix

367374 With an average concentration of 119 uM Co** in 1%CoBG-conditioned medium, the

production
Co?" level might have already been too high for long term treatment of hMSCs. Previous studies suggest
that cobalt exerts its beneficial action in a tightly regulated concentration window. In a study by
Quinlan et al., differently sized particles of the same cobalt-containing bioactive glass composition were

incorporated in a collagen/glycosaminoglycan composite scaffold system?*!

. While there were no
significant differences in cobalt ion release, functional differences in the response of HUVECS with
regards to VEGF gene expression and protein production were observed indicating that subtle
differences in cobalt release might induce changes in cell behaviour. Similarly, Focaroli et al. observed
the most favourable outcome for their alginate bead/hMSC chondrogenesis model when using a 1.25
mM Co*" gelling bath to prepare the beads as opposed to 2.5 mM or the cobalt free control®**. When
hMSCs were cultured on 2 mol% cobalt-containing mesoporous bioactive glass scaffolds (Co-MBG),
the VEGF release was significantly increased compared to 5%Co-MBG and the cobalt free control?*’.

Other studies evaluating the use of cobalt-doped bioactive glass-containing scaffolds for tissue
engineering demonstrated their value for (bone) tissue engineering applications>’- 240241 Ag bioactive
glasses characteristically partially dissolve and re-precipitate on their surface, cells might not have been
continuously exposed to high (=100 uM) levels of cobalt which may explain the enhanced/ anticipated
differentiation of cells towards the osteogenic lineage. In other biomaterial systems, regulatory effects

of cobalt concentrations of as low as 1.5 pM were observed??

. Considering that concentrations of 100
uM to 200 uM CoCl, induced an up-regulation of chondrogenic markers after 24 h, short-term treatment
or pre-conditioning using CoBG dissolution products may prime hMSCs for subsequent (chondrogenic)
differentiation processes. Yet, the use of biomaterials releasing high doses of cobalt ions for a continued
period of time should be carefully considered in light of the findings presented in this chapter.

In the current study, CoBG-conditioned medium was added after formation of pellets. Future
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studies could evaluate the influence of cobalt-containing bioactive glass extracts on pellet formation.
The presence of such cobalt-containing bioactive glass dissolution products may prime the hMSCs for
chondrogenic differentiation. After pellet formation, the medium could be replaced by CoBG extract
free chondrogenic medium to limit the overall exposure duration to cobalt ions.

In the study presented in this chapter, it was not assessed whether the CoBG extracts indeed
activated the HIF-1a pathway. Yet, in the study by Azevedo et al. it was shown that CoBG-conditioned
media containing similar amounts of cobalt ions (90.74 uM, 178.93 uM and 389.57 uM compared to
119 uM, 170 uM and 254 uM in this study) activated the transcription factor HIF-1a leading to the up-
regulation of VEGF gene expression after 24 h and VEGF protein release throughout the 7 days culture

d240

period**’. The CoBG-conditioned media in the work by Azevedo ef al. were based on the same bioactive

glass system and the CoBG-conditioned medium was prepared according to the same protocol.
4.4.1 Limitations

One of the limitations of this chapter is that the CoCl, reference condition was not included in the
experiments measuring the sGAG production and DNA content of pellets and hMSC-seeded PCL
membranes. While the analysis with Raman spectral analysis suggested that addition of CoCl, to
chondrogenic medium had a similar effect as CoBG extracts on hMSC chondrogenesis, including CoCl,
in all other experiments as an additional condition would have allowed to better distinguish the effects
resulting from the presence of cobalt itself and the effects of the combination of cobalt with bioactive
glass dissolution products.

Furthermore, performing all experiments in parallel in hypoxic conditions would have allowed
to directly compare the influence of cobalt-containing bioactive glass dissolution products and low
oxygen tension on hMSC chondrogenesis. As the underlying rational of incorporating cobalt into
biomaterials is to mimic hypoxia and ultimately to obtain the beneficial effects associated with hypoxic
culture, culture in a hypoxic chamber would have been a valuable reference condition.

Finally, when assessing gene expression, target genes of the HIF-1a pathway along with more
markers of the chondrogenic and osteogenic lineages would have been interesting to study to better
clarify the influence of CoBG dissolution products on hMSC behaviour. Considering the poor
chondrogenic differentiation of hMSCs on the PCL membranes even in standard chondrogenic

conditions, gene expression analysis of hMSC pellets would have been more informative.
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4.5 Conclusion

Overall, it was demonstrated that hMSC chondrogenesis was reduced in presence of cobalt-containing
bioactive glass dissolution products but not in the 0%CoBG condition. Raman spectroscopic analysis
suggested that 100 uM CoCl; had a similar effect on hMSC chondrogenesis as cobalt-containing CoBG
dissolution products strengthening the hypothesis of a cobalt-dependent effect. Considering previous
studies using Co?* for pre-conditioning of MSCs, shorter exposure periods or a cobalt-containing
bioactive glass with lower cobalt incorporation/release may stimulate MSC chondrogenic lineage
commitment. Even though HIF-1a activation was not assessed in this context, previously obtained data
by Azevedo et al. demonstrated stabilisation of HIF-1a and downstream activation of its target genes
such as VEGF by CoBG-conditioned medium?¥. Since the outcome of the study presented in this
chapter was unexpected, it was sought to address 1) if the CoBG-conditioned medium used for the
experiments described in this chapter was capable of stabilising HIF-1a and 2) how the ions released
from CoBGs influenced hMSC behaviour beyond chondrogenic differentiation. The experiments that

were conducted to clarify these questions are presented in the next chapter (Chapter 5).

188



CHAPTER 5

The Influence of Cobalt-containing Bioactive

Glasses on hMSC Behaviour

(Some of the work in this chapter is in preparation for publication in “Hypoxia-mimicking
bioactive glasses reduce hMSC chondrogenesis despite HIF-1a stabilisation” by Littmann E,
Autefage H, Solanki AK, Kallepitis C, Jones JR, Alini M, Peroglio M and Stevens MM)

All data presented in this chapter were collected by me unless explicitly stated otherwise.
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5.1 Introduction

Mesenchymal stem cells (MSC) have found broad application in tissue engineering due to their relative
ease of isolation and multilineage differentiation potential®* %% 4!, Moreover, MSCs can exert their
beneficial function indirectly by releasing anti-inflammatory or growth factors’" *'2. Using MSCs for
tissue engineering applications necessitates considerable in vitro expansion as the cells merely account
for 0.02% to 0.001% of mononuclear cells isolated from the bone marrow® *13, The replicative potential
of MSCs is one of their major advantages over further differentiated cells (i.e. osteoblasts and
chondrocytes) for tissue engineering purposes. Yet, MSCs lose their stem cell properties during
extensive expansion in vitro and eventually undergo replicative senescence limiting their therapeutic
efficacy*!®. It is widely acknowledged that late passage MSCs have a reduced differentiation potential
and cease to exert a protective effect in in vivo experiments®® 413,

Hence, great efforts have been undertaken to identify “optimal” culture conditions to preserve
stem cell properties while allowing considerable cell expansion as reviewed by Hoch and Leach.*!®.
Among a number of approaches, the culture of MSCs in hypoxic conditions has emerged as relatively
simple and cost-effective way to maintain MSC progenitor-like characteristics. In contrast to the
atmospheric oxygen tension (21%) present in standard cell culture incubators, MSCs are exposed to
hypoxic environments with oxygen tensions ranging from 1% to 7% in their physiological environment,
the (bone marrow) stem cell niche*!’.

Based on this knowledge many studies have evaluated the effect of low oxygen tensions on
MSCs in vitro (reviewed by Das et al.)*'®. Hypoxic conditions are commonly thought to increase
proliferation of hMSCs as well as to preserve and promote the undifferentiated, stem cell-like state®*
404, 419-423 " Yet, not all studies demonstrate an enhanced proliferative potential of MSCs** 4%, An
emerging hypothesis is that reduced oxygen tension positively selects for a pool of highly proliferative
stem cell-like cells within the heterogeneous MSC population. This may explain an initial lag phase in
proliferation in hypoxic conditions that was observed by Grayson et al.**%. It is known that a population
of (passaged) MSCs tends to be quite heterogeneous in that not all cells possess an early-progenitor
phenotype. During expansion, MSCs readily lose their progenitor/stem cell phenotype as they are highly
sensitive to the plating density*'. The ability to form CFU-F is used as a measure for the replicative
potential of cells and can indicate the preservation of stem-cell like properties. It is frequently used to
identify mesenchymal stem cells among a population of freshly isolated mononucleated cells isolated
from the bone marrow but can also be applied to passaged or expanded MSCs. Among other factors,
the CFU-F forming efficiency is dependent on the donor as well as the passage number of the cells.
Assessment of CFU-F formation by hMSCs isolated from different donors showed that at passage 4 the

colony forming ability ranged between less than 5% to 25%*!4. At passage 12, hardly any colonies

formed. In a study by Park et al., less than 1% of cells formed colonies under standard conditions**.
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Previous studies demonstrated that hMSCs displayed greater colony forming activity when
exposed to low oxygen levels (1 - 5%)4+420-426 Notably, the results differed with respect to the hypoxic
treatment protocols; a) expansion in normoxic conditions, CFU-F assay in hypoxic conditions,
b) expansion in hypoxic conditions, CFU-F assay in normoxic conditions and c) both expansion and
CFU-F assay in hypoxic conditions. In a study by Park et al., the number of colonies more than doubled
when the hMSCs were expanded in low oxygen environments prior to the CFU-F assay at ambient
oxygen levels. Reduced oxygen tension during the CFU-F assay after expansion in hypoxia increased
the number of colonies only slightly. Similarly, the expansion in hypoxic conditions had a greater
influence on the subsequent culture conditions during the CFU-F assay in a study by Vertelov ef al.**’.
In other studies, a significant beneficial effect of hypoxic culture during the CFU-F assay was
observed®®* *?¥, In contrast, CFU-F formation by hMSCs was decreased in presence of 1% O, compared
to normoxic conditions in a study by Hung et al.**>.

Investigation of the influence of hypoxic culture on MSC osteogenic and adipogenic
differentiation has yielded remarkably contrasting results; while a large number of studies showed a
reduced lineage commitment*** 42% 429 other studies demonstrated an enhanced commitment to at least
one of the lineages®®* “°. The diverging outcomes can be attributed to a variety of factors including
donor variability, differences in experimental set up, especially regarding oxygen tension and exposure
protocols, as well as the tissue source and origin of MSCs. Even though a large number of studies have
evaluated the impact of hypoxia on MSC behaviour, the underlying mechanisms largely remain to be
elucidated. Hypoxic culture of hMSCs either in monolayer or within 3D scaffolds increased the gene
expression level of the stem cell marker OCT4 which may account, in part, for the enhanced stem-cell

like properties*?6 431.432

. The up-regulation of OCT4 might be mediated by HIF-2a, however, a causative
link has yet to be established*!. Martin-Rendon e al. assessed changes in hMSC gene expression after
24 h of hypoxic culture and found 45 genes to be differentially regulated by at least 1.75-fold*. A
study evaluating the response of rat bone marrow-derived MSCs to 24 h of hypoxia found 135 genes to
be differentially regulated by at least 3 fold***. In both studies pro-survival genes and genes associated
with metabolic regulatory processes were increased. Both studies compared the MSC gene expression
profile to either umbilical cord blood CD133" cells or marrow-derived mononuclear cells respectively
and found substantial variations in expression profiles underscoring a cell-specific response to reduced
oxygen tensions.

Considering the impact of oxygenation levels on MSC fate, oxygen-sensing pathways such as
HIF-1 are likely causative for these observations. Low oxygen tension has been shown to enhance the
abundance and activity of the transcription factor HIF-1a in MSCs and the up-regulation of HIF-1a
target genes has been demonstrated®®. Transfection with a constitutively stable HIF-lo vector
mimicked the effects of the hypoxic control condition regarding CFU-F formation and differentiation
behaviour in hMSCs cultured in ambient air suggesting that HIF-1a stabilisation was an adequate

replacement for low oxygen tension at least to some extent***. Notably, constitutive HIF-1o stabilisation
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did not enhance the overall cell proliferation as observed with the hypoxic control highlighting possible
differences in mode of action. This result may also underscore the heterogeneous nature of hMSCs.
Hypoxic environments/HIF-1a stabilisation may enhance the proliferation and CFU-F capacity of a
subset of hMSCs but not the proliferative potential of the bulk population. Yet, the study was performed
with only one hMSC donor warranting further confirmation.

Interestingly, beyond the evaluation of hypoxic conditions for cell expansion, its value for pre-
conditioning of stem cells to enhance post-engraftment performance is increasingly recognised, as
reviewed by Muscari et al.**>. Stem cell-based therapies rely on the engraftment of stem cells to repair
or replace damaged tissue. Hypoxic pre-treatment has been demonstrated to enhance MSC post-

engraftment survival, retention and functional recovery of the host tissue**

. Hypoxic pre-conditioning
is based on the concept that the exposure to low oxygen tensions prepares cells for the subsequent
transplantation to ischemic tissue sites by up-regulation of appropriate gene expression patterns.
Therefore, pharmacological pre-treatment with PHD inhibitors has emerged as promising avenue to
improve the efficacy of cell therapy, as reviewed by Esfahani et al.**°.

Transplantation of MSCs for tissue repair after stroke, cardiac infarction or kidney ischemia is
emerging as promising treatment tool. Even though there is encouraging functional in vivo data,
inefficient engraftment is currently limiting the clinical benefits of MSC transplantation. Poor MSC
retention at the injury site is thought to be due to insufficient cell adhesion and/or migration*?*. The
migration of MSCs to sites of (damaged) tissue is key to their natural role in tissue regeneration and is
governed by a complex set of mechanisms. Interaction of the chemokine stromal derived factor 1
(SDF-1) and its receptor CXCR4 is thought be an important driver of MSC recruitment*” ¥, During
in vitro expansion of MSCs the CXCR4 expression declines which likely negatively affects the homing
and engraftment efficiency of cultured MSCs in most cell therapy studies where cell expansion is
necessary*% 440,

While the SDF-1/CXCR4 axis is pivotal for homing of MSCs to bone marrow and their
retention therein, the expression of SDF-1 can be selectively up-regulated in damaged or ischemic
tissue, possibly in a HIF-la dependent manner®® %! 42 Similarly, CXCR4 is a target for the
transcription factor HIF-1a and has been shown to be up-regulated on a gene and protein level in
response to hypoxia in MSCs and other cell types**-*%. Based on these findings, several studies
evaluated whether hypoxic pre-conditioning would ameliorate subsequent engraftment and functional
tissue repair. Indeed, hypoxic culture of MSCs improved their migratory activity towards SDF-1 or

427, 437, 446

other soluble chemoattractants . Furthermore, hypoxic pre-conditioning enhanced the

expression of CXCR4 in hMSCs and their subsequent retention in chick embryos*®. In vivo models for

446, 448 449

stroke*"’, kidney ischemia or murine hind limb ischemia*’ showed an enhanced engraftment and

functional recovery after hypoxic pre-conditioning of MSCs or constitutive CXCR4 expression.
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Taken together, hypoxic culture conditions are starting to be recognised as a simple tool to enhance the
proliferative potential and stem-cell like features of MSCs during expansion for tissue engineering
purposes. Furthermore, low oxygen tension has emerged as versatile pre-treatment prior to cell

engraftment.
5.1.1 The influence of cobalt on hMSC behaviour

After the discovery of cobalt’s hypoxia-mimicking properties, researchers have sought to exploit the
ion’s characteristics for directing cell behaviour and fate. In this context, the up-regulation of angiogenic
markers in order to enhance vascularisation and the pre-conditioning of cells prior to transplantation
into low-oxygen environments have been the most commonly pursued applications. Yet, while hypoxia
has been widely used to influence MSC behaviour, there is less data on the effect of cobalt on stem cell
properties of MSCs. Therefore, cells with stem cell character or cells that are thought to have similar
features as MSCs were included in the literature search.

CoCl, treatment induced stem cell marker expression in human periodontal ligament cells after
7 days of treatment while repressing osteogenic differentiation similar to the observations made for
reduced oxygen tension**’. The up-regulation of the stem cell marker OCT4 was more enhanced in
presence of higher CoCl, concentrations (100 uM vs. 50 uM) and seemed to rely on a HIF-1a dependent

mechanism*°

. Concomitantly, osteogenic differentiation was more efficiently inhibited by treatment
with 100 pM CoCl,. Exposure to CoCl; had no effect on proliferation during the 7 day treatment period.
Thus, the authors concluded that CoCl, might find its merit in preserving the stem-cell state in the

laboratory. CoCl; has also been evaluated as pharmacological tool to enhance angiogenesis after dental

451

pulp injury
up to 300 uM CoCl,. Yet, only relatively short time points with 24 h and 6 h respectively were

. Viability and proliferation of human dental pulp cells were not affected in presence of

evaluated. The release of VEGF was successfully increased by exposure to CoCl,. When human
CD133" cells isolated from umbilical cord blood were exposed to CoCls, an increase in cell viability,

migration and tubule-like structure formation was observed*>

. CoCl; treatment performed at least as
good as the reduced oxygen tension control with the highest CoCl, concentration (200 pM) and the
lowest oxygen tension (3%) inducing the most favourable outcome in all tested parameters.

Interestingly, the stabilisation of HIF-1a has been studied in the context of neurogenesis and
CoCl, treatment has been shown to facilitate neuronal differentiation of MSCs**> 40 401 HIF-1q
stabilisation by CoCl, appeared to improve neuronal and dopaminergic differentiation by human
mesencephalic neuronal progenitor cells (NPC) and to exert a protective effect on human dopaminergic
neurons against treatment with a neurotoxin*®. The enhanced dopaminergic differentiation by 100 uM
CoCl, treatment outperformed the 3% Ox control. Co?" concentrations of up to 100 uM did not affect
cell viability of human NPCs after 72 h of treatment, yet, cell death was enhanced from 5.1% (control)

t0 9.6% (100 uM CoCl,) following 1 week of exposure. At the same time, there were more cells in the
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S and G2/M phase of the cell cycle and fewer in the GO/G1 compared to control conditions suggesting
an influence on the cell cycle. Similarly, exposure to 100 uM CoCl, for 72 h increased expression of
neuronal markers in hMSCs**. Further supporting this notion, a study by Pacary et al. reported MSC
differentiation towards neuron-like cells in the presence of CoCl,*®. These observations were
accompanied by a reduction in cell proliferation that was completely inhibited after 72 h. Overall, these
studies showed that whilst causing a reduction in cell proliferation, Co®" enhanced differentiation
marker expression highlighting the ion’s potential to affect cell behaviour.

The study by Pacary et al. described a cobalt-associated up-regulation of the negative cell cycle
regulator p21 on mRNA level*®, Originally, p21, also known as p21 WAF1/ Cip1, was identified as cell
cycle inhibitor owing to its ability to arrest cell cycle progression by inhibition of cyclin-dependent
kinase activity. In particular, p21 has been identified as marker for senescence, a state of permanent
growth arrest in G143, Lately, p21 function has been linked to a plethora of other pathways and
mechanisms ranging from cell motility to stem cell differentiation. Activity and function of p21 might
even differ depending on its sub-cellular localisation as reviewed by Coqueret*®. Much like its function,
regulation of p21 expression and activity is highly complex and is beyond the scope of this chapter. For
an extensive review on the regulation of p21, please refer to Abbas and Dutta***. Here, the focus was
laid on how p21 activity is regulated by HIF-1a dependent mechanisms. It is generally accepted that
HIF-1a induces cell cycle and growth arrest via p21 activation***. However, the explicit mechanism of
HIF-1a mediated p21 regulation remains controversial in the literature and has yet to be fully

elucidated®’

. Generally, there is evidence that HIF-1a controls p21 through indirect pathways that
depend neither on its transcriptional nor its DNA binding activity**® >, Koshiji e al. suggested a
mechanism involving Myc suppression and subsequent activation of p21 and He et a/. further expanded
this theory by linking HIF-1a mediated repression of Myc with reduced levels of the miRNAs miR-
17/20a resulting in an enhanced p21 expression. Yet, most of the studies evaluating p21 expression
emerged in the context of cancer research and there are few studies addressing its regulation in primary
(stem) cells. Furthermore, p21 appears to fulfil some cell-type specific functions further complicating
any generalisation or extrapolation of pathways*>.

HIF-1a has been identified as upstream player of p21 expression in human keratinocytes and
while p21 expression is generally accepted to be up-regulated by hypoxia/HIF-1400- 460- 461 " there are
some studies reporting a down-regulation of p21 in response to hypoxic stimuli®®* 405462 Of note, p21
protein expression in hMSCs was shown to differ between donors and was found to be up-regulated in
later passages*®’. Down-regulation of p21 in MSCs has previously been linked to enhanced expression
of stemness markers and proliferation*®®. Knockdown of p21 in late-passage hMSCs appeared to reverse
expansion-induced senescence and restored some of the stem-cell like properties. In keeping with these
results, Tsai et al. attributed the maintenance of stem cell properties in hMSCs expanded in hypoxic
conditions to HIF-1a mediated down-regulation of p21. Here, the down-regulation of p21 was explained

by HIF-1a dependent up-regulation of TWIST, which was in turn thought to suppress p21 expression
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via the inactivation of the transcription factor E2A. Similarly, Park ef al. observed a lower level of p21
protein in hMSCs after culture in hypoxic environments for two days. In contrast, Grayson ef al. did
not observe a change in p21 protein expression in response to reduced oxygen levels in hMSCs*%. In
summary, p21 expression is thought to be regulated by HIF-1a. Yet, the underlying mechanism remains
to be clarified. Furthermore, little is known about the interplay of HIF-1a and p21 in hMSCs.
Corresponding to the promising results with hypoxic pre-conditioning, the use of cobalt for
similar applications was assessed. Treatment with the hypoxia-mimicking agents CoCl, or
deferoxamine, an iron chelator, increased CXCR4 expression and enhanced MSC migration as assessed
by scratch wound healing and transwell migration assays** 463, CoCl, has been shown to up-regulate
CXCR4 transcript and protein expression in microglia cells (150 pm, 16 h)** Furthermore, pre-
conditioning of bone marrow-derived rat MSCs with 200 uM CoCl, for 24 h enhanced the expression
of CXCR4 on mRNA and protein level in a HIF-1o dependent manner and subsequently increased
scratch wound healing*®. Similarly, Liu et al. showed an up-regulation of CXCR4 in response to
100 uM CoCl, in murine MSCs which was accompanied by enhanced migration towards a SDF-1

gradient using a transwell system®*®’

. Interestingly, CXCR4 levels in normoxic conditions were nearly
below the detection limit. Based on these findings, the effect of CoCl, pre-treatment on the ability of
MSC:s to attenuate acute kidney injury in a rat model was assessed. Pre-treated MSCs were more likely
to be recruited to and retained in the ischemic kidney, which was associated with a reduction in kidney

injury compared to the untreated MSC control group.

In summary, hypoxia has been identified as valuable tool to maintain the stemness of MSC during in
vitro expansion and to pre-condition MSCs for subsequent engraftment. The use of CoCl; is emerging
as potential alternative to reduced oxygen tension and has been evaluated in in vitro and in vivo
experiments. CoCl, supplementation to medium is cheaper than the use of oxygen chambers and might
be easier to standardise considering the numerous treatment protocols pursued for reduced oxygen
tensions. Beyond CoCl, treatment, the incorporation of cobalt into biomaterials for tissue repair
purposes is receiving growing interest. In particular, the development of cobalt-containing scaffolds for
bone regeneration applications has been pursued®” 24%- 24! In this context, bioactive glasses present
attractive carrier systems due to their inherent osteogenic properties and the relative ease of modifying
their composition. In presence of cobalt-containing bioactive glass extracts, HIF-1a activity was shown
to be increased in hMSCs and hypoxia target genes were subsequently up-regulated demonstrating the
delivery of cobalt ions at relevant concentrations??’. Regarding pro-angiogenic properties of cobalt-
containing bioactive glasses, the protein expression of VEGF was shown to be increased in hMSCs
after either exposure to CoBG-conditioned medium or culture on cobalt-containing bioactive glass

scaffolds?37- 240,
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5.1.2 Aims and objectives

Considering the promising results obtained with cobalt-doped biomaterials in general and bioactive
glasses in particular, it appears important to further characterise the response of hMSCs to such
materials. In this chapter, the influence of cobalt-substituted bioactive glasses on hMSC behaviour and
stem cell properties were investigated with a special respect to the cobalt ion concentration within the
bioactive glass extracts. To assess whether there was an optimum concentration range of cobalt within
the bioactive glass dissolution products, the previously introduced series of CoBGs, based on the system
of Azevedo et al., was used®® 2%, With respect to Chapter 4, there was a particular interest in
characterising the effect of CoBG dissolution products on hMSC behaviour to obtain a better

understanding of the previously observed reduction in chondrogenic lineage commitment.

Thus, the aims of the work presented in this chapter were to understand the impact of cobalt-containing
bioactive glasses on hMSC behaviour and to study if cell behaviour changed depending on the cobalt

concentration within bioactive glass extracts. The objectives were to:

o Verify if HIF-1a was stabilised by the cobalt-containing bioactive glasses;
o Study the effects of cobalt-containing bioactive glass extracts on cell viability;

o Investigate the effect of cobalt-containing bioactive glass extracts on stem cell-like properties

of hMSCs.
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5.2 Materials & Methods

5.2.1 Glass synthesis

Glass synthesis and particle preparation were performed as previously described and outlined in Chapter
4 (4.2.1)***, To recapitulate, cobalt was incorporated into the bioactive glass composition 49.46 mol%
Si0,, (23.08 — X mol%) Ca0, X mol% Co0, 26.38 mol% Na,O, 1.07 mol% P»Os by replacing calcium
on a molar basis (where X equals 0, 1, 1.5 or 2 mol% cobalt substitution) (Table 5.1). To assess the
influence of cobalt-containing bioactive glass dissolution products on hMSC behaviour, increasing
amounts of cobalt were incorporated into the composition to identify cobalt dose-dependent effects. As
previously introduced in Chapter 4, the glasses were termed 0%CoBG, 1%CoBG, 1.5%CoBG and
2%CoBG or referred to as CoBG if all glass compositions were concerned. The CoBGs were prepared
using SiO (Prince Minerals, UK), Na,CO3;, P»Os, CaCOs, and CoCO; (all Sigma-Aldrich, UK) as
precursor materials. The precursor materials were mixed, melted at 1,400°C in a platinum-gold crucible
for 90 min and quenched into deionised water. The resulting glass frit was allowed to dry between 120
- 150°C over-night before milling in a planetary ball mill at 500rpm for 5 min. The glass particle size
used in this study was <38 pm in diameter (d = 0.9). Glass synthesis and processing were performed by

Miss Anu Solanki.

Table 5.1: Glass compositions (mol%).

Glass SiO; Na,O CaO CoO P05

0%CoBG 49.46 2638  23.08 / 1.07
1%CoBG 4946 2638 2208 1.00 1.07
1.5%CoBG 4946 2638 2158 150 1.07
2%CoBG 4946 2638 21.08 2.00 1.07

5.2.2 Preparation of bioactive glass-conditioned medium

To obtain medium containing CoBG ionic dissolution products, 1.5 mg/mL of particles of CoBG were
incubated in Minimum Essential Medium Eagle alpha modification (a-MEM) (Gibco®, UK) containing
100 U/mL penicillin and 100 pg/mL streptomycin (Gibco®, UK) as well as 20 mM HEPES (Gibco®,
UK). After 4 h of incubation under constant agitation at 37°C, the medium was passed through a
0.2 um filter (Sartorius, UK) under sterile conditions to remove remaining glass particles. The CoBG-
conditioned medium was stored at 4°C until further use. Prior to treatment of cells, the medium was
equilibrated at 37°C, 5% (v/v) CO; for at least 4 h or over-night. As previously described, the elemental
concentrations of calcium, phosphorus, silicon and cobalt in the conditioned medium were determined

by ICP-OES using an iCAP6000 Series ICP spectrometer (Thermo Scientific, UK) on at least three
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independent samples. The ICP-OES was operated with the assistance of Miss A. Solanki. If not defined
otherwise, growth medium used in the experiments was defined as a-MEM (Gibco®, UK) containing
100 U/mL penicillin and 100 pg/mL streptomycin (Gibco®, UK) as well as 20 mM HEPES (Gibco®,
UK). Cobalt (II) chloride hexahydrate (Sigma-Aldrich, UK) was used to prepare a 10 mM CoCl, stock
solution in MilliQ water. For some experiments, growth medium was supplemented with CoCl, to

obtain final concentrations of 100 pM and 200 uM as additional conditions.
5.2.3 Cell culture

Human bone-marrow derived MSCs (hMSCs) were expanded in a-MEM containing 10% (v/v) FBS
(Seraplus, Pan-Biotech, Germany), 5 ng/uL bFGF (Fitzgerald, USA), 100 U/mL penicillin and
100 pg/mL streptomycin (Gibco®, UK). Upon 70 - 90% confluence hMSCs were passaged as
previously described and re-seeded at a density of 3,000 cells/cm? for expansion. For most experiments,
1 hMSC donor isolated at AO Foundation Davos and 1 donor each from PromoCell GmbH, Germany
and Lonza, UK were used to represent a mixed, unbiased population. All hMSCs were bone marrow-

derived.
5.2.4 In-Cell Western analysis

The HIF-1a protein level in hMSCs in the presence of growth and CoBG-conditioned media was
measured by In-Cell Western analysis. To assess the impact of CoBG-conditioned medium on HIF-1a
protein content, hMSCs were cultured in CoBG-conditioned or growth medium for 4 h and 48 h,
respectively. As additional controls, growth medium was supplemented with either 100 uM or 200 pM
CoCl.. To investigate CXCR4 protein expression in presence of CoBG dissolution products, hMSCs
were cultured in growth or CoBG-conditioned medium for 24 h.

In brief, cells were seeded at a density of 20,000 cells/cm* and grown until confluency prior to
treatment with the various CoBG conditioned-medium and reference conditions. After the respective
time point, the previously described protocol was used (Chapter 2.2.5). Cells were incubated with the
primary antibodies mouse anti-HIF-1-alpha [mgc3] (Abcam, ab16066, 1:200) or rabbit anti-CXCR4
(Abcam, ab124824, 1:250) in 3% (w/v) BSA in PBSTw for 90 min at RT under constant agitation. Anti-
mouse or anti-rabbit (Li-Cor, 1:400) IR800-labeled secondary antibodies in 3% (w/v) BSA in PBSTw
were added to the cells for 1 h at RT under constant agitation and used to visualise the respective protein
levels. The intensity values for each protein were normalised to the DNA content per well using the far-
red fluorescent DNA dye DRAQS5™ (New England Biolabs, 1:2,000) in 3% (w/v) BSA in PBSTw. The
fluorescent signal was collected and quantified using the Odyssey Infrared Imager (Li-Cor Biosciences,
USA). Cells incubated with secondary antibody only in the absence of DRAQS5™ were used as controls,
and this background was subtracted from the signal. HIF-1a expression was measured in 4 (4 h time

point) and 3 (48 h time point) independent experiments each using a different donor. The protein
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expression of CXCR4 in hMSCs was assessed by In-Cell Western analysis in two independent

experiments each using a different donor. All conditions were run in quadruplicates.

5.2.4.1 Quality analysis of antibodies used for In-Cell Western analysis

To assure the specificity of the antibodies used for In-Cell Western analysis, a traditional Western blot
was carried out according to the protocol outlined below (5.2.5). The anti-HIF-1a and anti-CXCR4
antibodies detected a band corresponding to the molecular weight of the proteins and were deemed
specific (116 kDa and 47 kDa respectively) (Fig. 5.1). In fact, the molecular weight of CXCR4 is
predicted to be 40 kDa but commercially available antibodies detect bands with higher molecular weight

for CXCR4, among them 47 kDa, which correspond to the glycosylated protein.

A kDa 1 2 3 4 5 6 1 GM
| R , 2 0%CoBG
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100— }»: ! by ﬁ q«‘ % <4— HIF-1a 5 2%CoBG

6 100 pM CoCl,

37 —— w—— <4— GAPDH
B kDa 1 2 3 4 5 6 1 0%CoBG
' : 2 1%CoBG
1705? _ . 1 3 1.5%CoBG
: > 4 2%CoBG
G —— S G G S c— — 4_ CXCR4 5 100 M C0C|2
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Figure 5.1: Antibody characterisation using Western blot analysis. Whole hMSC lysates were
subjected to SDS-PAGE and immunoblotted with the indicated antibodies after 16 h of exposure to
growth or CoBG-conditioned medium. A) The anti-HIF-1a antibody detected a band corresponding to
the molecular weight of the protein (116 kDa). The intensity of bands was higher in presence of
1.5%CoBG and 2%CoBG dissolution products. B) The anti-CXCR4 antibody detected a band
corresponding to the predicted molecular weight of the glycosylated protein (47 kDa). Considering
affinity and specificity of the antibodies, anti-HIF-1a and anti-CXCR4 were deemed specific.
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5.2.5 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins from hMSC extracts were separated according to their size using SDS-PAGE with using 4 -
20% gradient mini-PROTEAN® TGX™ precast polyacrylamide gels (BIO-RAD, UK) following
standard procedures. Briefly, hMSCs were seeded at a density of 20,000 cells/cm? in 6-well plates and
grown to confluency prior to treatment with the various media for 16 h or 24 h. At the designated time
point, cells were rinsed once with ice-cold PBS prior to sample lysis. Cell lysis was performed using
Radio Immuno Precipitation Assay (RIPA) Lysis Buffer System (Santa Cruz, USA) including protease
inhibitors. The hMSC extracts were transferred to pre-cooled microcentrifuge tubes and sonicated (three
times for 5 s with an amplitude of 20%, interrupted by 20 s breaks) to disrupt and homogenise the cells.
To separate cell debris, the cell extracts were centrifuged in pre-cooled microcentrifuge tubes
(Eppendorf, UK) at 16,000 xg for 20 min in a 4°C pre-cooled centrifuge. The supernatants were
transferred to new pre-cooled microcentrifuge tubes and used for further analysis. Samples were mixed
with 4X Laemmli Sample Buffer (BIO-RAD, UK) containing 10% (v/v) 2-mercaptoethanol (Sigma-
Aldrich, UK) and heated to 100°C for 5 min to reduce and denature the proteins. Afterwards, 38 ul of
each sample was loaded onto the gel. The gels were run in running buffer (25 mM Tris-HCI, 190 mM
glycine, 0.1% (w/v) SDS, pH 8.3) at 140V until the target proteins had been sufficiently separated.

Precision Plus Protein™ standards All Blue marker (BIO-RAD, UK) was used as a size marker.
5.2.6 Electroblotting of proteins to a nitrocellulose membrane

Using wet transfer, the proteins were subsequently moved from the polyacrylamide gel onto Amersham
Protran 0.2 um nitrocellulose membranes (GE Healthcare Life Sciences Whatman™) in transfer buffer
(25 mM Tris-HCI, 190 mM glycine) at 300mA for 90 min on ice. Upon completion of the
electrophoretic transfer, membranes were blocked in 5% (w/v) non-fat milk (NFM) (Sigma, UK) /0.1%
(v/v) Tween (Tw) in Tris-buffered saline (TBS) (TBSTw) for 1 h at RT and subsequently rinsed thrice
(5 min each) with TBSTw. Membranes were immunostained with the primary antibodies, rabbit anti-
p21 (Santa Cruz, sc-397, 1:200), mouse anti-p53 (Abcam, ab1101, 1:400), mouse anti-HIF1a (BD
Biosciences 610958, 1:500), rabbit anti-CXCR4 (Santa Cruz, sc-9046, 1:200), or rabbit anti-GAPDH
(Santa Cruz, sc-25778, 1:500), in 5% (w/v) NFM in TBSTw over-night at 4°C under constant agitation.
Additionally, the specificity of the antibodies used for In-Cell Western analysis was tested. The primary
antibodies mouse anti-HIF1a (Abcam, ab16066, 1:500) and rabbit anti-CXCR4 (Abcam, ab124824,
1:200) were used along with the other antibodies according to the protocol outlined above. After
incubation, the membranes were rinsed three times with TBSTw. Anti-mouse or anti-rabbit (Li-Cor
Biosciences, 1:600) IR800-labeled secondary antibodies in 5% (w/v) NFM in TBSTw were added to
the membranes for 1 h at RT protected from light and used to visualise the respective protein levels.
Membranes were washed thrice with TBST to remove any unbound antibodies before imaging using an

Odyssey Infrared Imager (Li-Cor Biosciences, USA). Quantification of staining intensity was

200



performed using ImageJ software. To determine the protein expression of p21, p53 and CXCR4 in
hMSC lysates after treatment with CoBG-conditioned or growth media, 3 different donors were

independently assessed. 2 wells were pooled for each condition.
5.2.7 MTT assay

MTT assay was performed to assess the effect of CoBGs on hMSC metabolic activity. In brief, 1.5 x
10* cells/cm? of passage 5 - 6 hMSCs were seeded in 96-well plates. After 24 h the medium was replaced
by growth (a-MEM) or CoBG-conditioned a-MEM medium containing 10% (v/v) FBS (Seraplus, Pan-
Biotech, Germany), 100 U/mL penicillin and 100 pg/mL streptomycin (Gibco®, UK) and 20 mM
HEPES (Gibco®, UK). As an additional control, ac-MEM medium was supplemented with 100 pM
CoCl,. The medium was changed every other day over the course of the experiment. After 1, 4 and 7
days respectively, medium was removed and cells were gently washed once with PBS prior to addition
of 0.5 mg/mL of MTT (Thiazolyl Blue Tetrazolium bromide, M2128, Sigma®, UK) in phenol-free high
glucose DMEM (Gibco®, UK). Empty wells filled with the MTT solution served as background
reference. After 2 h the MTT solution was gently removed and replaced by 100 pL. of DMSO (Sigma-
Aldrich, UK) to solubilise the formed formazan crystals. Absorbance was measured at a wavelength of
570 nm with a reference wavelength of 620 nm using a microplate reader (SpectraMax M5, Molecular
Devices, UK). Three independent repeats of the experiment were performed each time using a different

donor. Each condition was run in quadruplicates.
5.2.8 CyQUANT® Direct Cell Proliferation Assay

Changes in cell number over time in the presence of CoBG-conditioned or growth (a-MEM) medium
were evaluated using the CyQUANT® Direct Cell Proliferation Assay (Life Technologies, UK). The
assay was performed according to the manufacturer’s instructions. In brief, 5 x 10° cells/cm? of passage
5 - 6 hMSCs were seeded in 96-well plates. After 24 h the medium was replaced by growth or CoBG-
conditioned medium containing 10% (v/v) FBS (Seraplus, Pan-Biotech, Germany), 100 U/mL
penicillin and 100 pg/mL streptomycin (Gibco®, UK) and 20 mM HEPES (Gibco®, UK). As an
additional control, a-MEM medium was supplemented with 100 uM CoCl,. The medium was changed
every other day over the course of the experiment. To avoid confluency throughout the 7 days culture
period, a lower cell density compared to the MTT assay was chosen. After 1, 4 and 7 days respectively,
the medium was removed and cells were gently washed once with PBS prior to addition of CyQUANT®
Direct Cell Proliferation Assay kit in phenol-free high glucose DMEM (Gibco®, UK). As background
reference, empty wells filled with CyQUANT® Direct Cell Proliferation Assay kit were used. After 1
h fluorescence was excited at 480 nm and emission was quantified at 535 nm using a microplate reader
(SpectraMax MS5, Molecular Devices, UK). Three independent repeats of the experiment were

performed each time using a different donor. Each condition was run in quadruplicates.
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5.2.9 Filamentous actin staining

To visualise hMSC morphology in presence of CoBG-conditioned medium, hMSCs were stained for
filamentous actin (F-actin) after 1, 4 and 7 days of culture. Passage 5 hMSCs were seeded at a density
of 4,000 cells/cm? on p-Slide 8 Well Glass Bottom slides (ibidi®, UK). Cells were allowed to adhere
for 24 h before medium was replaced by CoBG-conditioned or growth medium containing 10% (v/v)
FBS (Seraplus, Pan-Biotech, Germany). Growth medium supplemented with 100 pM CoCl, served as
positive control. At the indicated time points, F-actin staining was performed using standard procedures.
In brief, cells were fixed with 4% (v/v) PFA (Sigma, UK) in PBS (Gibco®, UK) for 15 min at RT and
washed three times afterwards. To permeabilise the cells, 0.2% (v/v) Triton X (Sigma Aldrich, UK) in
PBS was added for 2 min. After three washes, cells were incubated in 3% (v/v) goat serum (Dako, UK)
in 0.1% (v/v) Triton X/PBS for 30 min at RT. To stain the F-actin, Alexa Fluor 488® phalloidin (1:80)
(Life Technologies, UK) in 1.5% (v/v) goat serum/0.1% (v/v) Triton X/PBS was added for 20 min to
the cells and incubated protected from flight. To highlight the hMSC nuclei, 4’, 6-Diamidino-2-
phenylindole dihydrochloride (Dapi) (1:5000) (Sigma, UK) was additionally added. Dapi is a cell
permeable highly sensitive fluorescent probe for DNA. After three washes, the cells were imaged using
an epifluorescent microscope (EVOS® FL Cell Imaging System; Life Technologies, UK). Phalloidin
is a bicyclic heptapeptide which belongs to a family of toxins isolated from the death cap mushroom
(Amanita phalloides). As phalliodin binds selectively to F-actin with very high affinity, it is commonly

used for visualising the cytoskeleton of cells.
5.2.10 Colony forming units —fibroblast (CFU-F) assay

Classically, the CFU-F assay is used to measure the clonogenic potential of a population of MSCs and
thus to identify the fraction of MSCs with early-progenitor like phenotype. A subset of MSCs is deemed
as clonogenic if it is able to generate colonies from single cells when plated in culture. In order to
perform a CFU-F assay, a single cell suspension is prepared and the cells are seeded at a very low
density to be able to analyse cell proliferation independent from the presence of other cells. Here, 5
cells/cm? were seeded in 6-well plates in growth medium. After 24 h, the medium was exchanged to
CoBG-conditioned or growth medium containing 20 mM HEPES (Gibco®, UK), 10% (v/v) FBS
(Seraplus, Pan-Biotech, Germany) and 5 ng/uL bFGF (Fitzgerald, USA). Medium was replaced every
4 days. After 14 days, cells were washed once in PBS prior to addition of ice cold 70% (v/v) methanol
in PBS for 10 min. After fixation, the cells were washed three times in PBS, followed by the addition
of a solution of 0.5% (w/v) crystal violet (Sigma-Aldrich, UK) in 25% (v/v) methanol in PBS for 10
min at RT. Then, cells were repeatedly washed with PBS, air-dried and colonies of >35 cells were
counted with the aid of an inverted light microscope (IX51 inverted microscopy system, Olympus, UK).
Three independent repeats of the experiment were performed each time using a different donor. Each

condition was run in quadruplicates.
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5.2.11 Migration or scratch assay

To study the migration of hMSCs in the presence of CoBG-conditioned medium, a scratch assay was
performed. In brief, passage 4 hMSCs were seeded at a density of 20,000 cells/cm? in a 48-well plate
and grown until confluence. Cells were starved in serum free CoBG-conditioned or CoBG extract free
o-MEM medium in the presence or absence of 100 uM CoCl, for 18 h. To mimic an injury-induced
environment, a pl000 pipette tip was used to introduce a “scratch” in the confluent cell layer.
Afterwards, cells were gently rinsed in serum-free o-MEM medium prior to addition of CoBG-
conditioned or CoBG extract free a-MEM medium (with or without 100 uM CoCl») containing 2%
(v/v) FBS (Seraplus, Plan-Biotech, Germany). Three independent repeats of the experiment were
performed each time using a different donor. Each condition was run in quadruplicates. Cell migration
was captured using an inverted light microscope (IX51 inverted microscopy system, Olympus, UK)
after O h, 6 h, 24 h and 48 h. Using ImagelJ, the distance between the edges of the scratch was quantified
to measure cell migration. For each well, two images were taken and the width of the scratch was
measured at 5 equally distributed points per image (in total 10 per scratch). Wound closure was
calculated using the following formula: Wound closure rate = (the distance before healing - the distance

after healing)/the distance before healing * 100%.

5.2.12 Statistical analysis

To determine statistical significance, a one-way ANOV A combined with Tukey post-hoc test was used
for experiments with one time point. For experiments with multiple time points, a two-way ANOVA
followed by Bonferroni post-hoc test was used. Results with p-values lower than 0.05 were deemed

significant. All data are expressed as mean + standard deviation (SD).
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5.3 Results

Following on from the results presented in Chapter 4, the influence of CoBG dissolution products was
further studied with respect to general hMSC behaviour and stem cell properties. For this purpose, the
same glass compositions and protocols outlined previously to obtain CoBG-conditioned medium were
used. Again, there was a special interest in addressing the question whether tuning of the cobalt ion

concentration within the CoBG-conditioned medium had a dose-dependent effect.
5.3.1 Ionic composition of CoBG-conditioned a-MEM medium

To recapitulate, increasing amounts of cobalt ions were incorporated into the bioactive glass
composition 49.46 mol% SiO;, (23.08 — X mol%) CaO, X mol% CoO, 26.38 mol% Na,O, 1.07 mol%
P,0s by substitution with calcium on a molar basis (where X equals 0, 1, 1.5 or 2 mol% cobalt
substitution) to evaluate the influence of cobalt-doped bioactive glasses on hMSC behaviour and to
identify cobalt dose-dependent effects. To prepare CoBG-conditioned medium, CoBG particles were
incubated for 4 h in a-MEM. The cobalt ion release into a-MEM increased according to its molar
content in the glasses (Table 5.2). Co** concentrations of 102 uM, 187 uM and 272 uM were measured
in 0-MEM medium conditioned with 1%CoBG, 1.5%CoBG and 2%CoBG particles, respectively. The
measured cobalt ion content in the 100 pM CoCl, supplemented control was slightly lower than
anticipated (85 uM). For all cobalt-containing compositions, the cobalt ion content in the conditioned
medium fell within the range of concentrations routinely used to mimic hypoxia in vitro (100 - 300 uM)
and was comparable to the results obtained with high glucose DMEM medium (Table 4.4). The
elemental concentrations of silicon, calcium and phosphorous in the bioactive glass-conditioned media
were comparable between all glass compositions. Similar to the observation made for DMEM, there
was a lower amount of phosphorous present in the CoBG-conditioned medium compared to the control

which was most likely due to a partial precipitation of calcium phosphate.
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Table 5.2: Ion content of CoBG-conditioned a-MEM medium. Elemental concentrations of CoBG
ionic dissolution products (Si, Ca, P and Co) in a-MEM medium. CoBG particles were incubated in
a-MEM for 4 h at 37°C under constant agitation. Elemental concentrations of CoBG-conditioned and
plain a-MEM medium (n = 7) as well as a-MEM medium supplemented with 100 uM CoCl; (n = 3)
were measured by ICP-OES. lon concentrations are presented as mean = SD of 7 or 3 independent
experiments, respectively (in ppm unless otherwise indicated). The ICP-OES was operated with the
assistance of Miss Anu Solanki. ND = non-detectable.

Si Ca P Co Co (uM)
o-MEM ND 65+4 29+5 ND ND
0%CoBG 66+4 159+ 10 15+3 ND ND
1%CoBG 62+£5 148 £ 10 18 +£3 6=+1 102
1.5%CoBG 64+£5 158+9 21+4 11+1 187
2%CoBG 62+3 156 + 14 17£3 162 272
100 pM CoCl, ND 59+2 29+2 5+1 85

As mentioned in Chapters 3 and 4, partial dissolution of bioactive glasses causes an increase in pH in
the BG-conditioned medium. To ensure that cell behaviour was not influenced by great discrepancies
in pH between the CoBG-conditioned and bioactive glass free media, the pH was measured before and
after equilibration (Table 5.3). Prior to cell culture, CoBG-conditioned medium was incubated for at
least 4 h or over-night in a standard cell culture incubator (37°C, 5% (v/v) CO>). Prior to equilibration,
the pH differed notably when CoBG extract-free a-MEM was compared to CoBG-conditioned a-MEM.
After equilibration, the differences in pH between a-MEM only and a-MEM containing CoBG extracts

were markedly reduced. The pH of all media containing CoBG extracts were comparable.

Table 5.3: pH values of a-MEM and CoBG-conditioned a-MEM medium before and after
equilibration. CoBG-conditioned and CoBG extract-free a-MEM media were equilibrated under
standard cell culture conditions (37°C, 5% (v/v) CO,) for at least 4 h or over-night. As an additional
control 100 pM CoCl; was added to a-MEM medium and its pH measured along with the other
conditions. pH values are expressed as a mean + SD of 3 independent experiments.

pH before pH after
o-MEM 7.27£0.15 7.29 £ 0.04
0%CoBG 8.25+0.09 7.55+0.08
1%CoBG 8.18 £0.05 7.56 £0.05
1.5%CoBG 8.12+0.10 7.56 £0.04
2%CoBG 8.21 +0.04 7.58 £0.09
100 pM CoCl, 7.30+0.20 7.30 £0.15
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5.3.2 Stabilisation of HIF-1a by CoBG dissolution products

It is generally accepted that oxygen availability influences the behaviour of cells*”. The HIF-1 pathway
has been identified as major oxygen sensing mechanism in the cell and shown to mediate the cells’
response to changes in oxygen tension. HIF-1a is the master regulatory protein of the HIF-1 pathway
and is responsible for the transcriptional activation of hypoxia-responsive genes. Cobalt exerts its
hypoxia-mimicking properties through the artificial, oxygen tension-independent stabilisation of HIF-
la. The ion’s hypoxia-mimicking properties have been demonstrated in various cell types? 210-391. 465,

To assess whether the CoBG dissolution products mimicked hypoxia in hMSCs, HIF-1a protein
abundance was measured after 4 h and 48 h of culture in CoBG-conditioned medium (Fig. 5.2).
Quantification of HIF-1a protein abundance is widely used to assess whether the HIF-1 pathway is
activated. In the literature, 4 h is a commonly chosen time point to study the stabilisation of HIF-1a
upon exposure to either low oxygen tension or hypoxia-mimicking agents. After 4 h, exposure to
1.5%CoBG, 2%CoBG as well as the 100 uM and 200 pM CoCl, controls significantly increased the
amount of HIF-1a protein compared to 0%CoBG and CoBG extract-free a-MEM (growth medium)
(Fig. 5.2A). 0%CoBG had no effect on HIF-1a stabilisation. After 48 h of culture in CoBG-conditioned
or growth medium, the HIF-la protein level remained significantly up-regulated in presence of
2%CoBG dissolution products, 100 uM CoCl, and 200 uM CoCl, compared to 0%CoBG or growth
medium (Fig. 5.2B). 1.5%CoBG dissolution products increased HIF-lo abundance compared to
0%CoBG. The amount of HIF-1a was elevated in presence of 1%CoBG dissolution products after 4 h
and 48 h; however, this was not statistically significant. Comparing the two time points, the degree of
HIF-1a up-regulation appeared more pronounced after 4 h. When HIF-1a protein expression after 48 h
was assessed by Western blot analysis, a prolonged enhancement of HIF-1a in presence of cobalt ions
was further corroborated (Fig. 5.2C). Interestingly, HIF-1a protein appeared to be particularly up-

regulated in presence of cobalt-containing CoBG release products, beyond the 100 uM CoCl; reference.
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Figure 5.2: Effect of CoBG dissolution products on HIF-la protein abundance. hMSCs were
cultured for A) 4 h or B), C) 48 h in CoBG-conditioned or CoBG-free growth (GM) medium in presence
or absence of 100 pM or 200 uM CoCl,. A, B) The protein abundance of HIF-1a was quantified by In-
Cell Western and normalised to DNA. Data are expressed as mean + SD of A) 4 and B) 3 independent
experiments using different donors. *p<0.05, **p<0.01, **p<0.001, as calculated by a one-way
ANOVA with Tukey post-hoc test. For visual display, significant differences between GM and CoBG-
conditioned medium are indicated separately. ¥p<0.05 (vs. GM), ¥p<0.01. C) HIF-la protein
expression in hMSC whole cell lysates was visualised by Western blot analysis.

5.3.3 hMSC metabolic activity and proliferation in CoBG conditioned medium

To investigate whether CoBG dissolution products had an influence on cell growth and proliferation,
hMSCs were treated with the various CoBG-conditioned media as well as 100 pM CoCl, for up to 7
days (Fig. 5.3). A time and dose-dependent influence of CoCl, treatment on cell metabolic activity and
proliferation has been observed in several studies*?* 444 ‘While at early time points (up to 24 h) CoCl,
seemed to have either no or a positive influence on cell growth, prolonged exposure reduced metabolic

activity and cell number compared to growth medium.

5.3.3.1 hMSC metabolic activity in presence of CoBG dissolution products

hMSC metabolic activity was measured by the MTT assay on days 1, 4 and 7 of culture (Fig. 5.2A).
After 24 h of treatment, the metabolic activity was comparable between conditions. Similarly, there
were no significant differences between conditions after 4 days of culture. After 7 days of culture,

metabolic activity of hMSCs cultured in 1.5%CoBG-conditioned and 100 uM CoCl,-supplemented
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medium was significantly lower compared to 0%CoBG (p<0.05 and p<0.01 respectively). Furthermore,
metabolic activity of hMSCs cultured in 2%CoBG-conditioned medium was significantly lower than in
0%CoBG (p<0.001) and 1%CoBG (p<0.05) as well as growth medium (p<0.05) on day 7, indicating a
cobalt dose-dependent effect. Over time, metabolic activity was significantly increased in the 0%CoBG

condition but not in the growth medium condition when days 1 and 7 were compared (p<0.05).

5.3.3.2 hMSC proliferation in presence of CoBG dissolution products

To investigate whether the differences in metabolic activity were due to lower cell numbers, cell
proliferation was monitored using the CyQUANT® Direct Cell Proliferation Assay on days 1, 4 and 7
of culture (Fig. 5.3B). There were no differences in cell number on day 1 between conditions. After 4
and 7 days of culture cell number was significantly lower in presence of 2%CoBG dissolution products
than in the 0%CoBG condition (p<0.05). Overall, the cell number seemed to increase over time for all
conditions, yet the increase in signal intensity was only significant for 0%CoBG when days 1 and 4 and
days 1 and 7 were compared (p<0.05). Corresponding to metabolic activity, there was no significant
difference in cell number between growth medium and 1%CoBG as well as between 100 uM CoCl, and
1.5%CoBG. Overall, the results for hMSC metabolic activity correlate nicely with those obtained for
cell proliferation. Thus, the bioactive glass induced differences in cell number may, at least partly, be

responsible for the trends observed for metabolic activity.
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Figure 5.3: Effect of CoBG extracts on hMSC metabolic activity and cell abundance. h\MSC were
cultured in CoBG extract-free growth medium (GM) or CoBG-conditioned medium for up to 7 days.
After 1, 4 and 7 days of treatment, A) metabolic activity was measured by the MTT assay and B) cell
proliferation over time was assessed using the CyYQUANT® Direct Cell Proliferation Assay. A, B) Data
are expressed as mean £ SD of 3 independent experiments using different donors. B) Data were
normalised to growth medium on day 1. Statistical significance was assessed by two-way ANOVA
followed by Bonferroni post-hoc test. *p<0.05, **p<0.01, ***p<0.001. A) For visual display,
significant differences between GM and CoBG-conditioned medium are indicated separately. ¥p<0.05
(vs. GM). A, B) Statistically significant changes over time are not indicated in the figure. A) Metabolic
activity was significantly higher in presence of 0%CoBG extracts when days 1 and 7 were compared
(»<0.01). B) Comparing days 1 and 4 as well as days 1 and 7, cell number increased significantly for
0%CoBG (p<0.05).

5.3.3.3 hMSC morphology in presence of CoBG dissolution products
To assess if cell morphology was altered in presence of CoBG dissolution products, the actin
cytoskeleton of hMSCs was stained on days 1, 4 and 7 of culture (Fig. 5.4). Overall, there were no
differences in cell morphology observed over time between conditions; however, cell density appeared
to be lower in the 2%CoBG condition after 7 days of culture. The fact that there were no visible signs
of an increased cell death in presence of cobalt-containing dissolution products or supplemented cobalt
ions further indicated that the reduced cell number and metabolic activity were likely not due to an
immediate cobalt-dependent cell death but rather a change in cell cycle or the induction of senescence.
After 24 h of exposure, hMSCs showed an eclongated, fibroblast-like phenotype which
progressively changed to a more flattened out morphology as cells became more confluent independent
of the culture conditions. With increasing cell density, hMSCs appeared to aggregate in small bundles
while retracting from other, neighbouring cells. A similar observation has been made by Grayson et al.,

however, the bundle formation was only apparent in normoxic conditions and abrogated by hypoxia*!.
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Figure 5.4: Effect of CoBG dissolution products on hMSC morphology. hMSC were cultured in
growth (GM), CoCl,-supplemented or CoBG-conditioned medium for up to 7 days. After, 1, 4 and 7
days hMSCs were stained for filamentous actin using phalloidin. Visual assessment of hMSC

morphology suggested a progressive flattening of hMSCs over time irrespective of the culture medium.
Scale bars = 200 pm.
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5.3.4 Effect of CoBG extracts on CFU-F forming ability and hMSC migration

The therapeutic potential of MSCs for cell therapy and tissue engineering relies on the preservation of
stem cell/progenitor cell-like properties. Previous in vitro and in vivo studies have demonstrated an
increase in OCT4 expression in vitro and an enhanced regenerative potential in vivo after
(pre-)treatment with the hypoxia-mimicking agent CoCl,. To evaluate the influence of CoBG
dissolution products on hMSC stem-cell like properties and migration, CFU-F formation was assessed

and a wound healing assay was performed.

5.3.4.1 CFU-F formation by hMSCs in presence of CoBG dissolution products

To investigate the influence of CoBG dissolution products on colony forming ability of hMSCs, cells
were plated at 5 cells/cm? and cultured for 14 days in growth or CoBG-conditioned medium (Fig. 5.5).
The number of colonies was significantly lower for all cobalt-containing CoBG conditions compared
to growth medium (p<0.05). The presence of cobalt ions almost completely abolished colony formation
with no colonies observed in the 1.5%CoBG and 2%CoBG conditions in three independent experiments
using different donors. The number of colonies formed differed depending on the donor but showed a
similar trend. The hMSCs commercially obtained from Lonza, UK formed the highest number of
colonies likely owing to the younger age of the donor*'é. While the difference was not significant, the
amount of colonies in presence of 0%CoBG dissolution products was consistently lower compared to

growth medium in all independent experiments.
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Figure 5.5: Effect of CoBG extracts on CFU-F formation by hMSCs. hMSC colony formation—
fibroblast (CFU-F) efficiency was assessed after 14 days of culture in growth (GM) or CoBG-
conditioned medium. In presence of bioactive glass dissolution products, the number of colonies was
reduced with a particular influence of cobalt within the bioactive glass extracts. Data are expressed as
mean £+ SD of 3 independent experiments using different donors. ¥p<0.05 as calculated by a one-way
ANOVA with Tukey post-hoc test. ND = non-detectable.
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5.3.4.2 Migration of hMSCs in presence of CoBG dissolution products
To assess the effect of CoBG dissolution products on migration of hMSCs, a scratch assay was
performed (Fig. 5.6A). In brief, hMSCs were grown until confluency and starved in CoBG-conditioned
or growth medium with or without 100 uM CoCl, supplementation for 18 h prior to the introduction of
a vertical “scratch” using a p1000 pipette tip. The width of the scratch was used as measure for hMSC
migration and was determined after O h, 6 h, 24 h and 48 h. There were no significant differences
between groups at all time points. Cells treated with growth medium, 0%CoBG and 1%CoBG had a
comparable migratory activity. When wound closure over time was analysed, the width of the scratch
was reduced significantly in all conditions save 2%CoBG after 24 h (compared to 6 h) (p<0.01 for
growth medium, 0%CoBG, 1%CoBG and 100 pM CoCl,, p<0.05 for 1.5%CoBG). This result implies
a cobalt-concentration dependent effect within the CoBG dissolution products further underscoring the
previously obtained results. When 6 h and 48 h were compared, wound closure was significantly higher
for all conditions (all p<0.001).

As wound closure efficiency was not enhanced in presence of CoBG dissolution products or
CoCl,, it was investigated whether the protein level of CXCR4 was affected by CoBG-conditioned
medium. CoBG-conditioned or growth medium was used to culture hMSCs for 24 h before CXCR4
protein expression was quantified by In-Cell Western analysis (Fig. 5.6B). There were no significant
differences in CXCR4 expression in response to CoBG-dissolution products. However, this result needs
to be considered with caution as only two independent experiments using different donors were
performed. As CXCR4 has been identified as HIF-1a target gene, it was surprising that despite HIF-1a
up-regulation CXCR4 levels remained comparable to growth medium. Since cells were permeabilised
for In-Cell Western analysis, the fraction of CXCR4 protein within the plasma membrane may have
been lost. CXCR4 is a 7-transmembrane G-protein coupled receptor with a predicted molecular weight
for glycosylated monomers of 45 - 47 kDa. Therefore, whole cell lysates were subjected to Western
blot analysis (Fig. 5.6C). Here, h(MSCs were treated for 16 h in CoBG-conditioned medium with growth
medium and medium supplemented with 100 uM CoCl; serving as references. Immunoblotting with the
CXCR4 antibody resulted in several bands spanning molecular weights from approximately 50 kDa to
150 kDa. The lowest band corresponded to the band detected by the anti-CXCR4 antibody used for In-
Cell Western analysis (Fig. 5.1B). Densiometric quantification of the 50 kDa band from two
independent repeats using different donors showed a trend towards higher CXCR4 protein levels in
presence of 1%CoBG and 1.5%CoBG dissolution products as well as 100 uM CoCl,. However, the
results obtained by Western blot analysis are very preliminary and need to be carefully evaluated. When
the other bands were quantified, there was no common trend between donors. Previous studies using
whole cell extracts of primary cells have reported heterogeneity in molecular weight for CXCR447°,
Lapham et al. contributed the variations in molecular weight to glycosylation and ubiquitination*’°.

Similarly, Wynn et al. observed bands corresponding to 66 kDa and 130 kDa in hMSC whole cell
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extracts*!. After deglycosylation with N-glycosidase F, a single band with a molecular weight of

approximately 48 kDa was detected.
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Figure 5.6: Effect of CoBG extracts on hMSC migration and CXCR4 expression. A) The scratch
assay was used to determine the effect of CoBG-dissolution products on hMSC migration. Migration
distance was captured at 6 h, 24 h and 48 h after a "scratch" was created in the cell monolayer.
Percentages of wound closure at the indicated time points for all conditions are shown. Values are
expressed relative to the width of the scratch at r = 0. Data are represented as mean = SD of 3
independent experiments using different donors. Statistical significance was assessed by two-way
ANOVA followed by Bonferroni post-hoc test. There were no statistical significant differences between
groups. Statistically significant changes over time are not indicated in the figure. The width of the
scratch was significantly smaller after 24 h (compared to 6 h) for all conditions save 2%CoBG (p<0.01
for growth medium (GM), 0%CoBG, 1%CoBG and 100 uM CoCl,, p<0.05 for 1.5%CoBG). When 6 h
and 48 h were compared, the width of the scratch was significantly reduced for all conditions (all
p<0.001). B) CXCR4 protein expression in hMSCs cultured in growth (GM) or CoBG-conditioned
medium for 24 h. Protein expression was measured by In-Cell Western analysis and is expressed relative
to GM. Data are represented as mean = SD of two independent experiments using different donors. C)
Evaluation of CXCR4 protein expression in hMSCs after culture in CoBG-conditioned or GM medium
for 16 h. Additionally, h(MSCs were cultured in GM medium supplemented with 100 uM CoCl,. Several
bands were detected by the anti-CXCR4 antibody that likely owed to post-translational modification of
CXCRA4. The Western blot is representative of three independent experiments using different donors.
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5.3.5 Downstream effect of CoBG dissolution products on hMSC cell cycle

Considering the cobalt dose-dependent reduction in cell proliferation and abolishment of CFU-F
formation, the question was pursued whether the CoBG dissolution products had an influence on cell
cycle regulation. Since cobalt has previously been shown to affect p21 expression, the p21 content in
hMSCs was assessed after exposure to CoBG dissolution products. Previous studies observed changes

in p21 protein expression after 12 h*’!, 16 h*’? or 24 h*®

of hypoxic or CoCl, treatment. Therefore, it
was chosen to investigate if CoBG dissolution products had an influence on p21 protein expression in
hMSCs after 16 h of culture in growth medium, 100 uM CoCl, supplemented or CoBG-conditioned
medium. Whole cell lysates from three different hMSC donors were subjected to Western blot analysis
for p21 quantification (Fig. 5.7A). Comparison of p21 expression in three different donors showed that
there was no common trend in p21 regulation that was dependent on the culture condition. This result
may be explained by one or a combination of factors apart from donor variability: 1) regulation of p21
expression might have taken place at an earlier or later time point, 2) CoBG dissolution products may
only induce subtle changes in p21 expression that were not detected as cells had not been synchronised
in their cell cycle prior to the experiment or 3) as studies have shown that p21 expression is cell-density
dependent*’?, differences in hMSC confluence may have masked a possible influence of CoBG
dissolution products.

As previously mentioned, the regulation of p21 is highly complex; however, p53 is a known

inducer of p21 gene expression***

. P53 is probably one of the most well-known transcription factors
and famous for its role as tumour suppressor. One of its most prominent roles is to induce cell cycle
arrest and, if appropriate, apoptosis in response to a variety of environmental stresses including DNA
damage and hypoxia*’**’*, While hypoxia is known to induce p53, the interplay between HIF-10 and
p53 remains yet to be fully characterised. An et al. reported that induction of HIF-1a either by hypoxia
or CoCl, resulted in an accumulation of p53 in MCF7 cells*”>. The authors claimed that the increase of
p53 was mediated through HIF-1a dependent stabilisation of the protein but not by transcriptional
transactivation. As p353 is known to activate p2147® and the p53-p21 pathway is associated with growth
arrest, p53 protein expression was quantified alongside of p21 (Fig. 5.7B). P53 protein abundance
appeared to be differentially regulated by the different conditions and followed a similar trend in the
three tested hMSC donors. After 16 h of culture in control or CoBG-conditioned medium, the p53
protein content was higher in growth medium than in all other conditions. The lack of p53 up-regulation
might indicate that CoBG dissolution products did not activate the p53-dependent apoptosis pathway
after 16 h of treatment. Interestingly, the level of p53 was lower in cells cultured in 100 uM CoCl,
supplemented growth medium than CoCl,-free growth medium. While this result warrants further

confirmation, this may point towards a cobalt-dependent effect. Yet, cells treated with 0%CoBG

dissolution products similarly had a lower p53 level.
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Figure 5.7: Effect of CoBG dissolution products on protein expression of the cell cycle regulators
p21 and p53. A, B) hMSCs were cultured in growth (GM), 100 uM CoCl; supplemented or CoBG-
conditioned medium for 16 h. Whole cell lysates of three different hMSC donors were subjected to
Western blot analysis. A) There was no common trend in p21 protein expression when the independent
repeats were compared. Exemplary Western blots of p21 and the loading control GAPDH are shown.
B) P53 protein abundance seemed to be increased in growth medium compared to all other conditions.
A representative Western blot of p53 with the loading control GAPDH is shown. C) Densitometry
quantification of the cellular p53 content (normalised to GAPDH) for the representative Western blot
shown in B).

5.3.6 Summary

Taken together, data presented in this chapter support the notion that CoBG-dissolution products
influence hMSC behaviour in a cobalt-dose and exposure time-dependent manner. While 0%CoBG-
conditioned medium performed at least as good as CoBG extract-free medium, the incorporation of
cobalt appeared to induce a senescent-like state in hMSCs. Yet, culture in 1%CoBG-conditioned
medium resulted in a similar outcome as CoBG extract-free medium outperforming 100 uM CoCl,
despite similar cobalt ion levels. This observation may support the use of bioactive glasses as carriers

for key ions to influence cell behaviour.
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5.4 Discussion

In this chapter, the influence of a series of CoBGs with increasing cobalt content on hMSC behaviour
was studied. In particular, the effect of the ions released from such glasses was evaluated. The cobalt
ion content in the CoBG-conditioned a-MEM medium increased corresponding to the molar cobalt
content in the glasses and fell within the range of concentrations routinely used to mimic hypoxia in
vitro. The cobalt-containing CoBG dissolution products successfully enhanced HIF-1a stabilisation in
hMSCs after 4 h. Continuous culture in CoBG dissolution products maintained this increase in HIF-1a
stabilisation for at least 48 h. Azevedo et al. had previously shown an increase in HIF-1a activity in
hMSCs after 8 h of exposure to CoBG-conditioned medium using the same CoBG compositions,
corroborating the findings presented in this chapter’*’. Furthermore, Azevedo et al. demonstrated
hypoxia target gene up-regulation in hMSCs in response to dissolution products derived from cobalt-
doped bioactive glasses of the same compositions as used in this thesis. Therefore, an increase in
HIF-1a abundance was assumed to promote the expression of HIF-1 downstream target genes. To prove
this, the gene or protein level of HIF-1 targets such as VEGF should have been measured. Whether ion
dissolution products from cobalt-free bioactive glasses have an effect on the HIF-1 pathway as well
merits further research. Azevedo et al. have shown a differentially regulated gene expression of target
genes of the HIF-1 pathway after exposure to 0%CoBG-conditioned medium?®. In this context, a
previous study has shown that calcium ions might affect HIF-1la synthesis and degradation*’’.
Therefore, increased intracellular calcium levels through 0%CoBG dissolution products may cause a
reduction in HIF-1a content!,

Metabolic activity of hMSCs in presence of 0%CoBG dissolution products was comparable to
the CoBG extract-free growth medium. In contrast, incorporation of cobalt into the glass composition
or supplementation with 100 uM CoCl; significantly reduced metabolic activity compared to growth
medium and 0%CoBG on day 7. Interestingly, 1%CoBG performed similarly to the growth medium
condition underscoring the importance of carefully tailoring the cobalt release from biomaterials. Since
no significant differences between conditions were observed after 24 h or 4 days, the length of exposure
to CoBG dissolution products appeared to be critical. Supporting the observations described in this
chapter, a cobalt dose-dependent reduction of hMSC metabolic activity has been reported in other
studies for CoCl, concentrations of as low as 10 pM*% 478, The alamarBlue® assay described in Chapter
4 indicated an increase in metabolic activity in presence of cobalt-containing bioactive glass extracts
after 48 h. The differences in outcome may be due to several factors. Firstly, the metabolic activity of
hMSCs was evaluated at early time points using alamarBlue®. A significant increase in metabolic
activity was observed with alamarBlue® for 1.5%CoBG after 48 h, a time point which was not studied
using MTT assay. Secondly, alamarBlue® assay was performed on hMSCs cultured in DMEM CoBG-
conditioned medium while hMSCs were cultured in a-MEM medium containing CoBG extracts for the

MTT assay. While the ionic composition of both CoBG-conditioned media was similar, other medium
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constituents, such as glucose, might differ and affect the response to cobalt. Apart from differences in
experimental set-up, alamarBlue® and MTT assays work differently even though they are both
colorimetric assays and rely on the reduction of the respective dyes. A number of enzymes can reduce
both alamarBlue® and MTT, but only alamarBlue® is reduced by mitochondrial cytochromes. In
addition to mitochondrial reductases, also cytoplasmic enzymes are known to reduce alamarBlue®.
Interestingly, a difference in outcome between alamarBlue® and MTT assays was also observed by Dr.
Maria Azevedo (PhD Thesis “Hypoxia-mimicking bioactive materials for skeletal tissue engineering”,
Imperial College London, Department of Materials, 2012) supporting the notion that cobalt ions may
differentially affect the cellular cytoplasmic reduction potential and/ or mitochondrial enzyme activities,
respectively.

Corresponding to the results observed for metabolic activity, cobalt-containing CoBG
dissolution products had a dose and time-dependent effect on cell number. Medium conditioned with
0%CoBG did not significantly differ from bioactive glass-free growth medium, while previous studies
have reported an enhanced cell proliferation in presence of bioactive glass dissolution products'#’.
Corresponding to the results obtained with the MTT assay, cell proliferation was comparable between
1%CoBG and growth medium. In line with the findings presented herein, previous studies have
observed lower cell numbers and a reduced metabolic activity in presence of cobalt ions compared to
the respective control*** ¢, Since there was no reduction in cell abundance or metabolic activity on
days 4 and 7 of culture compared to day 1, cobalt appeared to influence cell proliferation rather than
initiating cell death. Corroborating this hypothesis, in the study by Pacary et al., cells accumulated in
the GO/ G1 phase of the cell cycle in presence of cobalt ions and regulatory cell cycle proteins were
found to be increased**” %, Interestingly, low oxygen tension is usually associated with higher cell
numbers and an enhanced rate of proliferation. In a study by Ren et al. the number of hMSCs treated
with 100 uM CoCl, were compared with culture in a reduced oxygen environment (8%)*”°. After 3
days, the number of hMSCs was reduced in presence of CoCl, while low oxygen tension increased cell
numbers compared to the normoxic control. This finding suggests a different mode of action of
physiological hypoxia and hypoxia mimetic agents. Yet, there is also conflicting data as hMSC cell
viability was only reduced by 500 uM CoCl; but unchanged in presence of 100 uM CoCl, after 4 days
of exposure in a study by Ciavarella et al. possibly indicating donor-dependent effects*®. To better
characterise the influence of CoBG dissolution products on cell death, an apoptosis assay could have
been performed.

Alterations in MSC morphology can be related to loss in progenitor-cell phenotype,
differentiation and apoptosis to name a few mechanisms. To investigate if CoBG-dissolution products
or the supplementation of CoCl, to growth medium had an influence on morphology, hMSCs were
stained for F-actin. While there was no difference between conditions, hMSC morphology was found
to flatten over time. Yet, cell density was lower after 7 days of culture in presence of 2%CoBG ion

dissolution products underscoring the previously obtained results. In this context, culture time- and cell
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density-dependent changes in MSC cell morphology have been previously described and correlated
with proliferative and multilineage differentiation potential**!. Small MSCs with a thin and spindle-like
shape exhibited a good proliferative and multilineage differentiation capacity. In contrast, large, flat
cell shape was associated with proliferative arrest and senescence and such cells have been termed
“mature MSCs” by Colter et al. ¥*2. A previous study evaluated hMSC morphology in presence of
hypoxia-mimicking agents CoCl, and deferoxamine by atomic force microscopy (AFM) and
transmission electron microscopy (TEM)*®. In contrast to the results presented in this chapter, Zeng et
al. observed CoClx-dependent differences in cell morphology*®. hMSCs were found to be elongated
after 4 days of exposure to CoCl: and there were fewer cell-cell contacts accompanied with more gaps
between adjacent cells. The discrepancies between the findings may be accounted for by the different
source of hMSCs (umbilical cord vs. bone marrow), the age of the donors (infants vs. adults) or the
passage numbers (3 vs. 5 - 6). Furthermore, cell morphology was evaluated by F-actin staining
combined with a fluorescence microscope which is a rather crude approach compared to the use of
AFM and TEM by Zeng et al..

Previous studies have shown that hypoxia enhanced the stem cell-like properties of
MSCs** 4% and exposure to 100 uM CoCl, for 7 days increased OCT4 expression in periodontal
ligament cells**’. Data presented in this chapter demonstrated that the ability to form CFU-Fs was
drastically reduced in the presence of cobalt-containing bioactive glass dissolution products. This
finding may indicate a loss of replicative potential and/or stem cell properties which corroborates the
data obtained by MTT/CyQUANT® Direct Cell Proliferation assays and the pronounced reduction of
chondrogenic lineage commitment described in Chapter 4. Surprisingly, hMSCs cultured in 0%CoBG-
conditioned medium formed fewer CFU-Fs than in growth medium; however, this was not statistically
significant. Since cell proliferation was found to be at least comparable, a similar performance to growth
medium could have been expected. With an average of 8% colony forming ability in the growth medium
condition, the hMSCs did not show an exceptionally good replicative potential but performed better
than other donors in the literature*®. Ideally, CFU-F assays are performed with early-passage hMSCs
that have preferably not undergone any freeze-thaw cycles. The hMSCs used in this chapter were frozen
twice in the case of the commercially obtained hMSCs and once with respect to the hMSCs isolated at
AO Foundation Davos. Cells from all donors had been initially expanded. Banfi ef al. observed that a
three week expansion of freshly isolated hMSCs reduced the fraction of clonogenic cells to 14%*%.
Interestingly, a study by Tamama et al. suggested that low oxygen tension enhanced CFU-F formation
of immortalised MSCs despite gene knock down of HIF-1a, HIF-2a or HIF-1B by shRNAs*®. The
authors concluded that hypoxia promoted the CFU-F formation ability in a HIF-1 pathway independent
manner. Yet, gene expression of the HIFs was not completely abrogated by the shRNAs and low
amounts of the HIF proteins were still detected by Western blot analysis. Therefore, an influence of the
HIF-1 pathway cannot be fully excluded. In contrast, transfection with constitutively stabilised HIF-1a

in hMSCs increased the CFU-F efficiency in ambient conditions to levels observed with hypoxic culture
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in a study by Park et al.*®. As the constitutively stabilised HIF-1a did not enhance overall hMSC
proliferation, the authors hypothesised that it selectively affected the proliferative potential of colony-
forming mesenchymal progenitor cells. To further characterise the stem-cell like properties of hMSCs
cultured in CoBG dissolution products, flow cytometry could have been used to monitor the expression
of hMSC cell surface markers over time in culture.

Considering the results presented so far, the effect of CoBG dissolution products on hMSC
behaviour had a dose- and time-dependent component. A treatment period longer than 4 days negatively
affected cell metabolic activity and proliferation eventually abrogating the clonogenic potential of
hMSCs as observed by the CFU-F assay. Therefore, it was decided to further assess the influence of
CoBG dissolution products on hMSC behaviour at early time points and to investigate their influence
on hMSC migration. CoBG-conditioned medium or 100 pM CoCl; supplementation had no significant
effect on hMSC migration as assessed by a scratch wound healing assay. Similarly, no obvious change
in CXCR4 protein expression was observed. Using reduced oxygen tension, Rosova et al. showed an
increase in migration in a scratch wound healing assay in hypoxic conditions*?°. Schioppa et al. have
shown in a transwell assay that hypoxic pre-conditioning enhanced the chemotactic response of
HUVECs towards SDF-1 but not in absence of any stimuli***. In this chapter, the introduction of a
“wound” served as stimuli for migration but the use of a transwell system with a SDF-1 gradient may
have been a more suitable assay. Previous studies have demonstrated that CXCR4 expression was up-
regulated in response to hypoxia on both, mRNA and protein levels in various cell types, including
hMSCs#%: 445, 446,484 and a similar effect was demonstrated by CoCl, treatment*® %3, CoCl, has been
shown to up-regulate CXCR4 transcript and protein expression in microglia cells after 16 h**. In line
with Wang ef al. pre-conditioning of bone marrow-derived rat MSCs with 200 uM CoCl; for 24 h,
enhanced the expression of CXCR4 on mRNA and protein level**®. Yu et al. further observed enhanced
scratch wound healing after the initial pre-conditioning**%. Similarly, Liu ez al. showed an up-regulation
of CXCR4 in response to 100 uM CoCl, in murine MSCs which was accompanied by enhanced
migration towards a SDF-1 gradient using transwell system*3. As CXCR4 is a cell surface receptor,
future work could use flow cytometry to determine the proportion of CXCR4 positive hMSCs in
presence of CoBG-dissolution products. Alternatively, the plasma membrane fraction could have been
isolated from the whole cell lysate and used to quantify CXCR4 receptors localised to the cell membrane
by Western blot analysis. Yet, commercial membrane extraction kits have been shown to incorporate
substantial cytosolic contamination suggesting that flow cytometric analysis would present a more
favourable option*®®. Previous studies have shown that CXCR4 surface expression appears to be donor-
dependent. Wynn et al. reported that only a small subset of hMSCs expressed CXCR4 on their cell
surface while Honczarenko et al. detected a considerable bigger CXCR4 positive population*® !, Yet,
studies agree that the subset of CXCR4 positive cells decreases with increasing passage numbers*°-441,
In this chapter, bands likely corresponding to CXCR4 were detected by Western Bot analysis for both
donors. In-Cell Western analysis using a different anti-CXCR4 antibody further corroborated this
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finding. Future work could address the question, if CoBG-dissolution products had an effect on CXCR4
cell surface localisation.

As previous studies have linked an arrest in cell growth to p21 up-regulation by CoCl,
treatment, a similar mechanism might have been responsible for the observations made in this

400

chapter*™. Quantification of p21 protein by Western blot analysis showed no common trend across the

460 and

three donors. As p21 expression is influenced by many factors such as passage number
confluency*’?, a CoBG-dependent influence may have been masked. Furthermore, whole cell lysates
were used for the data presented in this chapter. To focus on the p21 protein fraction that is actively
involved in transcriptional regulation, future studies could investigate p21 protein expression in the
nuclear fraction of cell lysates. Assessment of p53 revealed a reduction in protein abundance in all
conditions compared to growth medium only. As both 0%CoBG and 100 uM CoCl; supplementation
caused a lower level of p53, this effect can neither be attributed to bioactive glass dissolution products
in general nor to the presence of cobalt ions. In contrast, Wenger et al. found that the hypoxia mimetics
CoCl, and deferoxamine enhanced p53 expression while hypoxia (0.2%) was not sufficient to up-
regulate p53*°. Interestingly, the hypoxia mimetic deferoxamine enhanced p53 levels independently of
HIF-1a suggesting supplementary pathways. In the study by Pacary et al. p53 gene expression was
down-regulated by exposure to 100 uM CoCl; for 24 h*®. Unfortunately, p53 expression was not
quantified on protein level. To better define the influence of the conditions used in this chapter, more
replicates of the experiment would be necessary. In order to fulfil its function, p53 needs to be
phosphorylated*™. Therefore, future work could assess the amount of phosphorylated p53 in hMSCs
treated with the various CoBG-conditioned media or controls.

Overall, there seems to be a discrepancy between the effect of hypoxia as reported in the
literature and the influence of the hypoxia mimetic cobalt, either in form of cobalt-containing CoBG
dissolution products or CoCl, supplementation on hMSC behaviour. While cobalt ions mimic hypoxia
in that they stabilise HIF-1a, there is evidence that cobalt treatment does not fully recapitulate low
oxygen tension environments or may indeed induce additional effects in cells*’®. Several studies have
shown that CoCl, treatment did not result in the predicted outcome observed with low oxygen
tension??* *87-488 In a study by Peters ef al. the impact of cobalt ion exposure and oxygen deficiency on
human endothelial cells were examined allowing a comparison between cobalt’s hypoxia-mimicking

effect and “real” hypoxia??*

. Both approaches lead to an increase of HIF-1a on protein and mRNA level.
Yet, hypoxia had no adverse effect on cell number and proliferation after 24 h, while cobalt ions dose-
dependently decreased both. Similarly, hypoxia stimulated the angiogenic response of endothelial cells
in vitro when exposure to cobalt impaired the capillary-like sprout formation even at low concentrations
suggesting a divergent mode of action. Likewise other studies have pointed towards differences between
reduced oxygen tension and cobalt ions. Hypoxia was found to stimulate the transcription level of
COLI1AI in human dermal fibroblasts, yet CoCl» exposure failed to induce a comparable effect®. In

accordance with the findings presented in this chapter, 100 uM CoCl, were found to reduce murine
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MSC proliferation after 8 days of culture compared to control while hypoxic conditions (8% O»)

enhanced cell number over time*%®

. The same study demonstrated further differences in gene expression
patterns between the CoCl, treated and low oxygen tension group.

Similarly, the regulation of HIF-1a protein appears to differ between low oxygen tension and
CoCl,. HIF-1a protein expression in lung epithelial cells decreased after prolonged exposure (12 h) to
reduced oxygen tension to normal levels while CoCl, treatment maintained a significantly higher level
at the same time point*°. This may offer an explanation for why CoCl, treatment does not necessarily
induce the same functional results as seen with low oxygen tensions. Yet, the observed differences in
functional outcome may also be attributed to the chosen oxygen tension and CoCl, concentration or
indeed due to the overall treatment protocol. Generally, it is very difficult to compare one given reduced
oxygen tension with a certain amount of CoCl,. A ¢cDNA microarray study on mouse embryonic
fibroblasts cultured either in 1% O, or in presence of 100 uM CoCl, for 24 h revealed that out of the
286 clones differentially regulated by low oxygen tension only 54 clones overlapped with the genes
influenced by CoCl, treatment indicating a profound difference in activation of signalling pathways*’.
In combination with the study presented herein these results highlight that while cobalt is a hypoxia-
mimicking agent it likely does not fully recapitulate reduced oxygen levels. Notably, previous studies
suggested a difference in the cellular HIF-1a regulation in response to acute and chronic hypoxia.
Exposure to hypoxic environments for more than 24 h is generally referred to as “chronic”. A study by
Ginouvés et al. demonstrated that HIF-1a protein abundance decreased after initial up-regulation (4 h)

41 This effect owed to an

to lower levels when exposed to 1% O» for 3 - 7 days in several cell types
induction of PHDs in chronic hypoxia that was further enhanced by a greater availability of O; due to
inhibition of mitochondrial activity. Interestingly, such “desensitisation” of HIF-la proved to be
essential for cellular survival in hypoxic conditions as shown by the authors. Such a desensitisation may
not have occurred in the system used for the experiments in this chapter as cobalt ions inhibit PHDs
irrespective of the oxygen level. Furthermore, In-Cell Western analysis after 48 h demonstrated a

prolonged stabilisation of HIF-1a.

Collectively, the large body of research concerned with cobalt is testament to the ion’s powerful
influence on cell behaviour. Both positive and negative effects have been reported necessitating further
research into how to harness the hypoxia-mimicking properties of cobalt whilst minimising the
undesired effects. With respect to biomaterials, a number of studies have developed promising cobalt-

containing biomaterials and scaffold systems?34 240 241

. For example, Quinlan et al. demonstrated that
cobalt-doped bioactive glass/ collagen-glycosaminoglycan scaffolds enhanced both the osteogenic
response of MC3T3-E1 cells and the angiogenic response of HUVECs. Furthermore, cell number of
MC3T3-E1 cells cultured on the scaffolds increased over time indicating that the cobalt content in the
scaffolds was well tolerated. Perez ef al. and Wu et al. observed cobalt concentration-dependent effects

on cell number and metabolic activity in their respective scaffold systems reinforcing that tuning the

221



extent of cobalt incorporation and release is crucial for the success of cobalt-containing
biomaterials?*® 7. A matter difficult to address is that a given cobalt concentration will likely
differentially affect different cell types. In vivo, a cell-type specific response can greatly affect the
overall outcome as shown in a study by Zhang et al. which suggests that induction of an immune
response by cobalt-containing TCP overruled the positive effect of the material on hMSC osteogenesis
as observed in vitro®. As mentioned in Chapter 4, taking into account that hypoxia-like cell responses
to cobalt concentrations much lower than the routinely used 100 uM have been observed, the amount

of cobalt incorporated into future biomaterials and scaffolds should be carefully evaluated.
5.4.1 Limitations

As mentioned in the discussion in Chapter 4, performing the experiments presented in this chapter in
parallel under low oxygen tension would have allowed to directly compare the effect of low oxygen
tension and CoBG-conditioned medium. This additional condition would have presented a valuable
reference point. Comparing the response of hMSCs to low oxygen tension to the response to CoBG
extracts would have allowed to study a possible discrepancy between cobalt treatment and “real”
hypoxia.

Even though VEGF gene and protein expression in response to CoBG-conditioned media has
been demonstrated by Azevedo et al., it would have been good to show the up-regulation of at least one

of the target genes of the HIF-1 pathway to prove its activation in the work presented in this thesis?*.
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5.5 Conclusion

Overall, it was demonstrated that cobalt-containing bioactive glass extracts or cobalt ion
supplementation increased the protein abundance of HIF-la in hMSCs in a cobalt dose-dependent
manner. Metabolic activity and cell proliferation were reduced after 7 days of culture in presence of
2%CoBG dissolution products compared to 0%CoBG. CFU-F forming ability was nearly abrogated in
presence of cobalt-containing dissolution products whilst there were no significant differences for cell
migration. Taken together, the key to exploit the beneficial effects of cobalt within biomaterials seems
to lie in carefully tuning its concentration both in the material and its release products. Possibly even
more important is to tailor the time window of exposure to cobalt ions. Higher cobalt ion concentrations
(up to 200 uM) seem to be tolerated by MSCs when applied for up to 24 h. For longer treatment periods
lower concentrations are advised based on the data presented in this chapter. An interesting study has
shown that cobalt ions accumulate in V79 Chinese hamster cells during continuous culture until a
saturation point was reached after 12 h'*. Yet, the end time point of the study was 24 h so that no long
term data is available. In a study using HaCat cells, 40 pM was defined as non-cytotoxic while 400 uM

was classified as mildly toxic**?

. The concentrations used in the present study, whilst being higher than
the non-cytotoxic values, were well below 400 pM. The inhibitory effects observed in this study may
have been due to a progressive built-up of cobalt within the cells or owed to differences between cell
types'”. Considering that the 1%CoBG condition performed similar to 0%CoBG and growth medium
for experiments conducted up to 7 days is promising. Future studies should include a composition with
an even lower cobalt substitution and/or release profile and investigate if the positive features associated
with cobalt treatment can be captured. A question not addressed in this chapter is how CoBG dissolution
products affect the cellular metabolism. Low oxygen tension induces a so-called metabolic switch from

oxidative phosphorylation to glycolysis and it would be interesting to test how cobalt ions within

bioactive glass extracts affect this system.
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CHAPTER 6

Conclusions & Future directions
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Motivation behind the thesis

Despite impressive advancements in the field of tissue engineering, clinical translation of tissue-
engineered constructs is still limited. Currently, the most widely used approach in tissue engineering
involves a triad of cells, scaffolds and growth factors or bioactive cues. The scaffold serves as template
for the cells to attach, proliferate, differentiate and synthesise new extracellular matrix which ideally
eventually replaces the scaffold. To improve the biological response to the scaffold, bioactive moieties
tend to be incorporated. Such bioactive cues ideally guide and support cell differentiation and
extracellular matrix synthesis. It is well established that cell behaviour can be influenced by physical
and chemical cues. Indeed, in vivo cells interact with and are influenced by their surrounding
extracellular matrix. Mesenchymal stem cells are considered a promising cell type for (osteochondral)
tissue engineering applications due to their tri-lineage differentiation potential, the possibility to apply

autologous cells as well as a considerable expansion potential in vitro.

Despite the superior characteristics of hMSCs, differentiation in vitro, in particular to the chondrogenic
lineage, has not been fully optimised. /n vitro-formed cartilaginous tissue tends to be inferior regarding
the mechanical properties compared to healthy, native articular cartilage. Therefore, extensive research
has been dedicated to improving in vitro culture conditions. To date, knowledge of the underlying
mechanisms that determine the cell response to biomaterials and scaffolds remains limited. A better
understanding of how bioactive moieties influence cell behaviour will enable the rational design of

novel, better performing scaffolds.

Bioactive glasses are, as the name indicates, bioactive materials that are able to influence cell behaviour
by direct cell-material interactions but also via their bioactive ionic dissolution products. It has been
shown that such ionic dissolution products released from implants affected tissue formation in vitro and
in vivo. The incorporation of therapeutic ions in scaffolds is a relatively simple and cost efficient way
to promote the biological activity of biomaterials. Tailoring the composition of bioactive glasses allows
a controlled release of such key therapeutic ions. Bioactive glasses have been extensively evaluated for

the repair of bone defects but also more recently for soft tissue repair applications.

The aim of this thesis was to a) investigate how hMSCs respond to bioactive glass dissolution products
in general and to b) explore if key therapeutic ion species can be used to direct hMSC behaviour. A
better understanding of the impact of bioactive ions on hMSCs might guide future scaffold design
thereby enhancing the biological response and ultimately improving the quality of tissue formed. With
tissue-engineered constructs that enable the formation of native-like tissues in vivo, a better translation

into clinical practice could be achieved.
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Cell response to bioactive ions

To fully harness the potential of bioactive cues, a thorough understanding of the cellular response they
elicit is essential. Chapter 2 was building on a whole genome microarray analysis that focussed on

hMSC response to strontium-containing bioactive glasses”>

. Most studies addressing the question how
cells respond to biomaterials and/or particular cues are concerned with the desired outcome i.e. linecage
commitment of stem cells or appropriate extracellular matrix production. This approach is reasonable
and logical as it is important to know whether a material will fulfil its function. Yet, a lot of information
may be lost by solely analysing the expression of selected groups of genes or proteins. Therefore, a
whole genome microarray, a non-selective method, was applied to bioactive glass-conditioned medium
treated cells. It was revealed that, in bioactive glass dissolution products, strontium dose-dependently
strongly up-regulated the transcript levels of enzymes linked to the isoprenoid biosynthesis pathway.
This finding spurred further research into how this differential regulation on a gene level translated into
systemic changes in hMSCs. After confirming the results of the microarray by qPCR analysis for a
selected group of genes, In-Cell Western analysis revealed a bioactive glass-dependent up-regulation
of proteins associated to the isoprenoid biosynthesis pathway. Interestingly, changes in expression at
the protein level were observed for FDFT1 and GGPS1 but not for HMCSI. These findings reinforce
how modification of the ionic environment of cells can have a profound impact on gene expression and
underline the potential of such therapeutic ion species for directing cell behaviour. The observed
changes in gene and protein expression of isoprenoid biosynthesis pathway-associated enzymes were
shown to cause an increase in the cholesterol content of the cellular plasma membrane in a strontium-
dependent manner. Furthermore, the abundance of lipid rafts was increased in presence of strontium
ions within the bioactive glass-conditioned medium. Both cholesterol and lipid rafts are crucial entities
for regulating signal transduction across the plasma membrane. These findings expand the knowledge
of how bioactive cues can influence cell behaviour and may contribute to the understanding of how

cell-biomaterial interactions are regulated.

Future work on the impact of strontium-containing bioactive glasses would aim to examine how
changes of signalling clusters in the cell membrane translate into changes in cell behaviour. In
particular, the interaction of lipid rafts with the cytoskeleton is highly relevant for tissue engineering.
Lipid rafts have been shown to regulate cellular polarity and adherence to the extracellular matrix as
well as signalling events that influence cell migration. Building on the finding that strontium-containing
bioactive glass dissolution products enhance pMLC expression, it would be highly interesting to
investigate whether cell migration and cytoskeletal tension are affected. In particular, the effect on
hMSCs in a 3D environment, e.g. for simplicity in a hydrogel, could offer exciting insights. Further to
the preliminary results regarding hMSC pre-commitment, a more thorough study on the influence of

strontium-containing bioactive glass dissolution products on hMSC differentiation could be performed.

227



Considering that subtle changes in the composition of the ionic environment can have a profound impact
on gene expression and likely cell signalling events, in Chapter 3, hMSC chondrogenesis in presence
of bioactive glass extracts was studied. Osteochondral defects continue to pose a challenge to the tissue
engineering community as scaffolds have to fulfil the requirements of two tissues with very different
mechanical and biological properties. Especially the regeneration of cartilage has proven difficult due
to the tissue’s inherently low capacity for self-repair. Current strategies to address this problem involve
stratified constructs that offer zonal biomimetic cues optimised for the gradient structure of
osteochondral tissue. The use of bioactive glass as (or the incorporation in) the bone-facing layer of
such scaffolds has been evaluated with some success. In light of the strong influence of bioactive ions
on cell behaviour, it is important to know how such bioactive glass dissolution products affect
chondrogenic differentiation and if cell behaviour can be directed by tailoring their composition. To
address this question, pelleted hMSCs were cultured in various bioactive glass-conditioned media in
presence of chondrogenic supplements. Initial assessment showed that conditioned medium prepared
from three out of four different bioactive glass compositions significantly increased metabolic activity.
Proliferation of hMSCs in presence of BG extracts compared to BG-free medium was increased for
each individual donor; however, due to donor variability cell number was not significantly different
when all three donors were combined. There were no significant differences between the bioactive glass
compositions. The DNA content of pellets after 21 days in culture was similar across all bioactive glass
conditions and BG extract-free chondrogenic medium reinforcing the biocompatibility of the bioactive
glass release products. Accumulation of sGAG normalised to DNA was significantly higher than on
day 0 indicating successful chondrogenic differentiation in all conditions save Comp2-Sr. Notably,
bioactive glass dissolution products appeared to have a composition-dependent effect on extracellular
matrix formation as demonstrated by histology and immunohistochemistry. While Compl-Ca and
particularly Comp2-Ca performed at least as well as chondrogenic differentiation medium only, the
incorporation of strontium reduced cartilage-like matrix production. Gene expression analysis of
chondrogenic markers similarly indicated a composition-dependent influence, particularly for donor #6.
There are two interesting outcomes from this work. Firstly, bioactive glass dissolution products were
shown to allow chondrogenic differentiation of hMSCs despite their well-documented osteogenic
properties. As a cautionary note it should be mentioned that the hMSCs were cultured in presence of
chondrogenic supplements to guide commitment to the chondrogenic lineage. To know how bioactive
glass extracts influence hMSC lineage commitment in another context, e.g. in presence of a mix of
osteogenic and chondrogenic factors, would require further investigation. Secondly, it was
demonstrated that the composition of the ion release products had a differential effect on in vitro
cartilaginous tissue formation as shown by histological assessment further highlighting the impact of

bioactive ions on cell behaviour.
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Future work would aim at investigating whether the presence of bioactive ions has an influence on pellet
formation. This is particularly interesting as integrins serve an important function in hMSC
differentiation and have been shown to be affected by ions such as magnesium*®. Bioactive glass
extracts could either be exclusively added during the initial pellet formation period to examine whether
the ions prime the hMSCs or throughout the whole experiment. In this work, the bioactive glass-
conditioned medium was added only after pellet formation which may have prevented a stronger impact
of the therapeutic ions. Additionally, it would be highly interesting to go one step further and compare
the performance of different bioactive glass compositions as bone substrates of multi-layered scaffolds
for osteochondral repair. To pursue this line of research, many questions regarding the scaffold design
would need to be addressed. For example, it would have to be decided whether to incorporate bioactive
glass particles in a composite or to fabricate a bioactive glass scaffold as bone substrate. The latter
option may be hampered by materials properties as the formation of scaffolds may be, in fact, difficult
for some of the compositions. Also the connection of a bioactive glass scaffold to polymer-or hydrogel-
based layers may pose a challenge. Furthermore, the scaffold material for the cartilage layers and

potentially the nature of the osteochondral interface would need to be defined.

Further exploring the notion that ion species can influence hMSC chondrogenesis, cobalt-containing
bioactive glass extracts were evaluated in Chapter 4. Hypoxia fulfils not only an important function
during embryonic development but hypoxic gradients are also crucial for the maintenance and repair of
tissue in the adult. Hypoxic conditions can mediate angiogenesis, recruitment of progenitor cells and
cell differentiation, for example after tissue damage. While hypoxia can be a transient stimulus, cartilage
tissue is inherently hypoxic with oxygen tensions predicted to be below 8%. Cells adapt to changes in
oxygen availability by activating oxygen dependent signalling pathways. The main oxygen sensing
mechanism is the HIF-1 pathway which mediates the activation of a number of target genes such as
VEGF, EPO or SOX9. Hypoxia has been shown to influence (stem) cell behaviour in vitro and is
unquestionably a highly interesting concept for tissue engineering applications. Oxygen chambers have
been used in a number of cell studies to artificially create a hypoxic environment. For tissue engineering
purposes it is desirable, however, to design materials that are able to influence the HIF-1 pathway at the
defect site. Cobalt is a well-known hypoxia-mimicking agent owing to its ability to stabilise HIF-1a.
Continuing on from the previous findings that single ion species can have a pronounced impact on
hMSC behaviour in general and chondrogenic differentiation in particular, it was sought to examine the
influence of cobalt-containing bioactive glass dissolution products on hMSC chondrogenesis. As
hypoxic conditions and CoCl, treatment were previously shown to enhance hMSC chondrogenesis, the
question arose whether there was an optimum cobalt ion concentration. It was demonstrated that the
incorporation of cobalt into bioactive glass dose-dependently reduced chondrogenesis of pelleted
hMSCs. A similar effect was seen for donor #1 when seeded on PCL membranes. In line with the results

of the previous chapter, medium containing release products of cobalt-free bioactive glass performed
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at least as good as the chondrogenic medium only condition indicating a cobalt-dependent effect. The
notion of a cobalt-dependent effect was further strengthened by preliminary results obtained by Raman
spectroscopy as pellets cultured in cobalt-containing bioactive glass dissolution products shared

characteristics with pellets cultured in CoCl, supplemented chondrogenic medium.

Future work would aim at investigating the influence of cobalt-containing bioactive glasses on pellet
formation during the initial 3 day incubation period. Exposing hMSCs during that period to the release
products might prime the hMSCs for subsequent chondrogenic differentiation in conventional
chondrogenic medium. Furthermore, this approach would limit the overall exposure time to cobalt ions.
Alternatively, a cobalt-containing bioactive glass with much lower cobalt content could be used to
validate if there is a cobalt ion concentration that enhances hMSC chondrogenesis over a long term

culture period.

Building on the knowledge obtained in Chapter 4, it was sought to explore in Chapter 5 how CoBG
dissolution products influenced the progenitor cell properties of hMSCs. There is exciting work being
done on the impact of oxygen tension on MSC behaviour. In the bone marrow, MSCs reside in stem
cell niches which are thought to be characterised by low oxygen tensions. There is evidence that hypoxia
has a pronounced role in maintaining quiescence in multiple stem cell types. Appreciating the powerful
influence of hypoxia, the use of hypoxia-mimicking agents has emerged as versatile tool to artificially
activate the HIF-1 pathway, thereby modifying (stem) cell behaviour. Exposure to CoBG dissolution
products or CoCl, significantly increased HIF-1a protein abundance in hMSCs after 4 h and 48 h
suggesting a prolonged activation of the HIF-1 pathway. Culture of hMSCs in CoBG-conditioned or
CoClp-supplemented medium reduced cell metabolic activity and proliferation over time in a cobalt
dose-dependent manner. hMSCs cultured in 1%CoBG-conditioned medium performed comparable to
0%CoBG and growth medium suggesting that the cobalt ion release from bioactive glasses requires
careful tailoring. Importantly, exposure time to Co*" appeared to be a crucial factor as there were no
differences in metabolic activity or proliferation after 24 h as measured by CyQUANT® Direct Cell
Proliferation Assay and MTT assay. It was further demonstrated that CFU-F formation by hMSCs
cultured in CoBG-conditioned medium was impaired in a cobalt-dependent manner. Migration of
hMSCs in presence of cobalt-containing bioactive glass dissolution products was comparable to
0%CoBG and growth medium. Ultimately, the results of this chapter indicate that cobalt ions are strong
modifiers of hMSC behaviour. The bioactive glasses used in this study are good carrier systems to
deliver this hypoxia-mimicking agent. It was demonstrated, however, that the extent of cobalt release
needs to be carefully tailored, especially for extended treatment periods. Importantly, longer exposure
to Co*" appeared to evoke undesirable outcomes, i.e. reduced metabolic activity and proliferation and

reduced CFU-F formation as shown in Chapter 5.
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In the literature, Co®" has been used to pre-condition cells with promising results suggesting that the key
to exploiting cobalt’s hypoxia-mimicking effects lies in defined treatment windows of up to 24 h. Future
work would therefore focus on evaluating the application of CoBG-dissolution products to prime
hMSCs. It would be highly interesting to analyse how hMSCs respond to CoBG pre-conditioning on a

gene level especially with respect to so-called stemness markers such as OCT4.

To summarise, the work contained within this thesis has expanded the knowledge on the response of
hMSCs to bioactive ion species with implications for future (osteochondral) scaffold design. The
biological activity of bioactive glasses stems in part from their ionic dissolution products. Therapeutic
ions, either released from bioactive glasses or other materials, have shown great promise in vitro and in
vivo to modify the biological response to implants. Understanding the underlying mechanisms and
signalling pathways directing cell-biomaterial interactions will enable the development of rationally
designed scaffolds.

For the experiments in Chapters 3 to 5, hMSCs derived from multiple donors were used to
mimic a mixed patient population and to take donor variability into account. However, by using multiple
donors it is more difficult to obtain statistically significant differences. The patient-derived hMSCs
isolated at AO Foundation Davos were all derived from individuals undergoing total hip replacement
surgery. This points towards a certain degree of morbidity of the joint which can negatively influence
the “fitness” of the hMSCs or, indeed, point towards a reduced performance of the regenerative potential
of hMSCs as underlying cause for the degeneration of the joint. Either way, the performance of such
patient-derived hMSCs is likely restricted and inferior to hMSCs obtained from young, healthy
individuals. In the work presented in this thesis, donor #6 which was commercially obtained from
Lonza, UK, responded much stronger to the bioactive glass extracts presented in Chapter 3 than the
patient-derived hMSCs from AO Foundation Davos. In line with this finding, the metabolic activity and
the proliferative potential of donor #6 were superior to all other donors. While using different donors is
valuable in the long term to obtain an overview of the donor specific responses to bioactive glass
compositions, at this stage of the work, the variability intrinsic to the donors made the interpretation of
the results difficult. Considering these donors independently and focusing on one donor at the time may
have provided a more efficient way to better understand how bioactive glasses affect hMSC
chondrogenesis.

While the focus of this thesis was solely on the dissolution products of bioactive glasses, for
their therapeutic application, bioactive glasses would either be used as particulates, fabricated into
scaffolds or incorporated as particles into composite scaffolds. When cells are seeded directly on
bioactive glass (containing) scaffolds, many factors influence the cellular response. Apart from general
scaffold parameters such as pore size, macro- and microstructure as well as (nano-)topography, there
are some parameters specific to bioactive glasses. As outlined in Chapter 1, upon immersion in aqueous

buffers, bioactive glasses partially dissolve, releasing ions into their surroundings. Following a
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multistep process, a calcium-deficient carbonated hydroxyapatite (HCA) layer forms on the surface of
bioactive glass scaffolds. /n vivo, proteins and collagens are thought to absorb to this HCA layer
facilitating the attachment of cells to the scaffold. In an in vitro setting, bioactive glass scaffolds are
routinely pre-incubated in culture medium so that the proteins present in the medium can adhere to the
scaffold. As a cautionary note it needs to be added that the interactions of cells with the HCA layer are
incompletely understood as pointed out in the review by Jones'"”. In a next step, cells are thought to
adhere to this HCA layer and to differentiate along the osteogenic lineage, eventually depositing new
bone matrix. Osteogenesis has been attributed to the influence of bioactive glass dissolution products
on progenitor cells while the HCA layer as such is thought to provide a suitable surface for osteogenic
cells to attach and proliferate. It has previously been shown that the degradation rate of scaffolds in
vivo, which depends among other factors on their fabrication but also on the bioactive glass composition
itself, can influence the formation of new bone tissue. Similarly, the rise in pH associated to bioactive
glass degradation influences the overall outcome. Zhang ef al. showed that incorporation of strontium
within mesoporous 3D bioactive glass scaffolds increased cell proliferation and ALP activity of
MC3T3-E1 cells**. Similarly, incorporation of cobalt within 3D mesoporous bioactive glass scaffolds
increased VEGF gene expression and protein release from hMSCs*’. Taken together, both studies
demonstrate that by incorporating key ion species into 3D bioactive glass scaffolds, cell behaviour can
be modified. Whether this change in cell response was due to direct cell-scaffold interactions, ionic

dissolution products or a mix thereof remains to be elucidated.

Unquestionably, there is a growing clinical need for tissue engineered constructs to replace damaged
tissues. Great headway has been made in recent years and current tissue engineering approaches involve
a triad of cells, bioactive cues and scaffolds with complex architectures. The most promising cell type
for osteochondral tissue engineering applications is thought to be MSCs due to their tri-lineage
differentiation potential and relative ease of expansion in vitro. Yet, differentiation protocols as well
culture conditions warrant further optimisation. Tissue engineers have to address the daunting task of
inducing native-like tissue growth, a process that has been optimised during evolution and that requires
a considerable amount of time during embryonic and postnatal development. Unquestionably, the key
to this endeavour lies in 1) understanding the cell response to biomaterials, 2) identifying the necessary
cues for proper cell differentiation and 3) incorporating such moieties into scaffolds. Non-targeted
methods such as the whole genome array introduced in Chapter 2 along with other high throughput
methods may uncover (unexpected) pathways or molecules that govern such mechanisms and which

may revolutionise the current approach to scaffold design.
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Appendix A

Chapter 3

Positive and Negative Controls for Antibodies used for

Immunohistochemical Analysis

Sections of the bovine osteochondral region were used as positive controls. The 10 um sections were
embedded in paraffin, so that the sections had to be separately processed from the OCT embedded pellet
sections up until the Avidin D/Biotin blocking step. In brief, sections were de-waxed (2 x 15 min in
Histo-Clear (Fisher Scientific, UK), 2 min each in 100% EtOH and 90% EtOH) before blocking
endogenous peroxidase by incubation in 1% (v/v) 30% H,O» (Sigma, UK) in methanol (Sigma, UK)
for 10 min. Sections were washed in running tap water for 10 min prior to heat mediated antigen
retrieval in 10 mM citrate buffer at pH 6. From here onwards, all sections were processed according to

the protocol outlined in 3.2.10.

Positive and negative controls of antibodies used for IHC of type I, II and X collagens. Sections
of the bovine osteochondral region were used as positive controls. As negative controls served hMSC
pellets incubated with the respective secondary antibodies only. Representative images (donor #4) are

shown.
Collagen I Collagen II Collagen X

Negative CTL

Positive CTL

275



Appendix B

Chapter 3

Proliferation of hMSCs in Presence of BG Dissolution
Products (Donor #1 and hMSCs Purchased from PromoCell)

Effect of various BG extracts on hMSC cell number. BG-conditioned or plain DMEM medium was
used to culture hMSCs for up to 7 days. At the indicated time points cell proliferation over time was
assessed using the CyQUANT® Direct Cell Proliferation Assay. Data are expressed as mean = SD of
4 biological replicates for A) donor #6 (Lonza, UK) and B) hMSCs purchased from PromoCell. As the
donors are displayed separately, no statistical analysis was performed.
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Appendix C

Chapter 3

DNA and sGAG Profiles Presented Separately for all Donors

Chondrogenic differentiation in presence of bioactive glass dissolution products. A - ) hMSC
pellets were cultured in BG-conditioned medium in presence of chondrogenic supplements or
chondrogenic (CM) medium for up to 21 days. A, D, G) The amount of DNA and B, E, H) sulphated
glycosaminoglycans (sGAG) was measured on day 21. The sGAG content of pellets was normalised to
the respective DNA content. C, E, ) Media was retained to assess sGAG released to media during the
21 day culture. Data are expressed as mean + SD of 3 biological replicates per donor (#2, #4, #5).

Statistical analysis was not performed on single donors. DO = day 0.
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Appendix D

Chapter 3

Histological and Immunohistochemical Characterisation of
Extracellular Matrix Production by pelleted hMSCs
(Donor#5)

Characterization of in vitro-formed extracellular matrix in presence of BG extracts. The quality
of the cartilage-like tissue formed by hMSCs was assessed by a) Toluidine Blue, and b) Safranin O/Fast
Green staining as well as immunohistochemistry for type I, II and X collagens. Prior to
histological/immunohistochemical assessment, hMSCs were grown as pellets in BG-conditioned
medium containing chondrogenic supplements or chondrogenic medium (CM) for 21 days.

Representative images (donor #5) are shown. Neg. CTL = negative control for immunohistochemistry.
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Appendix E

Chapter 4

DNA and sGAG Profiles Presented Separately for all Donors

Effect of CoBG dissolution products on sGAG production and release by hMSCs in pellet culture.
hMSC pellets were cultured in CoBG-conditioned medium containing chondrogenic supplements or
chondrogenic medium (CM) for 21 days prior to quantification of A, C, F, I, L) DNA by Hoechst and
B, D, G, J, M) sulphated glycosaminoglycans (sGAG) by DMMB. The sGAG content of pellets was
normalised to the respective DNA content. E, H, K, M) The sGAG release from pellets was measured
over the entire culture period using DMMB. Donors #1 - #5 are presented separately. Data are expressed
as mean £ SD of 3 biological replicates. Statistical analysis was not performed on single donors. DO =

day 0.
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Appendix F

Chapter 4

Histological Characterisation of Extracellular Matrix

Production by Pelleted hMSCs (Donors #1, #2, #3 and #4)

Effect of CoBG dissolution products on in vitro cartilage-like tissue formation by hMSC pellets.
Prior to histological assessment, hMSCs were grown as pellets in CoBG-conditioned medium
containing chondrogenic supplements or chondrogenic medium (CM) for 21 days. The quality of the
cartilage-like tissue formed by hMSC pellets was assessed by a) Toluidine Blue and b) Safranin O/ Fast
Green staining. Representative images of donors #1, #2, #3 and #4) are shown. D0 = day 0.
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Appendix G

Chapter 4

Histological Characterisation of Extracellular Matrix

Production by hMSCs seeded on PCL mats (Donors #2 and
#3)

Effect of CoBG dissolution products on in vitro cartilage-like tissue formation by hMSCs seeded
on PCL membranes. Prior to histological analysis, hMSCs seeded on PCL membranes were cultured
in chondrogenic medium (CM) or CoBG-conditioned medium supplemented with chondrogenic factors
for 21 days. The quality of the cartilage-like tissue formed by hMSC seeded on PCL membranes was
examined by a) Toluidine Blue and b) Safranin O/Fast Green staining. Representative images for donors

#2 and #3 are shown. DO = day 0.
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Appendix H
Chapter 4

Pure Raman spectra of GAG, collagen and lipids.

Pure Raman spectra of GAG (A), collagen (B) and lipids (C) were used for the semi-quantitative
assessment of GAG, collagen and lipid components in hMSC pellets. The pure spectra were obtained
from powders prepared from the respective pure components using the same conditions as the pellets.
Representative for GAG, a spectrum of powdered aggrecan (aggrecan from bovine articular cartilage,
A1960, Sigma-Aldrich) was obtained. Representative for collagen, powder prepared from type II
collagen was used (collagen from chicken sternal cartilage (Type 1I), C9301, Sigma-Aldrich, UK). For
lipids, a spectrum of phosphatidylcholine was obtained (L-a-Phosphatidylcholine from egg yolk,
P3556, Sigma-Aldrich, UK).
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