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Defects of load-bearing connective tissues such as articular cartilage and intervertebral disc (IVD) can result from trauma, degenerative,
endocrine, or age-related disease. Current surgical and pharmacological options for the treatment of arthritic rheumatic conditions in the
joints and spine are ineffective. Cell-based surgical therapies such as autologous chondrocyte transplantation (ACT) have been in clinical
use for cartilage repair for over a decade but this approach has shown mixed results. This review focuses on the potential of mesenchymal
stem cells (MSCs) as an alternative to cells derived from patient tissues in autologous transplantation and tissue engineering. Here we
discuss the prospects of using MSCs in regenerative medicine and summarize the advantages and disadvantages of these cells in articular
cartilage and IVD tissue engineering. We discuss the conceptual and practical difficulties associated with differentiating and pre-

conditioning MSCs for subsequent survival in a physiologically harsh extracellular matrix, an environment that will be highly hypoxic, acidic,
and nutrient deprived. Implanted MSCs will be exposed to traumatic physical loads and high levels of locally produced inflammatory
mediators and catabolic cytokines. We also explore the potential of culture models of MSCs, fully differentiated cells and co-cultures as
“proof of principle” ethically acceptable “3Rs” models for engineering articular cartilage and IVD in vitro for the purpose of replacing the

use of animals in arthritis research.

The increase in life expectancy that has accompanied modern
advances in medicine has lead to increased prevalence of a
range of musculoskeletal disorders which are causing an ever
greater socioeconomic burden on health systems around the
world as the population ages. According to the World Health
Organization (WHO) (http://www.who.int/en/) rheumatic,
arthritic, and musculoskeletal conditions comprise over 150
diseases and syndromes, which are usually progressive and
associated with pain. They can broadly be categorized as joint
diseases, physical disability, spinal disorders, and conditions
resulting from trauma. Musculoskeletal conditions are leading
causes of morbidity and disability, giving rise to enormous
healthcare expenditures and loss of work. Knowledge of the
key determinants of disability in musculoskeletal conditions is
critical for reducing their burden on the world’s growing
population (Weigl et al., 2008). Musculoskeletal pain affects
one in four adults and is the most common source of serious
long-term pain and physical disability. Consequently
musculoskeletal conditions are now recognized by the United
Nations, the WHO, World Bank, and numerous
governments throughout the world through support of the
Bone and Joint Decade 20002010 initiative (Walsh et al,,
2008).
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The number of rheumatoid arthritis (RA) and osteoarthritis
(OA) patients steadily rises as the elderly population grows
in Western Europe, North America, and the rest of the
developing world. RA, OA, and back pain are important causes
of disability-adjusted-life years in both the developed and
developing world (Brooks, 2006). Back and knee pain are
common in the community and are likely to increase with the
aging population (Brooks, 2006). Until recently OA was viewed
as a “‘degenerative” or “wear-and-tear” disease and held little
interest for most clinicians. It is now accepted that the age-
related degeneration of articular cartilage as part of the clinical
syndrome of OA is one of the most common causes of pain and
disability in middle-aged and older people (Buckwalter and
Mankin, 1998; Mollano et al., 2002; Aigner et al., 2004, 2007).

In particular, joint and back pain are among the major causes
of disability and morbidity within the adult population. OAis the
most common form of joint disease, with the majority of the
population over 65 years of age demonstrating radiographic
evidence of OA in at least one joint. Likewise, around two-
thirds of the adult population suffer from lower back pain (LBP)
at some point in their lifetime.

The current inadequacy of treatments for these conditions,
combined with their increasing prevalence exacerbates the
burden on healthcare systems. Therefore, researchers and
clinicians are striving for novel, innovative treatment options
and the emergence of the fields of tissue engineering and
regenerative medicine offer hope that long-term tissue repair
may be possible. However, one of the current limiting factors
for treatment of cartilage and intervertebral disc (IVD) diseases
is a source of cells. While a range of cell sources have been
proposed, adult mesenchymal stem cells (MSCs) offer the
greatest potential for clinical application. This review will focus
on the requirements for articular cartilage and IVD
regeneration and the factors which are essential for lineage-
specific differentiation of MSCs which leads to formation of the
correct, functional matrix with similar or improved properties
to the original tissue.

Bone and cartilage defects are common features of joint
diseases, such as RA and OA (Noel et al., 2002). They have
significant social and economic impact on the aging population.
Despite progress in orthopedic surgery, bone and cartilage
repair is a major challenge as large defects will not
spontaneously heal (Noel etal.,2002). Regenerative medicine is
an emerging field that seeks to repair or replace injured tissues
and organs through natural or bioengineered means. Recent
research on stromal MSCs has provided a new and exciting
opportunity for bone and cartilage tissue engineering. We have
learned a great deal about the isolation, cultivation, and
characterization of MSCs in recent years. A huge amount of
research effort is focused on their differentiation. MSCs have
generated a great deal of public, scientific, and media interest
because of their potential use in regenerative medicine and
tissue engineering. In this review we critically evaluate the
strengths and limitations of regenerative medicine strategies
and tissue engineering approaches that employ MSCs for
articular cartilage and IVD regeneration and repair.

Identification and Application of Adult Stem Cells

Until recently, scientists primarily worked with two types of stem
cells from animals and humans: embryonic stem cells and
non-embryonic “somatic” or “adult” stem cells. Embryonic stem
cells are found in the blastocyst whereas adult stem cells are
found in adult tissues. Adult stem cells maintain the normal
turnover of organs with a high intrinsic regenerative capacity.
These include blood, skin, and intestinal epithelium. Adult stem
cells can be found in children, adolescents as well as adults and are
generally unipotent or multipotent. Pluripotent adult stem cells
are very rare and are generally found in small numbers. However,

they can be found in a number of tissues including umbilical cord
blood. The best studied adult stem cells are multipotent and are
generally referred to by their tissue origin (i.e., hematopoietic
stem cells that differentiate into erythrocytes, white blood cells,
platelets, etc.) and bone marrow stromal cells (also known as
MSCs), which have the capacity to differentiate into connective
tissue cells. The hierarchy of stem cells is illustrated in Figure |
and the differentiation pathways involved in the specialization of
MSCs into a selected number of musculoskeletal lineages is
depicted in Figure 2.

MSCs possess the capacity to differentiate into cells of
connective tissue lineages (Pittenger et al., 1999; see Fig. 3).
These include bone (Noel et al., 2002; Arinzeh, 2005; Hong
et al.,, 2006), fat (Barry and Murphy, 2004; Helder et al., 2007),
cartilage (Noel et al., 2002; Barry and Murphy, 2004; Caplan,
2007), IVD (Trubiani et al., 2005, 2006; Richardson et al., 2007),
ligament (Trubiani etal., 2005, 2006; Sonoyama et al., 2006), and
muscle (Barry and Murphy, 2004). Evidence suggests that these
cells are also capable of differentiation along myogenic and
neurogenic lineages, although these pathways are not normally
utilized to prove multipotentiality of isolated MSCs.

Adult MSCs were originally isolated from bone marrow in
1999 by Pittinger and co-workers, who demonstrated their
multilineage differentiation potential. Subsequent studies have
identified the presence of stem cells ina number of adult tissues,
including adipose, muscle, dermis, periosteum, synovial
membrane, synovial fluid, and articular cartilage. Thus far, MSC-
like progenitor cells have been isolated from bone marrow
(Grigoriadis et al., 1988), periosteum, trabecular bone, adipose
tissue, synovium, skeletal muscle, and deciduous teeth (Barry
and Murphy, 2004; Sonoyama et al., 2006). While there are no
definitive markers of MSCs a range of cell surface markers are
routinely used. These include immunopositivity for STRO-I,
CD73, CD105, CD106, CD 145, and CD 166, combined with
negative immunoreactivity for CD|1b, CD31, CD34, CD45,
and CD 117 (Fig. 4). These markers can also be used to identify a
more homogeneous population of cells than previous methods
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Fig. 1. The structural hierarchy of stem cells. The potency of stem

cells specifies the differentiation potential of stem cells. Totipotent
stem cells are produced from the fusion of an egg and sperm cell. Cells
produced by the first few divisions of the fertilized egg are also
totipotent. These cells can differentiate into embryonic and
extraembryonic cell types. Pluripotent stem cells are the descendants
of totipotent cells and can differentiate into cells derived from any of
the three germ layers. Multipotent stem cells can produce only cells of
a closely related family of cells (e.g., hematopoietic stem cells
differentiate into red blood cells, white blood cells, platelets, etc. and
other stem cells which include mesenchymal stem cells). Unipotent
cells only have the capacity to produce one cell type, but have the
property of self-renewal which distinguishes them from non-stem
cells (e.g., muscle stem cells). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Fig. 2. Differentiation potential of cultured mesenchymal stem
cells. Mesenchymal stem cells have the capacity to differentiate into
connective tissue and musculoskeletal cells for tissue engineering,
autologous implantation/transplantation and regenerative medicine.
This process involves commitment, lineage progression,
differentiation and maturation. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

utilizing either density-gradient centrifugation, or even simple
plastic adherence. The general heterogeneity of bone marrow
cell populations can lead to variable results; however, MSCs are
generally regarded to be capable of differentiation along the
chondrogenic, osteogenic, and adipogenic pathways. Work
from our laboratory, along with that of other groups, also
suggests that MSCs are capable of differentiation to nucleus
pulposus (NP) cells of the IVD, chondrocytes, and osteoblasts
(Csaki et al., 2007, 2009; Richardson et al., 2007; Mobasheri
et al,, 2009). However, since no definitive markers of NP cells
are in existence, a range of chondrocyte markers, with which
they share a large phenotypic similarity, are routinely used.

Musculoskeletal Tissue Regeneration

Connective tissues, such as bone, cartilage, tendon, and the IVD
all suffer from both traumatic and age-related degenerative
injuries. While bone repairs relatively well, the avascular and
hypocellular nature of cartilage and in particular the IVD means
these tissues suffer from a very limited self-repair capacity.
During OA and IVD degeneration (one of the main causes of
LBP) there is an imbalance between synthesis and degradation
of the extracellular matrix which leads to an overall loss of
tissue. This tissue destruction over time leads to pain and
reduced mobility.

While the increased repair capacity of bone prevents this,
a number of metabolic and degenerative disorders, such as
osteoporosis, osteonecrosis, and Paget’s disease, can cause
bone loss or abnormal bone turnover. Traumatic injury and loss
of bone following surgery for other diseases such as cancer
can also lead to bone lesions which are too large for the body’s
self-regeneration capacity to cope with. Current clinical
interventions for large bone defects, such as bone grafting,
suffer from problems with donor site morbidity and limited
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Fig. 3.

Light microscopic demonstration of osteoid, adipose, and cartilage tissue formation with von Kossa, Oil Red O, and Alcian blue staining.

MSCsincubated with the osteogenic induction medium from a fibroblastic appearance (A) to a more cuboidal appearance; cells were surrounded
with an abundant matrix and formed mineralized nodules (B). After 3 weeks in culture, stimulated cells were stained positive with von Kossa stain
for mineral deposition in their newly formed extracellular matrix. C: In monolayer cultures treated with the adipogenic induction medium an
abundance of vacuoles were observed within the cells. Oil Red O staining for lipids revealed the presence of neutral lipids. D: After 21 days

high-density cultures treated with chondrogenic induction medium (i.e., TGF-31 and dexamethasone) were intensely stained with Alcian blue
revealingahigh contentof cartilage-specific proteoglycans. Magnification: A, B (10X); Cand D (40 X).[Colorfigure canbe viewedin the onlineissue,

which is available at www.interscience.wiley.com.]
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Fig. 4. Immunofluorescence images showing expression of canine
MSC markers. Positive expression: -1 integrin, CD-105, and CD-90.
Negative expression: CD-45 and CD-34. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

material for large-scale autologous grafts and infection or
immune rejection with allogeneic grafts.

These limitations in current clinical treatments for bone
defects and disorders have led to the development of tissue
engineering strategies using both synthetic and natural scaffold
implants. Materials such as tricalcium phosphates (Solchaga
et al., 1999; Guo et al., 2004a,b; Shao et al., 2006; Jiang et al.,
2007), calcium carbonates (Kreklau et al., 1999),
hydroxyapatite (Reddi, 2000; Yoshikawa and Myoui, 2005;
Chajra et al.,, 2008), and Bioglass (Wilda and Gough, 2006;
Helen and Gough, 2008) have all been utilized alongside growth
factors to promote new growth, or act as supports for
implanted cells to regenerate new tissue. These materials all aim
to mimic the specialized microenvironment or bone and
cartilage and are growing in their clinical application.

Articular cartilage and the IVD share similarities in cellular
phenotype and extracellular matrix composition. Consequently
similar approaches have been adopted for tissue engineering
cartilage and IVD (Richardson etal., 2007; Kalson etal., 2008). As
with bone repair, there are major limitations to current clinical
treatments for OA and IVD degeneration. Scaffold-free
autologous chondrocyte implantation (ACI) is currently used
clinically to treat small cartilage lesions, such as those caused by
traumatic injury. For this treatment a biopsy is taken from a non-
load-bearing region of cartilage, the chondrocytes enzymatically
extracted, expanded in monolayer culture, then reimplanted into
the lesion and covered with a periosteal flap (Brittberg et al.,
1994). The therapy has been used to treat over 12,000 patients
worldwide and offers cartilage repair and reduced pain
equivalent to existing surgical cartilage repair therapies
(Peterson etal., 2002). However, while this treatment appears to
work well for small cartilage lesions it has limited practical
application for larger osteoarthritic lesions.

Cell implantation into degenerate IVDs has been
demonstrated in animal models to both inhibit degeneration
and regenerate tissue (Ganey etal., 2003). A small-scale study in
human patients comparing standard discectomy for disc
prolapse with discectomy plus autologous disc cell implantation
demonstrated improvements in pain reduction, preservation of
disc height and prevention of adjacent disc segment
degeneration in patients who underwent the cell implantation
therapy (Meisel et al., 2006, 2007). Clinical follow-up data is
limited and there is no biochemical or biomechanical data, but
this study demonstrates the potential for cell-based therapies
for IVD tissue regeneration. However, studies suggest that
isolation of cells from degenerate IVD could accelerate
degeneration, while isolation of cells from non-degenerate

levels may induce degenerative changes and needle punctureisa
common method of inducting degeneration in animal models of
disease (Kim et al., 2005; Masuda et al., 2006; Korecki et al.,
2008; Zhangetal., 2009). Additionally, as IVD degeneration, like
OA in cartilage, affects the phenotype of resident cells the
identification of a suitable cell source for novel tissue
engineering and regenerative medicine strategies is one of the
key determinants of its success.

Comparison of Cartilage and Intervertebral Disc Cell
and Matrix Phenotypes

During embryogenesis articular cartilage forms through the
condensation of MSCs, which then undergo differentiation to
chondrocytes. The avascular, aneural, and alymphatic tissue
formed during this process is rich in collagen and proteoglycans
(PGs) and serves to protect the ends of bones and articulate
movement. Around 40-50% of total cartilage ECM is collagen
and while 90% of total collagen is type Il, other collagens are
present, including types VI, IX, and XI. In deeper, hypertrophic
regions of cartilage type X collagen is expressed. PGs represent
around 25% of cartilage ECM, of which over 50% is aggrecan,
with decorin, biglycan, and fibromodulin among the other
predominating PGs present. The cellular component of the
tissue is relatively small, with rounded chondrocytes embedded
within the matrix at a density of around 15,000 cells/mm
(Stockwell, 1971). The chondrocytes interact with their ECM
through a specialized pericellular matrix rich in type VI collagen.
In addition to facilitating cell-matrix interactions this PCM is
also thought to protect the cells from compressive mechanical
loading forces experienced within the cartilage during normal
joint movement. Homeostatic matrix turnover is coordinated
by the chondrocytes through tightly regulated anabolic and
catabolic processes and involves a diverse array of growth
factors, cytokines, and matrix degrading enzymes.

The IVD is notochordal in origin and comprises a central
gelatinous NP, surrounded by a more fibrous annulus fibrosus
(AF), with cartilaginous end-plates connecting the adjacent
vertebral bodies (Trout et al., 1982; Humzah and Soames, 1988;
Buckwalter, 1995). During developing the NP contains a
population of notochordal cells, which die out usually by the age
of 10 and are replaced by NP cells (Trout et al., 1982), although
the exact source of these NP cells is still unclear. Like articular
cartilage, the NPis richin type Il collagenand aggrecan (Sive etal,,
2002). However, unlike articular cartilage the NP has around 27
times more PG than collagen (Mwale et al,, 2004). The PGs
confer a much higher osmotic potential to the tissue, resultingin
an increased hydration and producing a more gelatinous tissues
than cartilage. The NP cells share a common morphology and
phenotype with articular chondrocytes (Sive et al., 2002),
although their den5|ty within the tissue is much lower at around
5,000 cells/mm?® (Maroudas et al., 1975). Like chondrocytes the
NP cells are embedded within a PCM rich in type VI collagen,
again due to the compressive mechanical loading forces
experienced within the spine (Wu etal., 1987; Poole etal., |988;
Roberts et al., 1991a,b; Guilak et al., 2006). While there are
similarities in phenotype between chondrocytes and NP cells the
differences in the ECM of the two tissues clearly demonstrates
that differences must exist and studies have recently identified
molecular markers which can be used to identify NP cells
specifically. However, clear evidence of the origin and defined
phenotype of human NP cells is still lacking and may hamper
subsequent MSC-based tissue regeneration strategies.

Cell and Matrix Changes During OA and IVD
Degeneration

During OA and IVD degeneration loss of the tightly controlled
matrix turnover mechanisms leads to matrix degradation. Both



OA chondrocytes and degenerate NP cells express higher
levels of catabolic cytokines such as IL-1 and TNF-a compared
to their normal phenotypes (Le Maitre et al., 2005, 2007b;
Daheshia and Yao, 2008). The increase in these catabolic
cytokines is associated with increases in a range of matrix
metalloproteinase (MMP) and a disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTS)
enzymes which degrade the ECM (Cawston et al., 1999;
Flannery et al.,, 1999; Seguin et al., 2006; Le Maitre et al., 20073;
Millward-Sadler et al., 2009; Pockert et al., 2009). The catabolic
cytokines have also been shown to decrease matrix production,
particularly aggrecan, and increase the secretion of pain
mediators such as NGF and Substance P (Rannou etal., 2000; Le
Maitre et al., 2005; Purmessur et al., 2008; Sutton et al., 2009).
There is also evidence of cell apoptosis and senescence, which
further affect cell function and limit self-repair capacity (Martin
and Buckwalter, 2001, 2002; Mobasheri, 2002; Goggs et al.,
2003; Zhao et al., 2006; Le Maitre et al., 2007a; Shakibaei et al.,
2008). In articular cartilage OA there is a breakdown of the
smooth articular surface, with lesions radiating down into the
cartilage, eventually causing full thickness erosion of the
cartilage and exposing underlying bone. This erosion causes
pain and limited mobility in the joint and current clinical
treatment involves invasive surgical intervention, often
necessitating total joint replacement.

In IVD degeneration the loss of matrix from the NP leads to
dehydration and eventually loss of disc height. This loss of height
removes tension from the collagen fibers of the AF and
destabilizes the whole motion segment. Disc innervation causes
pain and changes in anatomy of the spine leads to both pressure
on the nerve root and limited mobility. While prosthetic disc
replacements are available, such as Charite (Blumenthal et al.,
2005) or Prodisc (Bertagnoli et al., 2005), the current standard
treatments for end-stage degeneration are microdiscectomy
and spinal fusion, both of which limit mobility and change the
biomechanics of the spine leading to degenerative changes at
adjacent disc levels (Levin et al., 2007).

In both cases there is clear need for novel cell-based tissue
engineering strategies. However, the changes in cellular
physiology preclude the use of autologous OA chondrocytes,
or degenerate NP cells. Therefore, there is an increasing focus
on the potential use of MSCs for regeneration of the tissues.

Molecular and Physiological Determinants of
Chondrogenic Differentiation

Since Pittenger et al. (1999) demonstrated the chondrogenic
potential of MSCs during pellet culture numerous methods
have been described which allow MSC chondrogenesis (Tew
et al,, 2008a). In particular gels such as alginate (Ma et al.,
2003) and agarose (Fukumoto et al., 2003) have been utilized
and more recently a range of tissue engineering biomaterials
have been described which allow or promote chondrogenesis.
Similarly we have demonstrated differentiation of MSCs to
NP-like cells within chitosan glycerophosphate hydrogels
(Richardson et al., 2008a) and poly-L-lactic acid scaffolds
(Richardson et al., 2006a), both of which have potential for
clinical application for the regeneration of cartilaginous
tissues.

However, a number of basic principles underpin the majority
of this research. Firstly, MSC chondrogenesis requires a three-
dimensional environment and secondly differentiation requires
the addition of exogenous anabolic factors. In particular the
addition of TGF-(3, as part of a serum-free differentiating
medium, is one of the most widely used growth factors
(Johnstone et al., 1998; Pittenger et al., 1999) and in addition to
promoting chondrogenesis has also been shown to inhibit
osteogenic and adipogenic differentiation (Zhou et al., 2004;
Jian et al., 2006). IGF-1 and members of the BMP family of

growth factors, particularly BMP-7, have also been shown to
induce chondrogenesis of MSCs and expansion of monolayer
MSCs in medium containing FGF-2 is also thought to promote
chondrogenesis following transfer to a 3D culture environment
(Solchaga et al., 2005; Chiou et al., 2006; Knippenberg et al.,
2006; Longobardi et al., 2006). However, one of the main
problems with in vitro differentiation methods is the
complexity of the signaling pathways involved in
chondrogenesis, compared to the simplicity of culture systems.
Pellet cultures mimic the mesenchymal condensation which
occurs during embryogenesis and numerous studies have
demonstrated the importance of cell—cell contact for MSC
differentiation to either chondrocytes or NP cells (Richardson
et al., 2006b). Likewise anabolic growth factors are known to
stimulate differentiation and matrix formation and operate
through a number of pathways, predominantly the MAPKinase
and Smad pathways (Murakami et al., 2000; Jian et al., 2006;
Longobardi et al., 2006).

Successful chondrogenesis is routinely assessed by the
induction of SOX-9, which subsequently drives the production
of type Il collagen, and the increased expression of the PG
aggrecan (Tsuchiya et al,, 2003; Tew et al., 2008b). The
similarities in the phenotype of articular chondrocytes and NP
cells of the IVD (Sive et al., 2002) mean, in the absence of
validated and highly specific NP marker genes, these markers
are also routinely used to identify NP-like cells. However, MSC
differentiation in standard in vitro culture systems appears to
be unstable and routinely results in expression of hypertrophic
markers such as type X collagen and alkaline phosphatase
(Johnstone et al., 1998; Yoo et al,, 1998). The possibility that
chondrogenic differentiation may lead to hypertrophy is
problematic for clinical application given that healthy surface
and mid zone chondrocytes and NP cells do not express either
type X collagen or alkaline phosphatase (Boos et al., 1997;
Nerlich et al., 1997; Gan et al,, 2003). This was evidenced by
Pelttari et al. (2006) who compared MSCs and chondrocytes in
pellet cultures. Their work demonstrated that, following
implantation into SCID mice, the MSCs showed high levels of
type X collagen and alkaline phosphatase expression which
promoted vascular invasion and calcification, while
chondrocytes produced a cartilaginous matrix. For cartilage or
IVD regeneration it is therefore essential to ensure a stable
differentiated phenotype and current in vitro culture systems
may be too simple to allow this.

However, stimulation with multiple growth factors may
improve differentiation or inhibit terminal differentiation. For
example, combination of TGF-33 with BMP-2 gave improved
chondrogenic differentiation of MSCs compared to either
growth factor alone, or the combination of TGF-33 with either
BMP-4 or BMP-6 (Sekiya et al., 2005). Addition of PTHrP to
TGF-33 stimulated MSCs in poly-glycolic acid scaffolds has also
been shown to inhibit the expression of type X collagen and
suppress terminal differentiation of these cells (Kim et al.,
2008). Hypoxia and TGF-33 drive MSC differentiation towards
aphenotype consistent with that of the NP and these cells could
be used to repopulate the damaged or degenerate IVD (Risbud
et al., 2004).

Physiological Microenvironmental Challenges for
MSC-Based Tissue Regeneration Strategies: A Case of
Nurture Versus Nature?

In order to understand more clearly the interplay between
different growth factors and produce cells with a correct and
stable phenotype, more complex, biologically relevant test
systems are required. However, in order to develop these test
systems it is important to understand fully the
microenvironmental niche into which cells will eventually be
implanted.
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Both articular cartilage and the NP of the human IVD are
avascular and aneural tissues, which leads to a unique
environment where cells rely on diffusion of nutrients, such as
glucose, and oxygen from capillaries in adjacent bony tissue
(Humzah and Soames, 1988). This diffusion problem is thought
to be one of the major reasons for the molecular diversity of
glucose transporters in articular chondrocytes and IVD cells
(Mobasheri etal., 2002a,b, 2005a, 2008; Richardson et al., 2003,
2008b; Phillips et al., 2005). The lack of vasculature results in
low oxygen concentrations and consequently cells in both
tissues are exposed to an environment containing only around
2% oxygen. The hypoxic conditions in the extracellular matrix
of cartilage and IVD also have profound effects on glucose
transport and metabolism (Mobasheri et al., 2008; Richardson
et al., 2008b; Peansukmanee et al., 2009). However,
chondrocytes, NP and AC cells have shown molecular
adaptations to this limited oxygen environment and use
anaerobic glycolysis, mediated through the actions of the highly
conserved HIF-la transcription factor, to generate ATP (Holm
et al.,, 1981; Bibby and Urban, 2004; Bibby et al., 2005;
Mobasheri et al., 2005b, 2008). HIF-1a has key functions in
controlling energy generation, cell survival, and matrix synthesis
by articular and growth-plate chondrocytes (Pfander and Gelse,
2007). However, there appear to be differences in the
adaptations of NP cells and chondrocytes, with NP cells
demonstrating stable expression of HIF-1a under both
normoxic and hypoxic conditions, while chondrocytes lose
expression of HIF-1a in normoxia (Risbud et al., 2006; Agrawal
etal.,2007; Pfander and Gelse, 2007). While HIF- I cis known to
regulate glycolysis, in NP cells the stabilized form of HIF-1a has
also been shown to regulate aggrecan expression (Agrawal
et al,, 2007).

The avascular nature of the tissues also limits the diffusion of
nutrients to and waste products away from cells, which in the
case of NP cells can be as far as 8 mm from the nearest blood
vessel (Brodin, 1955a,b). The consumption of glucose during
anaerobic glycolysis decreases the glucose concentration
within the tissues, resulting in a nutrient gradient towards the
core of the tissues. This metabolic signature is similar to the
metabolism of cancer cells (Airley and Mobasheri, 2007),
producing lactic acid (Mobasheri et al., 2006, 2008), which can
build up in addition to protons generated by chondrocytes in
the extracellular matrix of cartilage and IVD tissue, producing
an acidic environment with a pH as low as 5.7 (Diamant et al.,
1968; Mobasheri etal., 1998), although a pH of around 7.0-7.2 is
more common in normal NP tissues (Wuertz et al., 2009a).

The high PG content of the tissues, particularly the NP and
the deep zone of articular cartilage, confers a high fixed negative
charge, which is equilibrated through the distribution of cations
(Na™, K", Ca*", and H™) within the extracellular matrix
(Mobasheri etal., 1997, 1998; Mobasheri, 1998, 1999). The high
abundance of protons reduces the pH of the extracellular
matrix to around 0.5 pH units lower than surrounding tissues,
even without the effect of lactic acid (Urban, 2002). In addition,
PGs also confer a high osmotic potential which acts to draw in
water and give a high swelling pressure to the extracellular
matrix, which maintains hydration of cartilage and IVD. This
swelling pressure allows the tissues to withstand the high
compressive loads experienced within the articulating joints
and IVD, which are known to be as high as 2.3 MPain the normal
IVD (Wilke et al., 1999) and 6 MPa in normal articular cartilage
within the knee joint (Herberhold et al., 1999).

During IVD degeneration and OA the nutrient supply to the
tissues is compromised, making these already harsh conditions
even worse. This is thought to be caused, in part, by calcification
of the end-plates within the IVD, which blocks the flow of
oxygen, nutrients, and lactic acid, to and from blood vessels in
the vertebral bodies. As a result hypoxia has been shown to
reach 1%, while pH levels drop to around 6.5. Both of these

features have been shown to be detrimental to NP cell survival
and matrix production (Ohshima and Urban, 1992; Bibby and
Urban, 2004; Bibby et al., 2005). Therefore, in order to ensure
that MSCs will survive and function properly following
implantation into either degenerate NP tissue or osteoarthritic
cartilage model in vitro systems are required which take into
consideration microenvironmental features such as pH, oxygen
concentration, mechanical load, osmolarity, glucose
concentration, and high catabolic cytokine levels.

MSC Pre-Conditioning to Enhance Cell Survival
and Function

One proposed method to ensure MSC survival and function
following implantation into the degenerate IVD or
osteoarthritic cartilage is to pre-condition, or pre-differentiate
the cells. A recent study by Wuertz et al. (2008) demonstrated
that when cultured in an IVD-like environment containing low
glucose, low pH, and high osmolarity, MSCs demonstrated a
lower proliferation rate and lower expression of matrix genes
compared to standard conditions, highlighting the importance
of the microenvironmental niche on MSC biology. In particular,
low pH has been shown to inhibit expression of aggrecan by
MSCs (Wuertz et al., 2009a), while the presence of catabolic
cytokines IL-1 and TNFe, which are increased in both IVD
degeneration and OA, inhibited chondrogenesis of MSCs
(Wehling et al., 2009). Conversely, hypoxia has been shown to
promote MSC chondrogenesis via the up-regulation of HIF- 1«
and this increased chondrogenesis was abolished following
siRNA knock-down of HIF-la (Kanichai et al., 2008). The
importance of the HIF gene HIF-2a in hypoxia-enhanced
chondrogenesis was also demonstrated in stem cells isolated
from intrapatellar fat pad of OA patients (Khan et al., 2007).
Studies investigating the differentiation of MSCs to NP-like cells
have also demonstrated that hypoxia, combined with
exogenous addition of TGF-{ in 3D alginate hydrogel cultures,
elevated expression of matrix genes collagen types |l and Xl and
aggrecan, as well as the transcription factor SOX-9 through
increases in both phosphorylated ERK and p38 (Risbud et al.,
2004). The authors suggest that this combination of factors may
produce cells which can be used to repopulate the degenerate
NP. Similarly, studies by the same authors showed that
adaptation of the NP cells to their hyperosmotic milieu is
dependent on activation of the ERK and p38-MAPK pathways
acting through TonEBP, a transcription factor that permits
adaptation to osmotic stress and regulates aggrecan gene
expression in addition to other target genes (Tsai et al., 2007).
Combination of TGF-3 stimulation with application of cyclical
mechanical load also promotes chondrogenesis of MSCs
compared to stimulation with TGF-3 or cyclical mechanical
loading alone (Li et al., 2009). Interestingly this study also
demonstrated that mechanical loading stimulated the
expression of TGF-31 and TGF-33 by MSCs seeded in fibrin-
biodegradable polyurethane scaffolds, suggesting that load may
be a key mediator in driving MSC chondrogenesis and
production of a stable chondrocyte or NP-like phenotype.
While there are no studies investigating the effect of load on
MSCs to NP-like cells, load is known to be important in
regulating matrix gene expression by NP cells (Le Maitre et al.,
2008; Wuertz etal., 2009b) and we have recently demonstrated
that a combination of hypoxia and load can accelerate MSC
differentiation to NP-like cells during culture in type | collagen
gels in media containing TGF-f3.

Development of Novel Ex Vivo Model Systems for
Assessing MSC Differentiation and Function

While mimicking the microenvironmental niche of articular
cartilage and the IVD in vitro demonstrates which features



promote MSC differentiation and which factors are inhibitory,
these systems are not truly representative of the tissue into
which the cells will be implanted.

Co-culture systems have been utilized to investigate the
interaction of chondrocytes or NP cells with MSCs and
demonstrated that direct cell—cell contact in monolayer
(Richardson et al., 2006b), or co-culture in 3D culture without
cell—cell contact can induce differentiation. A recent study by
Kim et al. (2009) has also demonstrated that when MSCs and
NP cells, each cultured in separate alginate beads, were
exposed to mechanical stimulation expression of SOX-9 and
aggrecan was increased compared to co-cultures without load.
However, while these systems highlight the fact that NP cells
and chondrocytes stimulate MSC differentiation, to date this
appears to be the only study to have incorporated
microenvironmental conditions into their study. Novel high-
density pellet culture systems, such as those shown in Figures 5
and 6, stage MSCs and co-cultures of chondrocytes,
osteoblasts, and MSCs at the air-liquid interface using a steel
bridge, with nutrients being supplied via diffusion through a
nitrocellulose filter membrane (Haisch et al., 2006; Csaki et al.,
2007, 2009; Mobasheri et al., 2009). These studies have been
used to demonstrate MSC differentiation in a three-
dimensional environment which more closely mimics the
environment of articular cartilage in vivo. Modeling IVD tissue is
however more complex, since the NP is enclosed within the
fibrous AF circumferentially and by the end-plates and
vertebrae to the inferior and superior aspects. We have
previously developed an NP explant model in which the tissue is
constrained circumferentially and have utilized this system to
demonstrate that human MSCs injected into explanted bovine
caudal discs undergo spontaneous differentiation to NP-like
cells, increasing expression of SOX-9, type Il collagen, and
aggrecan, but importantly not type X collagen (Le Maitre et al.,
2009a) after 4 weeks. To allow culture of these explants we
have also developed a bioreactor capable of mimicking the
microenvironmental conditions found within the normal and
degenerate human IVD. This system allows modification of
media pH, glucose concentration, osmolarity, and mechanical
load, all of which have been shown to be important in
maintaining high cell viability and directing MSCs to a stable
differentiated phenotype. We have demonstrated using this
bioreactor that if explants are exposed to a daily regime of
mechanical loading comparable to that experienced in vivo,
then cell viability and matrix retention are improved compared
to unloaded controls (Le Maitre et al., 2009b). This novel
bioreactor-explant model system will therefore allow us to test

Petri dish Cells (Chondrocytes + MSCs)
Filter + Growth Factors
Culture
Medium -
\ Steel bridge
| Zae =N & :"..,--’ i
Fig. 5. Schematic of the air-liquid interface system for high-density

(3D) cultures. A nitrocellulose filter is placed on a steel-net-bridge and
cells are cultured on the filter. Cell culture medium reaches the filter-
medium interface, nurturing cells through diffusion, thus, mimicking
an environment similar to that found in vivo. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

Fig. 6. Electron microscopic demonstration of chondrogenesis
induced in high-density 3D cultures of canine MSCs. After 14 days,
nodules with typical round or oval chondrocytes with small processes
embedded in a network of extracellular matrix fibrils could be
observed. Transmission immunoelectron microscopy of MSC
cultures induced with chondrogenic induction medium in high-
density culture. Chondrogenic-induced cultures were labeled by
immunogold using anti-collagen type Il (a) or anti-cartilage-specific
proteoglycan antibodies (b).

novel cell-based tissue regeneration strategies under
controllable microenvironmental conditions. We hope it

will also be possible to combine this style of bioreactor with
whole-disc organ culture models currently under development.
These models allow natural constraint of the NP and offer an
opportunity to test regenerative medicine therapies in the most
relevant biological systems without the need for unsuitable
animal models. This aspect is particularly important for IVD
research, where current animal models do not represent the
cell, humoral or biochemical microenvironment of the human
lumbar spine. In particular many animal discs contain a
population of notochordal cells, which are not present in adult
humans; the discs are smaller than human discs and hence the
oxygen and nutrition supplies are not comparable; the NP tissue
is less fibrous than that of adult human tissue; and importantly
the biomechanics of animal spines is different to that of humans
given the quadrapedal nature. Additionally, the synovial joints
and IVD of most animals do not undergo spontaneous
degeneration and current methods for inducing degeneration
are not representative of the human condition (the suitability of
animal models was recently reviewed in detail by Alini et al.,

2008).

Summary and Concluding Remarks

In this review we have focused on the potential of MSCs as an
alternative to cells derived from patient tissues for tissue
engineering and therapeutic applications such as ACL. There
are still many technical challenges associated with isolating,
expanding, differentiating, and pre-conditioning MSCs for
subsequent implantation into the spine and degenerate joints.
The physiological microenvironment of the degenerate joint
or spine is likely to be hypoxic, acidic, deprived of nutrients,
and exposed to higher than normal concentrations of
pro-inflammatory cytokines and reactive oxygen species.
Furthermore, MSCs may be exposed to abnormal physical
loads. Future regenerative medicine strategies will need to
address these issues.
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The molecular determinants of MSC differentiation into
chondrogenic and osteogenic lineages continue to be
elucidated using existing 2D models. However, new research
using 3D models is more likely to shed light on fundamental
processes such as paracrine-mediated differentiation, and
mechanisms responsible for the recruitment of endogenous
progenitor populations in response to chemical, biological, and
physical cues. Furthermore, three-dimensional and high-density
culture models have huge potential as “3Rs” models for
replacing and reducing the use of animals in OA and IVD
research. There are numerous animal models for OA and other
types of arthritis. However, none of them have a proven track
record of predictability for the equivalent disease in humans and
the majority of them are plagued with problems (Pritzker,
1994). Three-dimensional culture conditions, hypoxia and the
use of specially supplemented culture media will ultimately need
to be assessed in pre-clinical animal models that closely mimic
the human disease. However, 3D culture models utilizing tissue
engineered articular cartilage and IVD should reduce the
numbers of experimental animals used before moving onto
larger and more expensive pre-clinical animal models.

Acknowledgments

The authors thank their collaborators Professor Anthony J.
Freemont (Manchester) and Professor Pablo Martin-Vasallo
(Tenerife). This study was made possible by grants from the
National Centre for the Replacement, Refinement and
Reduction of Animals in Research (NC3Rs) (grant number:
Mobasheri.A.28102007), the Biotechnology and Biological
Sciences Research Council (BBSRC) (grants BBSRC/S/M/2006/
13141 and BB/G018030/1), the WALTHAM Centre for Pet
Nutrition, the Engineering and Physical Sciences Research
Council (EPSRC), The Ingenuity Programme (University of
Nottingham Business School), and The Wellcome Trust
(grant number: CVRT VS 0901). Stephen M. Richardson is a
Research Councils UK (RCUK).

Literature Cited

Agrawal A, Guttapalli A, Narayan S, Albert T), Shapiro IM, Risbud MV. 2007. Normoxic
stabilization of HIF-lalpha drives glycolytic metabolism and regulates aggrecan gene
expression in nucleus pulposus cells of the rat intervertebral disk. Am ] Physiol Cell Physiol
293:C621-C631.

Aigner T, Rose |, Martin |, Buckwalter |. 2004. Aging theories of primary osteoarthritis: From
epidemiology to molecular biology. Rejuvenation Res 7:134—145.

Aigner T, Haag |, Martin ], Buckwalter J. 2007. Osteoarthritis: Aging of matrix and cells—
Going for a remedy. Curr Drug Targets 8:325-331.

Airley RE, Mobasheri A. 2007. Hypoxic regulation of glucose transport, anaerobic
metabolism and angiogenesis in cancer: Novel pathways and targets for anticancer
therapeutics. Chemotherapy 53:233-256.

Alini M, Eisenstein SM, Ito K, Little C, Kettler AA, Masuda K, Melrose |, Ralphs }, Stokes |,
Wilke HJ. 2008. Are animal models useful for studying human disc disorders/degeneration?
Eur Spine | 17:2-19.

Arinzeh TL. 2005. Mesenchymal stem cells for bone repair: Preclinical studies and potential
orthopedic applications. Foot Ankle Clin 10:651-665, viii.

Barry FP, Murphy JM. 2004. Mesenchymal stem cells: Clinical applications and biological
characterization. Int ] Biochem Cell Biol 36:568-584.

Bertagnoli R, Yue JJ, Shah RV, Nanieva R, Pfeiffer F, Fenk-Mayer A, Kershaw T, Husted DS.
2005. The treatment of disabling single-level lumbar discogenic low back pain with total disc
arthroplasty utilizing the Prodisc prosthesis: A prospective study with 2-year minimum
follow-up. Spine (Phila Pa 1976) 30:2230-2236.

Bibby SR, Urban JP. 2004. Effect of nutrient deprivation on the viability of intervertebral disc
cells. Eur Spine | 13:695-701.

Bibby SR, Jones DA, Ripley RM, Urban JP. 2005. Metabolism of the intervertebral disc: Effects
of low levels of oxygen, glucose, and pH on rates of energy metabolism of bovine nucleus
pulposus cells. Spine (Phila Pa 1976) 30:487—496.

Blumenthal S, McAfee PC, Guyer RD, Hochschuler SH, Geisler FH, Holt RT, Garcia R, Jr.,
Regan JJ, Ohnmeiss DD. 2005. A prospective, randomized, multicenter food and drug
administration investigational device exemptions study of lumbar total disc replacement
with the CHARITE artificial disc versus lumbar fusion: Part I: Evaluation of clinical
outcomes. Spine (Phila Pa 1976) 30:1565-1575; discussion EI387-1591.

Boos N, Nerlich AG, Wiest |, von der Mark K, Aebi M. 1997. Immunolocalization of type X
collagen in human lumbar intervertebral discs during ageing and degeneration. Histochem
Cell Biol 108:471—-480.

Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O, Peterson L. 1994. Treatment of
deep cartilage defects in the knee with autologous chondrocyte transplantation. N Engl |
Med 331:889-895.

Brodin H. 1955a. Longitudinal bone growth, the nutrition of the epiphyseal cartilages and the
local blood supply; an experimental study in the rabbit. Acta Orthop Scand Suppl 20:1-92.

Brodin H. 1955b. Paths of nutrition in articular cartilage and intervertebral discs. Acta Orthop
Scand 24:177-183.

Brooks PM. 2006. The burden of musculoskeletal disease—a global perspective. Clin
Rheumatol 25:778-781.

Buckwalter JA. 1995. Aging and degeneration of the human intervertebral disc. Spine (Phila Pa
1976) 20:1307-1314.

Buckwalter JA, Mankin HJ. 1998. Articular cartilage: Degeneration and osteoarthritis, repair,
regeneration, and transplantation. Instr Course Lect 47:487-504.

Caplan Al. 2007. Adult mesenchymal stem cells for tissue engineering versus regenerative
medicine. ] Cell Physiol 213:341-347.

Cawston T, Billington C, Cleaver C, Elliott S, Hui W, Koshy P, Shingleton B, Rowan A. 1999.
The regulation of MMPs and TIMPs in cartilage turnover. Ann NY Acad Sci 878:120-129.

Chajra H, Rousseau CF, Cortial D, Ronziere MC, Herbage D, Mallein-Gerin F, Freyria AM.
2008. Collagen-based biomaterials and cartilage engineering. Application to osteochondral
defects. Biomed Mater Eng 18:533-545.

Chiou M, Xu'Y, Longaker MT. 2006. Mitogenic and chondrogenic effects of fibroblast growth
factor-2 in adipose-derived mesenchymal cells. Biochem Biophys Res Commun 343:644—
652.

Csaki C, Matis U, Mobasheri A, Ye H, Shakibaei M. 2007. Chondrogenesis, osteogenesis and
adipogenesis of canine mesenchymal stem cells: A biochemical, morphological and
ultrastructural study. Histochem Cell Biol 128:507-520.

Csaki C, Matis U, Mobasheri A, Shakibaei M. 2009. Co-culture of canine mesenchymal stem
cells with primary bone-derived osteoblasts promotes osteogenic differentiation.
Histochem Cell Biol 131:251-266.

Daheshia M, Yao Q. 2008. The interleukin |beta pathway in the pathogenesis of
osteoarthritis. ] Rheumatol 35:2306-2312.

Diamant B, Karlsson ], Nachemson A. 1968. Correlation between lactate levels and pH in
discs of patients with lumbar rhizopathies. Experientia 24:1195-1196.

Flannery CR, Little CB, Hughes CE, Caterson B. 1999. Expression of ADAMTS homologues in
articular cartilage. Biochem Biophys Res Commun 260:318-322.

Fukumoto T, Sperling W, Sanyal A, Fitzsimmons S, Reinholz GG, Conover CA, O’Driscoll
SW. 2003. Combined effects of insulin-like growth factor-1 and transforming growth
factor-betal on periosteal mesenchymal cells during chondrogenesis in vitro.
Osteoarthritis Cartilage | 1:55-64.

Gan |C, Ducheyne P, Vresilovic EJ, Swaim W, Shapiro IM. 2003. Intervertebral disc tissue
engineering |: Characterization of the nucleus pulposus. Clin Orthop Relat Res 41 1:305—
314.

Ganey T, Libera |, Moos V, Alasevic O, Fritsch KG, Meisel H), Hutton WC. 2003. Disc
chondrocyte transplantation in a canine model: A treatment for degenerated or damaged
intervertebral disc. Spine (Phila Pa 1976) 28:2609-2620.

Goggs R, Carter SD, Schulze-Tanzil G, Shakibaei M, Mobasheri A. 2003. Apoptosis and the
loss of chondrocyte survival signals contribute to articular cartilage degradation in
osteoarthritis. Vet | 166:140—158.

Grigoriadis AE, Heersche JN, Aubin JE. 1988. Differentiation of muscle, fat, cartilage, and
bone from progenitor cells present in a bone-derived clonal cell population: Effect of
dexamethasone. | Cell Biol 106:2139-2151.

Guilak F, Alexopoulos LG, Upton ML, Youn |, Choi |B, Cao L, Setton LA, Haider MA. 2006.
The pericellular matrix as a transducer of biomechanical and biochemical signals in articular
cartilage. Ann NY Acad Sci 1068:498-512.

Guo X, Wang C, Duan C, Descamps M, Zhao Q, Dong L, Lu S, Anselme K, Lu J, Song YQ.
2004a. Repair of osteochondral defects with autologous chondrocytes seeded onto
bioceramic scaffold in sheep. Tissue Eng 10:1830—1840.

Guo X, Wang C, Zhang Y, Xia R, Hu M, Duan C, Zhao Q, Dong L, LuJ, Qing Song Y. 2004b.
Repair of large articular cartilage defects with implants of autologous mesenchymal stem
cells seeded into beta-tricalcium phosphate in a sheep model. Tissue Eng 10:1818-1829.

Haisch A, Marzahn U, Mobasheri A, Schulze-Tanzil G, Shakibaei M. 2006. Development and
phenotypic characterization of a high density in vitro model of auricular chondrocytes with
applications in reconstructive plastic surgery. Histol Histopathol 21:467—476.

Helder MN, Knippenberg M, Klein-Nulend |, Wuisman PI. 2007. Stem cells from adipose
tissue allow challenging new concepts for regenerative medicine. Tissue Eng 13:1799—
1808.

Helen W, Gough JE. 2008. Cell viability, proliferation and extracellular matrix production of
human annulus fibrosus cells cultured within PDLLA/Bioglass composite foam scaffolds in
vitro. Acta Biomater 4:230-243.

Herberhold C, Faber S, Stammberger T, Steinlechner M, Putz R, Englmeier KH, Reiser M,
Eckstein F. 1999. In situ measurement of articular cartilage deformation in intact
femoropatellar joints under static loading. ] Biomech 32:1287-1295.

Holm S, Maroudas A, Urban JP, Selstam G, Nachemson A. 1981. Nutrition of the
intervertebral disc: Solute transport and metabolism. Connect Tissue Res 8:101-119.

Hong L, Colpan A, Peptan IA. 2006. Modulations of 17-beta estradiol on osteogenic and
adipogenic differentiations of human mesenchymal stem cells. Tissue Eng 12:2747-2753.

Humzah MD, Soames RW. 1988. Human intervertebral disc: Structure and function. Anat
Rec 220:337-356.

Jian H, Shen X, Liu |, Semenov M, He X, Wang XF. 2006. Smad3-dependent nuclear
translocation of beta-catenin is required for TGF-betal-induced proliferation of bone
marrow-derived adult human mesenchymal stem cells. Genes Dev 20:666—674.

Jiang CC, Chiang H, Liao CJ, Lin YJ, Kuo TF, Shieh CS, Huang YY, Tuan RS. 2007. Repair of
porcine articular cartilage defect with a biphasic osteochondral composite. ] Orthop Res
25:1277-1290.

Johnstone B, Hering TM, Caplan Al, Goldberg VM, Yoo JU. 1998. In vitro chondrogenesis of
bone marrow-derived mesenchymal progenitor cells. Exp Cell Res 238:265-272.

Kalson NS, Richardson S, Hoyland JA. 2008. Strategies for regeneration of the intervertebral
disc. Regen Med 3:717-729.

Kanichai M, Ferguson D, Prendergast P, Campbell VA. 2008. Hypoxia promotes
chondrogenesis in rat mesenchymal stem cells: A role for AKT and hypoxia-inducible
factor (HIF)-lalpha. | Cell Physiol 216:708-715.

Khan WS, Adesida AB, Hardingham TE. 2007. Hypoxic conditions increase hypoxia-inducible
transcription factor 2alpha and enhance chondrogenesis in stem cells from the infrapatellar
fat pad of osteoarthritis patients. Arthritis Res Ther 9:R55.

Kim KS, Yoon ST, Li J, Park JS, Hutton WC. 2005. Disc degeneration in the rabbit: A
biochemical and radiological comparison between four disc injury models. Spine (Phila Pa
1976) 30:33-37.

Kim Y], Kim HJ, Im Gl. 2008. PTHrP promotes chondrogenesis and suppresses hypertrophy
from both bone marrow-derived and adipose tissue-derived MSCs. Biochem Biophys Res
Commun 373:104-108.

Kim DH, Kim SH, Heo S, Shin JW, Lee SW, Park SA, Shin JW.2009. Enhanced differentiation
of mesenchymal stem cells into NP-like cells via 3D co-culturing with mechanical
stimulation. ) Biosci Bioeng 108:63—67.



Knippenberg M, Helder MN, Zandieh Doulabi B, Wuisman PI, Klein-Nulend J. 2006.
Osteogenesis versus chondrogenesis by BMP-2 and BMP-7 in adipose stem cells. Biochem
Biophys Res Commun 342:902-908.

Korecki CL, Costi J), latridis JC. 2008. Needle puncture injury affects intervertebral disc
mechanics and biology in an organ culture model. Spine (Phila Pa 1976) 33:235-241.
Kreklau B, Sittinger M, Mensing MB, Voigt C, Berger G, Burmester GR, Rahmanzadeh R,
Gross U. 1999. Tissue engineering of biphasic joint cartilage transplants. Biomaterials

20:1743-1749.

Le Maitre CL, Freemont AJ, Hoyland JA. 2005. The role of interleukin- | in the pathogenesis of
human intervertebral disc degeneration. Arthritis Res Ther 7:R732-R745.

Le Maitre CL, Freemont AJ, Hoyland JA. 2007a. Accelerated cellular senescence in
degenerate intervertebral discs: A possible role in the pathogenesis of intervertebral disc
degeneration. Arthritis Res Ther 9:R45.

Le Maitre CL, Hoyland JA, Freemont AJ. 2007b. Catabolic cytokine expression in degenerate
and herniated human intervertebral discs: iL-Ibeta and TNFalpha expression profile.
Arthritis Res Ther 9:R77.

Le Maitre CL, Frain J, Fotheringham AP, Freemont A}, Hoyland JA. 2008. Human cells derived
from degenerate intervertebral discs respond differently to those derived from non-
degenerate intervertebral discs following application of dynamic hydrostatic pressure.
Biorheology 45:563-575.

Le Maitre CL, Baird P, Freemont A}, Hoyland JA. 2009a. An in vitro study investigating the
survival and phenotype of mesenchymal stem cells following injection into nucleus
pulposus tissue. Arthritis Res Ther | 1:R20.

Le Maitre CL, Fotheringham AP, Freemont AJ, Hoyland JA. 2009b. Development of an in vitro
model to test the efficacy of novel therapies for IVD degeneration. ] Tissue Eng Regen Med
3:461-469.

Levin DA, Hale ]}, Bendo JA.2007. Adjacent segment degeneration following spinal fusion for
degenerative disc disease. Bull NYU Hosp |t Dis 65:29-36.

LiZ, Kupcsik L, Yao S}, Alini M, Stoddart MJ. 2009. Mechanical load modulates chondrogenesis
of human mesenchymal stem cells through the TGF-beta pathway. ] Cell Mol Med [Epub
ahead of print].

Longobardi L, O’Rear L, Aakula S, Johnstone B, Shimer K, Chytil A, Horton WA, Moses HL,
Spagnoli A. 2006. Effect of IGF-I in the chondrogenesis of bone marrow mesenchymal stem
cells in the presence or absence of TGF-beta signaling. ] Bone Miner Res 21:626—636.

Ma HL, Hung SC, Lin SY, Chen YL, Lo WH. 2003. Chondrogenesis of human mesenchymal
stem cells encapsulated in alginate beads. | Biomed Mater Res A 64:273-281.

Maroudas A, Stockwell RA, Nachemson A, Urban J. 1975. Factors involved in the nutrition of
the human lumbar intervertebral disc: Cellularity and diffusion of glucose in vitro. ] Anat
120:113-130.

Martin JA, Buckwalter JA.2001. Roles of articular cartilage aging and chondrocyte senescence
in the pathogenesis of osteoarthritis. lowa Orthop | 21:1-7.

Martin JA, Buckwalter JA. 2002. Aging, articular cartilage chondrocyte senescence and
osteoarthritis. Biogerontology 3:257-264.

Masuda K, Imai Y, Okuma M, Muehleman C, Nakagawa K, Akeda K, Thonar E, Andersson G,
An HS. 2006. Osteogenic protein-| injection into a degenerated disc induces the
restoration of disc height and structural changes in the rabbit anular puncture model. Spine
(Phila Pa 1976) 31:742-754.

Meisel HJ, Ganey T, Hutton WC, Libera ), Minkus Y, Alasevic O. 2006. Clinical experience in
cell-based therapeutics: Intervention and outcome. Eur Spine | 15:5397-5405.

Meisel HJ, Siodla V, Ganey T, Minkus Y, Hutton WC, Alasevic OJ. 2007. Clinical experience in
cell-based therapeutics: Disc chondrocyte transplantation. A treatment for degenerated
or damaged intervertebral disc. Biomol Eng 24:5-21.

Millward-Sadler S}, Costello PW, Freemont AJ, Hoyland JA. 2009. Regulation of catabolic
gene expression in normal and degenerate human intervertebral disc cells: Implications for
the pathogenesis of intervertebral disc degeneration. Arthritis Res Ther | :R65.

Mobasheri A. 1998. Correlation between [Na+], [glycosaminoglycan] and Na+/K+ pump
density in the extracellular matrix of bovine articular cartilage. Physiol Res 47:47-52.

Mobasheri A. 1999. Regulation of Na+, K4-ATPase density by the extracellular ionic and
osmotic environment in bovine articular chondrocytes. Physiol Res 48:509-512.

Mobasheri A. 2002. Role of chondrocyte death and hypocellularity in ageing human articular
cartilage and the pathogenesis of osteoarthritis. Med Hypotheses 58:193—197.

Mobasheri A, Hall AC, Urban JP, France SJ, Smith AL. 1997. Immunologic and
autoradiographic localisation of the Na+, K(+4-)-ATPase in articular cartilage: Upregulation
in response to changes in extracellular Na+ concentration. Int ] Biochem Cell Biol 29:649—
657.

Mobasheri A, Mobasheri R, Francis M), Trujillo E, Alvarez de la Rosa D, Martin-Vasallo P.
1998. lon transport in chondrocytes: Membrane transporters involved in intracellular ion
homeostasis and the regulation of cell volume, free [Ca2+] and pH. Histol Histopathol
13:893-910.

Mobasheri A, Neama G, Bell S, Richardson S, Carter SD. 2002a. Human articular
chondrocytes express three facilitative glucose transporter isoforms: GLUT |, GLUT3 and
GLUT?9. Cell Biol Int 26:297-300.

Mobasheri A, Vannucci S), Bondy CA, Carter SD, Innes JF, Arteaga MF, Truijillo E, Ferraz I,
Shakibaei M, Martin-Vasallo P. 2002b. Glucose transport and metabolism in chondrocytes:
A key to understanding chondrogenesis, skeletal developmentand cartilage degradation in
osteoarthritis. Histol Histopathol 17:1239—1267.

Mobasheri A, Dobson H, Mason SL, Cullingham F, Shakibaei M, Moley JF, Moley KH. 2005a.
Expression of the GLUT| and GLUT?9 facilitative glucose transporters in embryonic
chondroblasts and mature chondrocytes in ovine articular cartilage. Cell Biol Int 29:249—
260.

Mobasheri A, Richardson S, Mobasheri R, Shakibaei M, Hoyland JA. 2005b. Hypoxia inducible
factor-1 and facilitative glucose transporters GLUT| and GLUT3: Putative molecular
components of the oxygen and glucose sensing apparatus in articular chondrocytes. Histol
Histopathol 20:1327-1338.

Mobasheri A, Platt N, Thorpe C, Shakibaei M. 2006. Regulation of 2-deoxy-D-glucose
transport, lactate metabolism, and MMP-2 secretion by the hypoxia mimetic cobalt
chloride in articular chondrocytes. Ann NY Acad Sci 1091:83-93.

Mobasheri A, Bondy CA, Moley K, Mendes AF, Rosa SC, Richardson SM, Hoyland A, Barrett-
Jolley R, Shakibaei M. 2008. Facilitative glucose transporters in articular chondrocytes.
Expression, distribution and functional regulation of GLUT isoforms by hypoxia, hypoxia
mimetics, growth factors and pro-inflammatory cytokines. Adv Anat Embryol Cell Biol
200: (I p following vi), 1-84.

Mobasheri A, Csaki C, Clutterbuck AL, Rahmanzadeh M, Shakibaei M. 2009. Mesenchymal
stem cells in connective tissue engineering and regenerative medicine: Applications in
cartilage repair and osteoarthritis therapy. Histol Histopathol 24:347-366.

Mollano AV, Martin JA, Buckwalter JA. 2002. Chondrocyte senescence and telomere
regulation: Implications in cartilage aging and cancer (a brief review). lowa Orthop ) 22:1-7.

Murakami S, Kan M, McKeehan WL, de Crombrugghe B. 2000. Up-regulation of the
chondrogenic Sox9 gene by fibroblast growth factors is mediated by the mitogen-activated
protein kinase pathway. Proc Natl Acad Sci USA 97:1113-1118.

Mwale F, Roughley P, Antoniou J. 2004. Distinction between the extracellular matrix of the
nucleus pulposus and hyaline cartilage: A requisite for tissue engineering of intervertebral
disc. Eur Cell Mater 8:58-63; discussion 63-54.

Nerlich AG, Schleicher ED, Boos N. 1997. 1997 Volvo Award winner in basic science studies.
Immunohistologic markers for age-related changes of human lumbar intervertebral discs.
Spine (Phila Pa 1976) 22:2781-2795.

Noel D, Djouad F, Jorgense C. 2002. Regenerative medicine through mesenchymal stem cells
for bone and cartilage repair. Curr Opin Investig Drugs 3:1000—1004.

Ohshima H, Urban JP. 1992. The effect of lactate and pH on proteoglycan and protein
synthesis rates in the intervertebral disc. Spine (Phila Pa 1976) 17:1079-1082.

Peansukmanee S, Vaughan-Thomas A, Carter SD, Clegg PD, Taylor S, Redmond C,
Mobasheri A. 2009. Effects of hypoxia on glucose transport in primary equine
chondrocytes in vitro and evidence of reduced GLUT| gene expression in pathologic
cartilage in vivo. ] Orthop Res 27:529-535.

Pelttari K, Winter A, Steck E, Goetzke K, Hennig T, Ochs BG, Aigner T, Richter W. 2006.
Premature induction of hypertrophy during in vitro chondrogenesis of human
mesenchymal stem cells correlates with calcification and vascular invasion after ectopic
transplantation in SCID mice. Arthritis Rheum 54:3254-3266.

Peterson L, Brittberg M, Kiviranta |, Akerlund EL, Lindahl A. 2002. Autologous chondrocyte
transplantation. Biomechanics and long-term durability. Am ] Sports Med 30:2-12.

Pfander D, Gelse K. 2007. Hypoxia and osteoarthritis: How chondrocytes survive hypoxic
environments. Curr Opin Rheumatol 19:457—462.

Phillips T, Ferraz |, Bell S, Clegg PD, Carter SD, Mobasheri A. 2005. Differential regulation of
the GLUT | and GLUT3 glucose transporters by growth factors and pro-inflammatory
cytokines in equine articular chondrocytes. Vet | 169:216-222.

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca |D, Moorman MA,
Simonetti DW, Craig S, Marshak DR. 1999. Multilineage potential of adult human
mesenchymal stem cells. Science 284:143—147.

Pockert A, Richardson SM, Le Maitre CL, Lyon M, Deakin JA, Buttle DJ, Freemont A},
Hoyland JA. 2009. Modified expression of the ADAMTS enzymes and tissue inhibitor of
metalloproteinases 3 during human intervertebral disc degeneration. Arthritis Rheum
60:482—491.

Poole CA, Ayad S, Schofield JR. 1988. Chondrons from articular cartilage: I.
Immunolocalization of type VI collagen in the pericellular capsule of isolated canine tibial
chondrons. | Cell Sci 90:635-643.

Pritzker KP. 1994. Animal models for osteoarthritis: Processes, problems and prospects. Ann
Rheum Dis 53:406—420.

Purmessur D, Freemont AJ, Hoyland JA. 2008. Expression and regulation of neurotrophins in
the nondegenerate and degenerate human intervertebral disc. Arthritis Res Ther 10:R99.

Rannou F, Corvol MT, Hudry C, Anract P, Dumontier MF, Tsagris L, Revel M, Poiraudeau S.
2000. Sensitivity of anulus fibrosus cells to interleukin | beta. Comparison with articular
chondrocytes. Spine (Phila Pa 1976) 25:17-23.

Reddi AH. 2000. Morphogenesis and tissue engineering of bone and cartilage: Inductive
signals, stem cells, and biomimetic biomaterials. Tissue Eng 6:351-359.

Richardson S, Neama G, Phillips T, Bell S, Carter SD, Moley KH, Moley JF, Vannucci S),
Mobasheri A. 2003. Molecular characterization and partial cDNA cloning of facilitative
glucose transporters expressed in human articular chondrocytes; stimulation of
2-deoxyglucose uptake by IGF-I and elevated MMP-2 secretion by glucose deprivation.
Osteoarthritis Cartilage 11:92-101.

Richardson SM, Curran JM, Chen R, Vaughan-Thomas A, Hunt JA, Freemont AJ, Hoyland JA.
2006a. The differentiation of bone marrow mesenchymal stem cells into chondrocyte-like
cells on poly-L-lactic acid (PLLA) scaffolds. Biomaterials 27:4069—4078.

Richardson SM, Walker RV, Parker S, Rhodes NP, Hunt JA, Freemont AJ, Hoyland JA. 2006b.
Intervertebral disc cell-mediated mesenchymal stem cell differentiation. Stem Cells
24:707-716.

Richardson SM, Mobasheri A, Freemont AJ, Hoyland JA. 2007. Intervertebral disc biology,
degeneration and novel tissue engineering and regenerative medicine therapies. Histol
Histopathol 22:1033-1041.

Richardson SM, Hughes N, Hunt JA, Freemont AJ, Hoyland JA. 2008a. Human mesenchymal
stem cell differentiation to NP-like cells in chitosan-glycerophosphate hydrogels.
Biomaterials 29:85-93.

Richardson SM, Knowles R, Tyler ], Mobasheri A, Hoyland JA. 2008b. Expression of glucose
transporters GLUT-1, GLUT-3, GLUT-9 and HIF-lalpha in normal and degenerate human
intervertebral disc. Histochem Cell Biol 129:503-511.

Risbud MV, Albert T}, Guttapalli A, Vresilovic EJ, Hillibrand AS, Vaccaro AR, Shapiro IM. 2004.
Differentiation of mesenchymal stem cells towards a nucleus pulposus-like phenotype in
vitro: Implications for cell-based transplantation therapy. Spine (Phila Pa 1976) 29:2627—
2632.

Risbud MV, Guttapalli A, Stokes DG, Hawkins D, Danielson KG, Schaer TP, Albert T, Shapiro
IM. 2006. Nucleus pulposus cells express HIF-| alpha under normoxic culture conditions:
A metabolic adaptation to the intervertebral disc microenvironment. | Cell Biochem
98:152—159.

Roberts S, Ayad S, Menage PJ. 1991a. Immunolocalisation of type VI collagen in the
intervertebral disc. Ann Rheum Dis 50:787-791.

Roberts S, Menage J, Duance V, Wotton S, Ayad S. 1991b. 1991 Volvo Award in basic
sciences. Collagen types around the cells of the intervertebral disc and cartilage end plate:
An immunolocalization study. Spine (Phila Pa 1976) 16:1030-1038.

Seguin CA, Bojarski M, Pilliar RM, Roughley PJ, Kandel RA. 2006. Differential regulation of
matrix degrading enzymes in a TNFalpha-induced model of nucleus pulposus tissue
degeneration. Matrix Biol 25:409—418.

Sekiya |, Larson BL, Vuoristo | T, Reger RL, Prockop DJ. 2005. Comparison of effect of BMP-2,
-4, and -6 on in vitro cartilage formation of human adult stem cells from bone marrow
stroma. Cell Tissue Res 320:269-276.

Shakibaei M, Csaki C, Mobasheri A. 2008. Diverse roles of integrin receptors in articular
cartilage. Adv Anat Embryol Cell Biol 197:1-60.

Shao X, Goh JC, Hutmacher DW, Lee EH, Zigang G. 2006. Repair of large articular
osteochondral defects using hybrid scaffolds and bone marrow-derived mesenchymal stem
cells in a rabbit model. Tissue Eng 12:1539—1551.

Sive JI, Baird P, Jeziorsk M, Watkins A, Hoyland JA, Freemont AJ. 2002. Expression of
chondrocyte markers by cells of normal and degenerate intervertebral discs. Mol Pathol
55:91-97.

Solchaga LA, Dennis JE, Goldberg VM, Caplan Al. 1999. Hyaluronic acid-based polymers as
cell carriers for tissue-engineered repair of bone and cartilage. ] Orthop
Res 17:205-213.

31



32

Solchaga LA, Penick K, Porter |D, Goldberg VM, Caplan Al, Welter JF. 2005. FGF-2 enhances
the mitotic and chondrogenic potentials of human adult bone marrow-derived
mesenchymal stem cells. ] Cell Physiol 203:398—409.

Sonoyama W, Liu Y, Fang D, Yamaza T, Seo BM, Zhang C, Liu H, Gronthos S, Wang CY, Shi S,
Wang S. 2006. Mesenchymal stem cell-mediated functional tooth regeneration in swine.
PLoS ONE I:e79.

Stockwell RA. 1971. The interrelationship of cell density and cartilage thickness in mammalian
articular cartilage. | Anat 109:411-421.

Sutton S, Clutterbuck A, Harris P, Gent T, Freeman S, Foster N, Barrett-Jolley R, Mobasheri
A. 2009. The contribution of the synovium, synovial derived inflammatory cytokines and
neuropeptides to the pathogenesis of osteoarthritis. Vet ) 179:10-24.

Tew SR, Murdoch AD, Rauchenberg RP, Hardingham TE. 2008a. Cellular methods in cartilage
research: Primary human chondrocytes in culture and chondrogenesis in human bone
marrow stem cells. Methods 45:2-9.

Tew SR, Pothacharoen P, Katopodi T, Hardingham TE. 2008b. SOX9 transduction increases
chondroitin sulfate synthesis in cultured human articular chondrocytes without altering
glycosyltransferase and sulfotransferase transcription. Biochem | 414:231-236.

Trout JJ, Buckwalter JA, Moore KC, Landas SK. 1982. Ultrastructure of the human
intervertebral disc. |. Changes in notochordal cells with age. Tissue Cell 14:359-369.

Trubiani O, Di Primio R, Traini T, Pizzicannella ], Scarano A, Piattelli A, Caputi S. 2005.
Morphological and cytofluorimetric analysis of adult mesenchymal stem cells expanded ex
vivo from periodontal ligament. Int | Immunopathol Pharmacol 18:213-221.

Trubiani O, Orsini G, Caputi S, Piatelli A. 2006. Adult mesenchymal stem cells in dental
research: A new approach for tissue engineering. Int ] Inmunopathol Pharmacol 19:45|—
460.

Tsai TT, Guttapalli A, Agrawal A, Albert T}, Shapiro IM, Risbud MV. 2007. MEK/ERK signaling
controls osmoregulation of nucleus pulposus cells of the intervertebral disc by
transactivation of TonEBP/OREBP. ] Bone Miner Res 22:965-974.

Tsuchiya H, Kitoh H, Sugiura F, Ishiguro N. 2003. Chondrogenesis enhanced by
overexpression of sox9 gene in mouse bone marrow-derived mesenchymal stem cells.
Biochem Biophys Res Commun 301:338-343.

Urban JP. 2002. The role of the physicochemical environment in determining disc cell
behaviour. Biochem Soc Trans 30:858-864.

Walsh NE, Brooks P, Hazes JM, Walsh RM, Dreinhofer K, Woolf AD, Akesson K, Lidgren L.
2008. Standards of care for acute and chronic musculoskeletal pain: The Bone and Joint
Decade (2000-2010). Arch Phys Med Rehabil 89:1830-1845.

Wehling N, Palmer GD, Pilapil C, Liu F, Wells W, Muller PE, Evans CH, Porter RM. 2009.
Interleukin- | beta and tumor necrosis factor alpha inhibit chondrogenesis by human
mesenchymal stem cells through NF-kappaB-dependent pathways. Arthritis Rheum
60:801-812.

Weigl M, Cieza A, Cantista P, Reinhardt D, Stucki G. 2008. Determinants of disability in
chronic musculoskeletal health conditions: A literature review. Eur ] Phys Rehabil Med
44:67-79.

Wilda H, Gough JE. 2006. In vitro studies of annulus fibrosus disc cell attachment,
differentiation and matrix production on PDLLA/45S5 Bioglass composite films.
Biomaterials 27:5220-5229.

Wilke HJ, Neef P, Caimi M, Hoogland T, Claes LE. 1999. New in vivo measurements of
pressures in the intervertebral disc in daily life. Spine (Phila Pa 1976) 24:755-762.

Wau JJ, Eyre DR, Slayter HS. 1987. Type VI collagen of the intervertebral disc. Biochemical
and electron-microscopic characterization of the native protein. Biochem | 248:373—
381.

Wouertz K, Godburn K, Neidlinger-Wilke C, Urban |, latridis JC. 2008. Behavior of
mesenchymal stem cells in the chemical microenvironment of the intervertebral disc. Spine
(Phila Pa 1976) 33:1843-1849.

Wouertz K, Godburn K, latridis JC. 2009a. MSC response to pH levels found in degenerating
intervertebral discs. Biochem Biophys Res Commun 379:824-829.

Wouertz K, Godburn K, Maclean ), Barbir A, Stinnett Donnelly J, Roughley PJ, Alini M, latridis
JC. 2009b. In vivo remodeling of intervertebral discs in response to short- and long-term
dynamic compression. | Orthop Res 27:1235-1242.

Yoo JU, Barthel TS, Nishimura K, Solchaga L, Caplan Al, Goldberg VM, Johnstone B. 1998.
The chondrogenic potential of human bone-marrow-derived mesenchymal progenitor
cells. | Bone Joint Surg Am 80:1745—-1757.

Yoshikawa H, Myoui A. 2005. Bone tissue engineering with porous hydroxyapatite ceramics.
J Artif Organs 8:131-136.

Zhang H, La Marca F, Hollister S, Goldstein SA, Lin CY. 2009. Developing consistently
reproducible intervertebral disc degeneration at rat caudal spine by using needle puncture.
J Neurosurg Spine 10:522-530.

Zhao CQ, Jiang LS, Dai LY. 2006. Programmed cell death in intervertebral disc degeneration.
Apoptosis |1:2079-2088.

Zhou S, Eid K, Glowacki J. 2004. Cooperation between TGF-beta and Wnt pathways during
chondrocyte and adipocyte differentiation of human marrow stromal cells. | Bone Miner
Res 19:463-470.



