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Abstract

Cell-based therapy is a promising biological approach
for the treatment of cartilage defects. Due to the small
size of autologous cartilage samples available for cell
transplantation in patients, cells need to be expanded
to yield a sufficient cell number for cartilage repair.
However, chondrocytes and adult stem cells tend to
become replicatively senescent once they are expanded on
conventional plastic flasks. Many studies demonstrate that
the loss of cell properties is concomitant with the decreased
cell proliferation capacity. This is a significant challenge
for cartilage tissue engineering and regeneration. Despite
much progress having been made in cell expansion, there
are still concerns over expanded cell size and quality for cell
transplantation applications. Recently, in vivo investigations
in stem cell niches have suggested the importance of
developing an in vitro stem cell microenvironment for cell
expansion and tissue-specific differentiation. Our and other
investigators’ work indicates that a decellularized stem cell
matrix (DSCM) may provide such an expansion system
to yield large-quantity and high-quality cells for cartilage
tissue engineering and regeneration. This review briefly
introduces key parameters in an in vivo stem cell niche and
focuses on our recent work on DSCM for its rejuvenating
or reprograming effect on various adult stem cells and
chondrocytes. Since research in DSCM is still in its infancy,
we are only able to discuss some potential mechanisms of
DSCM on cell proliferation and chondrogenic potential.
Further investigations of the underlying mechanism and
in vivo regeneration capacity will allow this approach to
be used in clinics.
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Introduction

Articular cartilage is a unique, hypocellular, and
avascular tissue, made mostly of extracellular collagens
and proteoglycans; it has a limited ability to self-heal
after trauma and degenerative disease (Redman et al.,
2005). Since the late 1980s, the most advanced and
promising osteoarthritis treatment has been autologous
chondrocyte transplantation (ACT) (Beningo et al.,
2004). Treatment with ACT in full-thickness defects can
offer early improvement shown to be sustained for up to
ten years in most patients (Moseley et al., 2010); there
is also some evidence that demonstrates better short- and
mid-term outcomes with a possible return to pre-injury
level in athletes (Harris et al., 2010). There are two
different opinions in age-related ACT treatment effects:
there is a minimal difference in patients both younger
and older than 45 (Rosenberg et al., 2008) and there is
significant improvement only for patients under 45 years
of age (Nejadnik et al., 2010). In contrast, treatment with
mesenchymal stem cells (MSCs) in patients over 45 had
similar results to younger patients and offers the added
advantage of not causing additional cartilage damage
(Nejadnik et al., 2010).

A number of factors are thought to limit the potential
of ACT-style treatments using chondrocytes or stem
cells. Autologous cartilage biopsy needs further in
vitro expansion due to the limited availability of cells.
Replicative senescence occurs increasingly with
population doubling (Hayflick, 1965), especially in cells
from older compared to younger donors (Campisi and
dAdda di Fagagna, 2007). Articular chondrocytes display
a decreased proliferation potential with age, exhibiting
limited in vitro cell divisions (Evans and Georgescu, 1973)
and decreased extracellular matrix (ECM) synthesis in
an age-dependent decline as a consequence of decreased
response to growth factors and cytokine stimulation
(Loeser et al., 2000). Like articular chondrocytes, outside
of their niche, adult stem cells lose their developmental
potential quickly (Lin, 2002) and tend to either randomly
differentiate or undergo apoptosis over time (Scadden,
2006). Thus, one of the major challenges in cartilage
tissue engineering and regeneration is controlling the
fate of articular chondrocytes and adult stem cells
outside their natural environment. In native tissues, three-
dimensional (3D) microenvironments house stem cells
and act to manage cellular behavior in a dynamic fashion
via biochemical and biophysical cues. The stem cell
niche exerts control over the intrinsic genetic pathways
regulating the multi-potentiality and self-renewal ability
of stem cells via extrinsic signals from the surrounding
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microenvironment (Zhang and Li, 2008). Thanks to
current research progress in development biology, our
work and that of other groups in reconstructing in vitro
microenvironments to facilitate cell proliferation and
lineage-specific differentiation suggests that this approach
may be critical to overcoming the shortcomings of ACT-
style techniques for tissue engineering and regeneration
of cartilage, intervertebral discs, and potentially other
tissues. In this paper, we briefly review an in vivo stem cell
niche and its key components and, for the first time, we
summarize our recent work in the reconstruction of in vitro
microenvironments using decellularized stem cell matrix
(DSCM) for cell expansion to regenerate cartilage. Lastly,
we briefly discuss some potential mechanisms underlying
the cell rejuvenation effect from expansion substrate —
DSCM.

Key parameters in an in vivo stem cell niche

Basic concept of in vivo stem cell niche

A stem cell niche is a specific site in adult tissues where stem
cells reside and undergo self-renewal and differentiation
by producing large numbers of progeny. Ever since the
concept of “niche” was proposed by Schofield in 1978 to
describe the physiologically limited microenvironment of
bone marrow in which the hematopoietic stem cells (HSCs)
reside (Schofield, 1978), the niche hypothesis has been
supported by a variety of co-culture experiments in Vvitro
(Dexter et al., 1977; Rios and Williams, 1990; Moore et
al., 1997; Liet al., 2004). Structurally, the niche is formed
by supporting cells that provide a microenvironment for
stem cells and the signals emanating from the supporting
cells (Spradling et al., 2001; Lin, 2002; Li and Xie, 2005).
However, it still remains a major challenge to accurately
define the precise cellular components and anatomical
structure of the niche.

Effect of biochemical composition of ECM on
embedded stem cells

The ECM is primarily composed of various collagens,
laminins, and glycoproteins serving as substrates for
a myriad of adhesion molecules including integrins,
cadherins, and discoidin domain receptors (Griffith and
Swartz, 2006). Cell-matrix interaction-induced signaling
constitutes a critical determinant of cell behavior, making
the ECM composition a key factor in the stem cell niche. The
integrins are a major family of ECM receptors that transmit
information from the matrix to the cells, thereby playing
a key role in the regulation of cell survival, proliferation,
differentiation, and matrix remodeling (Loeser, 2002). The
binding of ECM molecules to specific integrin receptors
triggers activation of focal adhesion kinase (FAK) that in
turn phosphorylates several proteins including Paxillin,
Src homology 2 domain containing protein (SHC), and
members of the SRC family kinases (Schlaepfer et al.,
1999). Interestingly, inhibition of SRC-type kinases in
both mouse and human embryonic stem cells (ESCs)
were recently shown to cause differentiation (Anneren et
al., 2004). In addition, both phosphatidylinositol 3-kinase
(PI3-K) and mitogen-activated protein kinase (MAPK)
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pathways are also activated downstream of integrin (Chen
etal., 1996; King et al., 1997).

Effect of biophysical properties of ECM on resident
stem cells (elasticity)

A key challenge in stem cell research is to learn how to
direct the differentiation of stem cells toward specific
fates. Other than the components of the ECM, a variety
of cues including biophysical factors, such as the stiffness
of ECM and extrinsic mechanical factors as well as cell
shape changes, are also capable of influencing stem cell
proliferation, self-maintenance, and differentiation toward
specific cell phenotypes. Recently, the elasticity of the
matrix microenvironment was identified as regulating
stem cell fate. By changing the stiffness of the substrate,
human MSCs could be directed along neuronal, muscle, or
bone lineages (Engler et al., 2006). Since then, substrate
stiffness has been applied to modulate the proliferation and
differentiation of ESCs (Evans et al., 2009; Jacot et al.,
2010) as well as certain types of adult MSCs (Saha et al.,
2008; Leipzig and Shoichet, 2009). The Ras superfamily,
especially Rho subfamily members that are well known to
regulate the cytoskeleton, cell growth, and transcription,
is reported to be involved in substrate stiffness sensing
(Peyton and Putnam, 2005). Rho-stimulated contractility
drives stress fiber and focal adhesion formation and the
up-regulation of a-smooth muscle actin correlates with
contractility on a rigid substrate (Chrzanowska-Wodnicka
etal., 1996; Hinz et al.,2001). RhoA and downstream Rho
kinase (ROCK) also mediate substrate rigidity-regulated
Ca* oscillation, which determines the physiological
functions of human MSCs (Kim et al., 2009). Racl is
another Rho family protein that can be activated by myosin
inhibition, which also has provided evidence for the critical
role of contractility in substrate sensing (Pelham and Wang,
1997; Griffin et al., 2004). Interestingly, matrix stiffness
could be an underlying mediator of growth factors, such as
transforming growth factor beta (TGF-f)-driven processes,
regulating the equilibrium between storage and release of
a host of matrix-bound growth factors (Wells and Disher,
2008).

Understanding has increased about how underlying
matrix stiffness can guide stem cells toward a specific
developmental lineage (Engler et al., 2006; Peyton et al.,
2007), but matrix stiffness alone is likely to be insufficient
to achieve complete terminal differentiation (Engler et
al., 2006). Mounting evidence suggests that extrinsic
mechanical factors can significantly influence the process
of development and may play critical roles in controlling
stem cell fate and lineage determination. For example,
dynamic compression has been demonstrated to enhance
chondrogenesis in studies conducted by a number of groups
using scaffolds including agarose (Mouw et al., 2007;
Thorpe et al., 2010), alginate (Campbell et al., 2006),
hyaluronan-gelatin composites (Angele et al., 2004), and
fibrin-polyurethane composites (Li et al., 2010). However,
the control of stem cell biology through mechanical factors
remains poorly understood and is receiving more attention
in the developing field of regenerative medicine. The
transduction of local mechano-stimuli into biochemical
signals occurs through several signaling pathways, but
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studies have shown that transduction occurs locally at the
cell periphery, even though the forces and the biochemical
signals propagate throughout the cell (Choquet etal., 1997;
Riveline et al. 2001; Galbraith et al., 2002; von Wichert
etal., 2003). Complicated transduction processes, such as
rigidity responses, involve several steps that can combine
the transduction of force and/or geometry sensing with
time (Discher et al., 2005; Giannone and Sheetz, 2006).
Guanine nucleotide-exchange factors, Ca*>" ion channels,
receptor-like protein tyrosine phosphatases, Src-family
kinases, and membrane receptors have been surmised as
early steps in force or geometry transduction (Katsumi et
al., 2002; von Wichert et al., 2003; Munevar et al., 2004;
Katsumi et al., 2005).

Cell shape is defined within the niche by the constraints
imposed by the surrounding ECM on cells during
development and adulthood (Folkman and Moscona, 1978;
Chen et al., 1997). Alterations in adhesive interactions
and crosstalk between the ECM and the cells work to
define each other. Evidence suggests that physical control
of cell shape alone can act as a potent regulator of cell
signaling and lineage differentiation (Wozniak and Chen,
2009). As summarized in a recent review, the thorough
understanding of the physical properties of ECM could
facilitate the development of biomaterials to display and
deliver stem cell regulatory signals in a precise and near-
physiological fashion, and serve as a powerful artificial
microenvironment in which to study and instruct stem cell
fate both in vitro and in vivo (Lutolf et al., 2009).

Effect of 3D structure of ECM on resident stem cells

The ECM comprises a scaffold of collagens and other
structural proteins that are interlaced with proteoglycans
which, together, control the local mechanical environment
and contribute to the “stem cell niche” microenvironment
through their own signaling moieties and their ability
to bind growth factors, cytokines, enzymes, and other
diffusible molecules. Compared to traditional two-
dimensional (2D) culture, culturing stem cells in 3D
environments provides another dimension for external
mechanical inputs and for cell adhesion, which dramatically
affects integrin ligation, cell contraction, and associated
intracellular signaling (Roskelley et al., 1994; Knight et
al., 2000). Furthermore, the 3D environment might be
necessary to model morphogenetic and remodeling events
that occur over larger-length scales. The mechanisms
by which nanotopographic cues derived from ECM
influence stem cell proliferation and differentiation are
not well investigated yet but appear to involve changes
in cytoskeletal organization and structure, potentially
in response to the geometry and size of the underlying
features of the ECM. That is, changes in the feature size
of the substrate may influence the clustering of integrins
and other cell adhesion molecules, thus altering the number
and distribution of focal adhesions. The composition
and function of adhesions characterized in 3D matrices
derived from tissues or cell culture were demonstrated to
be different from focal and fibrillar adhesions characterized
on 2D substrates in their content of o 3, and o f3, integrins,
paxillin, other cytoskeletal components, and tyrosine
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phosphorylation of FAK (Cukierman et al. 2001). Relative
to 2D substrates, 3D matrix interactions also display
enhanced cell biological activities and narrowed integrin
usage.

Soluble factors and their role on resident stem cells
after immobilization on ECM

Communication within the niche is essential for the
maintenance of proper stem cell function and for
determining the rate of stem cell self-renewal. Soluble
factors may act locally or may diffuse throughout the
niche to direct stem cell fate decisions. Studies indicate
that supporting cells, which are located adjacent to
stem cells, secrete soluble factors that are required for
maintaining stem cell identity and for specifying stem
cell self-renewal (Xie and Spradling, 1998; Kiger et al.,
2001; Tulina and Matunis, 2001). Soluble factors, such
as growth factors and cytokines, are important for the
initiation and control of stem cell differentiation. A wide
variety of soluble growth factors, such as basic fibroblast
growth factor (FGF-2) (Chintala et al., 1994), TGF-$
(Paralkar et al., 1991), vascular endothelial growth factor,
and hepatocyte growth factor (Ruhrberg et al., 2002), bind
to a component of ECM [such as heparin sulfate], which
greatly slows their diffusion and therefore serves to fine-
tune their local concentrations and gradients (Paralkar et
al., 1991; Ruhrberg et al., 2002). Matrix binding can create
locally higher concentrations of autocrine growth factors
(Tschumperlin et al., 2004), allowing smaller amounts of
the factor to signal more effectively (Swartz, 2003).

Environmental factors, such as low oxygen

The physiological condition, including oxygen tension, is
an important component of the stem cell microenvironment
and has been shown to play a role in regulating both
embryonic and adult stem cells. Low oxygen tensions
(hypoxia) maintain undifferentiated states of embryonic,
hematopoietic, mesenchymal, and neural stem cell
phenotypes and also influence proliferation and cell-
fate commitment. Despite the presence of a decreased
osteogenic and chondrogenic potential when induced
to differentiate in hypoxic conditions (Malladi et al.,
20006), adipose stem cells (ASCs) exhibited increased
chondrocytic markers when expanded in hypoxic
conditions and differentiated in normoxic cultures (Xu
et al., 2007). The effect of hypoxia in committing ASCs
to chondrocytes is thought to be mediated by hypoxia-
inducible transcription factor (HIF)-1a. Inhibition of
HIF-1a leads to decreased chondrogenic potential, normal
osteogenic potential, and enhanced adipogenic potential
(Malladi et al., 2007). The role of hypoxia and HIF-1a
in cell differentiation is tissue-specific, because HIF-1a
maintains the stem cells in an undifferentiated state, inhibits
the differentiation of mesenchymal cells into osteoblasts,
adipocytes, and myocytes, but stimulates the differentiation
into chondrocytes (Salim et al., 2004; Gustafsson et al.,
2005; Lin et al., 2006; Sainson and Harris, 2006). These
data support the role of oxygen tension as an important
factor in the determination of cell fate and maintenance
of stemness in adipose and bone marrow derived MSCs.
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Reconstruction of an in vitro microenvironment for
cartilage tissue engineering and regeneration

The customized “niches”, consisting of a 3D matrix,
soluble factors, regulated oxygen tension, and mechanical
factors, can be used to imprint a “basal phenotype” on stem
cells. The microenvironmental preconditioning step for
stem cell fate modulation can be used to expand harvested
cells while minimizing cell senescence and spontaneous
differentiation and improving differentiation potential
(Gregory et al., 2005). Such a microenvironment could
restore plasticity to stem cells that have already undergone
differentiation (Kai and Spradling, 2004). Despite the
fact that synthetic matrices provide the highly controlled
composition and structure, the lack of knowledge regarding
mechanisms through which ECMs interact with cells
limit their complexity. This can be addressed using
cell-derived matrices, which have shown the potential
to produce suitable basement membranes for in vitro
expansion, which may provide deeper insights regarding
cell-matrix interactions and differentiation. Currently,
there are few studies investigating the effect of DSCM on
cell proliferation and chondrogenic potential. Here, we
summarize our recent work in this field.

DSCM preparation

Conventional plastic flasks are precoated with 0.2 %
gelatin (Sigma-Aldrich, St. Louis, MO, USA) at 37 °C
for one hour and seeded with MSCs. After cells reach
90 % confluence, 50 uM L-ascorbic acid phosphate (Wako
Chemicals USA Inc., Richmond, VA, USA) is added for 8
days. To remove the embedded cells, the deposited ECM
is incubated with 0.5 % Triton X-100 containing 20 mM
ammonium hydroxide at 37 °C for 5 min. The DSCM
can be stored for a couple of months at 4 °C in phosphate
buffered saline containing 100 U/mL penicillin, 100 pg/
mL streptomycin, and 0.25 pg/mL fungizone.

Rejuvenation effect of in vitro microenvironment on
adult stem cells toward chondrogenesis

Adult stem cells gradually lose their “stemness” once
they are removed from their in vivo niche for plating in
plastic flasks. Synovium-derived stem cells (SDSCs) are
cartilage tissue-specific stem cells (Sakaguchi et al., 2005;
Mochizuki et al., 2006; Pei et al., 2008; Dickhut et al.,
2009; Segawa et al., 2009 Kurth et al., 2011). Porcine
SDSCs were utilized as a model to reconstruct an in vitro
3D stem cell niche for chondrogenesis (He et al., 2009).
After seeding on DSCM deposited by SDSCs, the initially
wide and flat SDSCs became thin and spindle-shaped and
were arranged in a 3D configuration with typical stem
cell phenotypes. A dramatic increase in cell number and
a greatly enhanced chondrogenic capacity were observed
though, surprisingly, the DSCM-treated SDSCs did not
display concomitantly improved adipogenic or osteogenic
potentials. Thus, a tissue-specific stem cell can be used to
prepare its own in vitro niche for stem cell proliferation
while maintaining and enhancing its lineage-specific
“stemness”. To maximize cell yield during expansion,
the in vitro microenvironment can be optimized by
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modulating oxygen tension and mitotic signaling in a
tissue-specific DSCM deposited by SDSCs to rejuvenate
expanded SDSC proliferation and chondrogenic potential
(Li and Pei, 2011). Compared with the mitotic effect of
FGF-2 on SDSCs, DSCM expansion greatly enhanced
SDSC proliferation while retaining SDSCs’ stem cell
characteristics. More importantly, DSCM pretreatment
yielded SDSC pellets with a comparable chondrogenic
index [ratio of glycosaminoglycan (GAG) to DNA] to
FGF-2 pretreatment, both of which were much higher
than SDSC expansion on plastic flasks alone. Consistent
with previous reports (Solchaga et al., 2005; Solchaga et
al., 2010), FGF-2 pretreatment led to the highest GAG
and DNA content; intriguingly, it also contributed to the
highest expression level of hypertrophic marker genes.
Surprisingly, the hypertrophic marker genes could be
down-regulated if the pretreatment was combined with
hypoxia or DSCM. The combination of hypoxia, FGF-2,
and SDSC-derived DSCM contributed to the highest cell
number in SDSC expansion. The above studies indicate
that the 3D microenvironment for ex Vivo expansion can
be optimized to provide high-quality stem cells for stem
cell-based cartilage defect repair.

MSCs from different sources have been shown to
have different properties in terms of expansion capacity
and lineage-specific differentiation (Sakaguchi et al.,
2005). The challenge during chondrogenesis is to generate
articular cartilage-like chondrocytes that do not undergo
hypertrophy as a terminal differentiation stage. MSCs from
bone marrow (BMSCs) appear to have a high propensity
for cartilage hypertrophy and bone formation (Muraglia
et al., 2000; Pelttari et al., 2006) and therefore may be
ideal for bone tissue engineering through endochondral
ossification. Our recent study assessed the rejuvenation
effect of DSCM deposited by human BMSCs (hBMSCs)
on hBMSC expansion and tissue-specific lineage
differentiation potential (Pei et al., 2011). Passage 5
hBMSCs were expanded on DSCM or plastic flasks for one
passage. DSCM expanded hBMSCs exhibited an enhanced
proliferation capacity and acquired robust chondrogenic
potential compared to those grown on plastic flasks. DSCM
expansion decreased intracellular reactive oxygen species
(ROS) and increased stage-specific embryonic antigen 4
(SSEA-4) expression in hBMSCs. DSCM expansion also
up-regulated integrins a2 and B5 and induced a sustained
activation of extracellular signal-regulated kinase-Y4 (Erk'%)
and cyclin D1. Since inhibition of integrin a2 suppresses
FAK activation and Erk's phosphorylation (Sawhney et
al., 2006), up-regulation of integrin a2 during DSCM
expansion might be responsible for a sustained activation
of Erk’s in hBMSCs. Up-regulation of TGF-f receptor 11
during cell expansion and chondrogenic induction might
be responsible for an enhanced chondrogenic potential in
DSCM expanded hBMSCs. We also found that DSCM
expanded hBMSCs had an increased osteogenic potential
and decreased adipogenic capacity, which emphasizes
BMSCs as a tissue specific stem cell for osteogenesis.
DSCM deposited by hBMSCs may be a promising
approach to expand BMSCs from elderly patients for the
treatment of large-scale bone defects through endochondral
bone formation.
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ASCs from infrapatellar fat pad (IPFP) are a promising
source of stem cells for chondrogenesis (Wickham et
al., 2003; Khan et al., 2007; Khan et al., 2008) and
cartilage tissue engineering (Dragoo et al., 2003; Jurgens
et al., 2009; Buckley et al., 2010). Our recent study
assessed whether DSCM expansion could improve ASC
proliferation and chondrogenic potential (He and Pei,
2011a). ASCs were separately expanded on plastic flasks,
ASC-deposited DSCM, and SDSC-deposited DSCM.
ASCs were centrifuged to form pellets and cultured in a
serum-free chondrogenic medium with either TGF-B3 or
TGF-B3 combined with bone morphogenetic protein 6
(BMP-6). Cell number yielded on DSCM expansion did
not show a significant difference in deposition between
ASCs and SDSCs but was 6 to 10 times that grown on
plastic flasks. DSCM-expanded ASCs exhibited a lower
level of intracellular ROS compared to those grown on
plastic flasks. Typical chondrogenic markers, including
type II collagen and GAG, were intensively distributed
in the pellets from DSCM-expanded ASCs compared to
those from plastic flask-grown cells. ASCs expanded on
DSCM, either from ASCs or SDSCs, exhibited a similar
chondrogenic index, which was significantly higher than
that from ASCs grown on plastic flasks. Treatment with
a combination of TGF-B3 and BMP-6 increased the
ASC chondrogenic index 36 % more than treatment with
TGF-B3 alone. Interestingly, DSCM pretreatment also
decreased expanded ASC hypertrophic marker genes.
DSCM deposited by either ASCs or SDSCs did not
exhibit enhanced adipogenic differentiation of ASCs. This
study indicates that the sequential application of DSCM
for cell expansion and combined TGF-f3 and BMP-6
for chondrogenic differentiation may be a promising
approach for ASC-based cartilage tissue engineering and
regeneration.

Rejuvenation effect of in vitro microenvironment on
adult chondrocytes

DSCM has been demonstrated to rejuvenate expanded adult
stem cells with enhanced proliferation and chondrogenic
potential (He et al., 2009; Li and Pei, 2011; Peietal., 2011).
Our study also assessed the effect of DSCM deposited
by SDSCs on articular chondrocyte expansion and
maintenance of differentiation status and redifferentiation
capacity (Pei and He, 2011). Passage 0 (P0) porcine
articular chondrocytes were expanded for six passages
on plastic flasks, SDSC-derived DSCM, or substrate
switching from either plastic flask to DSCM or DSCM to
plastic flask. DSCM not only greatly enhanced chondrocyte
expansion but also delayed dedifferentiation of expanded
chondrocytes. Intriguingly, compared to a dramatic
decrease in CD90+/CD105+ cells and CD90+ cells,
CD105+ cells dramatically increased when chondrocytes
were plated on plastic flasks; on the contrary, DSCM
expansion dramatically increased CD90+ cells and delayed
the decrease of CD90+/CD105+ cells. Interestingly,
chondrocytes expanded on DSCM also acquired a strong
redifferentiation capacity, particularly in the pellets treated
with TGF-B1. In conclusion, the ratio of CD90 to CD105
may serve as a marker indicative of proliferation and
redifferentiation capacity of dedifferentiated chondrocytes.
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DSCM deposited by SDSCs provides a tissue-specific
3D microenvironment for ex vivo expansion of articular
chondrocytes while retaining redifferentiation capacity,
suggesting that DSCM may provide a novel approach for
autologous chondrocyte-based cartilage repair.

Autologous disc cell-based therapy is a promising
approach for intervertebral disc (IVD) regeneration.
Unfortunately, the current in vitro expansion of nucleus
pulposus (NP) cells in monolayer results in dedifferentiation
of these cells. We also assessed the feasibility of using
DSCM deposited by a tissue-specific stem cell to provide
a 3D microenvironment for NP cell rejuvenation (He and
Pei, 2011b). After plating for six passages on either plastic
flasks or DSCM deposited by SDSCs, the expanded NP
cells were evaluated for redifferentiation capacity. NP cells
expanded on DSCM grew much faster with a smaller size
and fibroblast-like shape compared to those on plastic
flasks. DSCM-treated NP cells acquired an enhanced CD90
expression and higher mRNA levels of types I, II, and X
collagen and aggrecan, as well as a robust redifferentiation
capacity, evidenced by dramatically increased type
IT collagen, aggrecan, and Sox9 and decreased type I
collagen for up to six passages. SDSC-derived DSCM
can provide a tissue-specific microenvironment for the
rejuvenation of NP cells with a higher proliferation rate and
redifferentiation capacity. These characteristics may play a
role in improving an autologous disc cell-based minimally
invasive therapeutic approach toward physiological
reconstruction of a biologically functional disc in the
clinical setting.

Potential Mechanism of DSCM on Cell Proliferation
and Chondrogenic Potential

The integrin family are key mediators for cell proliferation.
Integrin-mediated cell adhesion is required for cell motility
and affects cell proliferation (Schwartz and Assoian, 2001;
Hynes, 2002). Ligands present in ECM, such as vitronectin,
fibronectin, laminin, and collagen, are recognized by
specific integrins, such as integrin a5p1 for fibronectin
(Loeser, 2000). Integrin-ECM interaction can activate
signaling cascades, such as Erk's, MAPK, PI3-K, and Akt
(Sanders and Basson, 2000; Brockbank et al., 2005). It is
agreed that sustained ERK activation requires cooperative
signaling between receptor tyrosine kinases (RTKs) and
integrins (Schwartz and Assoian, 2001). The induction
of cyclin DI mRNA has most frequently been attributed
to the activation of ERKs (Roovers and Assoian, 2000).
However, only a sustained ERK signal is not sufficient
to induce cyclin D1 protein. PI3-K is also required for
the expression and stability of cyclin D1 (Gille and
Downward, 1999; Takuwa et al., 1999); in addition, FAK
is an important regulator of cyclin D1. Overexpression of
wild-type and dominant negative FAK ¢cDNAs showed
that integrin-dependent phosphorylation of FAK plays an
important role in phosphorylation of ERK and induction
of cyclin DI (Zhao et al., 1998). Interaction of ECM
molecules with adhesion receptor can directly activate
growth factor receptor without the need for the receptor’s
soluble ligand (Howe et al., 1998). The ECM structure
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may also act as a molecular scaffold for the downstream
component of signaling cascades, which allows more
efficient propagation of the signals (Aplin et al., 1998).
Another way by which ECM may affect cell proliferation
is through harboring growth factors or growth factor-
binding protein. The direct binding of growth factors
to the ECM may affect the local concentration and the
biological activity of the growth factors. On the contrary,
growth factors also regulate modification and dynamic
changes of ECM. ECM binds to the growth factors through
the negatively charged heparin sulfate side chains of
proteoglycans (Huhtala et al., 1999). The ECM serves as a
reservoir, which could limit the movement and diffusion of
soluble factors, and thus could sustain the cell growth and
differentiation and other activities even when the soluble
factors of cells have ceased.

Coordination between Wnt signals and other secreted
signals contributes to the regulation of stem cell self-
renewal in tissue microenvironments (Klapholz-Brown
et al. 2007). Wnt signals are not only involved in ECM-
mediated enhancement of stem cell proliferation, but
also contribute to retaining or promoting differentiation
potential. Czyz and Wobus reported evidence that the
interaction of stem cells with ECM via integrins determines
the expression of the signaling molecules BMP-4 and
Wnt-1, resulting in the activation of the mesodermal and
neuroectodermal lineage, respectively (Czyz and Wobus,
2001). Defective Wnt signaling, however, affects ECM
synthesis, possibly being responsible for the etiology
of the segmental premature aging disease Hutchinson-
Gilford Progeria because mice exhibit skeletal defects
and apoptosis in major blood vessels proximal to the heart
(Hernandez et al. 2010). This study provided insights into
the role of Wnt signaling and ECM in aging.

Despite the fact that the above studies demonstrated
the role of Wnt in ECM-mediated proliferation and
differentiation, there is no direct evidence suggesting
the Wnt role in ECM enhancing stem cell chondrogenic
potential. Wnt signaling plays an important role in
chondrocyte maturation. Wnt inhibitors were reported to
promote chondrogenic differentiation of human MSCs
(Im and Quan, 2010). Morecover, Wnt signaling may
play a “dual” role in chondrogenesis, depending on the
specific Wnt ligand responsible for the signaling and
the development stage when Wnt is engaged. During
chondrogenesis in the chicken limb, Wnt5a delays the
maturation of chondrocytes while Wnt4 accelerates the
process (Hartmann and Tabin, 2000). Like Wnt5, Wnt7a
also induces a chondro-inhibitory effect, which involves
the MAPK pathway and activator protein-1 transcriptional
activity (Tufan etal., 2002). Wnt14, another member of the
Wnt family, is expressed in the chondrogenic region and
has been reported to arrest and even reverse chondrogenic
differentiation (Hartmann and Tabin, 2000). B-catenin,
the central player in canonical Wnt signaling, is required
during the early differentiation and late-stage maturation
of chondrocytes, but the canonical pathway inhibits the
progression of chondrocyte differentiation. Constitutively
active fB-catenin can prevent chicken chondrocytes from
differentiation by down-regulating Sox9 and type II
collagen (Ryu et al., 2002); meanwhile, mice with elevated
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[-catenin activity resulting from secreted frizzled-related
protein (SFRP1) deficiency exhibit accelerated chondrocyte
maturation (Gaur et al., 2006).

During the differentiation and development period,
Notch signaling determines many different fates of the
cell. It is well established that integrins are major receptors
for cell adhesion to ECM proteins in vertebrates; besides,
integrins also make transmembrane connections to the
cytoskeleton and activate many intracellular signaling
pathways (Hynes, 2002). Notch1 and B1-integrins are cell
surface receptors involved in the recognition of the niche
that surrounds stem cells through cell-cell and cell-ECM
interactions, respectively. Recently, a study reported that
Notch and B1-integrins are co-expressed and coordinated
with epidermal growth factor receptor in maintaining
neural stem cells (Campos et al., 2006). Another report
demonstrated that the Notch pathway modulates the
adhesion of bone marrow derived vascular precursor cells
(BM-PC) to ECM via regulation of integrin a381; and that
the Notch pathway inhibition on BM-PC impairs their
capacity to stimulate endothelial cell tube formation on
matrigel and to promote endothelial monolayer recovery
following wounding in vitro (Caiado et al. 2008). Thus, the
receptors for ECM such as integrins might act together with
the Notch pathway to control cell responses to change the
environment and the ECM of stem cells may affect stem
cell maintenance and differentiation by affecting Notch
signaling in a context- and time-dependent manner.

The chondrogenic effects of ECM on cells might be
due to the regulation of Notch signal. A few studies have
been conducted regarding the function of Notch signaling
for chondrogenesis. Notch is expressed in the initial stage
of chondrogenic cell differentiation and has a strong
inhibitory effect on both proliferation and differentiation
of the cells when activated (Watanabe et al., 2003). Notch
signaling retains chondrocytes in an immature state
(Karlsson et al., 2007). Blocked Notch signaling in murine
limb bud cell micromass culture resulted in increased
initiation of the condensation phase as well as induction of
Sox9 and type II collagen, indicating that Notch signaling
may play an important role in chondrogenic differentiation
by negatively regulating the initiation of prechondrogenic
condensation (Fujimaki et al., 2006). This study also
suggests that transient Notch signaling might be required
for chondrogenesis, and that either blockage or activation
of the Notch signaling pathway results in inhibited
chondrogenesis (Fujimaki et al., 2006).

Summary

Autologous cell transplantation, or cell-based tissue
engineering or regeneration, is a promising biological
approach for the treatment of human disease due to the
absence of disease transmission and immune rejection.
However, the aging cell source from elderly patients
and replicative senescence greatly hinder cell-based
therapy. Reconstruction of an in vitro microenvironment
is becoming an urgent and critical task to acquire a
sufficient number of high-quality cells for cartilage tissue
engineering and regeneration. DSCM provides a stem
cell microenvironment resulting in expanded cells with
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acquired enhanced proliferation ability and chondrogenic
potential. However, investigation of DSCM is still in its
infancy. Many mysteries need to be addressed before this
technology can be applied clinically. For example, what’s
the composition of DSCM? Are there any differences
in DSCMs from different stem cells? What’s the key
component in DSCM that determines the fate of expanded
cells? What’s the signal transduction pathway guiding
plated cell performance? How’s the performance of DSCM
expanded cells in vivo? Can ECM expanded cells resist
the inflammatory environment post-implantation? All
these concerns need be solved before this approach can
be applied in clinics.
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Discussion with Reviewers

Reviewer Il: There are several studies showing that native
cartilage ECM can have similar properties (Cheng et al.,
2009, additional reference). How would the stem cell
derived material compare to native cartilage with respect
to cell-matrix interactions and maintenance of stemness?
Authors: In one of our matrix studies (Pei et al., 2011,
additional reference), we compared the proliferation
and chondrogenic potential of SDSCs or chondrocytes
after expansion on either DSCM deposited by SDSCs
or chondrocytes. We found DSCM deposited by SDSCs
provided a robust effect on the proliferation and
chondrogenic capacity of either SDSCs or chondrocytes
compared to ECM deposited by chondrocytes, suggesting
that DSCM can provide a universal cell expansion system
for cartilage tissue engineering using either stem cells or
chondrocytes.

Reviewer Il: The composition of the stem cell-derived
material would seem to be critical to the observed effect
on different cell types. What components appear to be the
most important in this respect?

m&m&;—lﬁim

Decellularized stem cell matrix for cell expansion

Authors: To the best of our knowledge, we are the
first group working with DSCM that rejuvenates or
reprograms expanded cell proliferation and chondrogenic
differentiation. These findings are novel and exciting
despite the fact that the work with DSCM is still in its
infancy. We believe this concept is very important and
will attract significant attention in the stem cell field; in
particular, it will benefit cell-based tissue engineering and
regeneration. Currently we have completed several studies
and have published our data in peer-reviewed journals.
In some of our studies, we characterized some DSCM
components in which we were interested. For example,
in He et al. (2009, text reference), in order to determine if
cell expansion on DSCM yielding enhanced chondrogenic
potential had any relationship with the components
in ECM, we used histology and immunostaining. We
evaluated the existence of sulfated GAGs, collagens I, II,
and X and found that collagen I was the major component
in DSCM deposited by SDSCs. However, we still do not
have a complete picture of key components in DSCM that
we can share with readers at this moment. We are confident
that we can uncover this mystery in the near future.
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