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Chapter 1

Generd introduction and aims

This chapter is an overall introduction to the entire thesis, with aims and
outlines for each chapter.



Chapter 1

General introduction and aims

Autologous Chondrocyte Implantation (ACI) is currently considered as the
golden standard for treatment of large-size cartilage defects. ACI requires, however, at
least two operative procedures which are separated by several weeks due to the
obligatory cell expanson to obtain sufficient cells for implantation. Replacement of
chondrocytes by alternative cell sources can potentially reduce the two step procedure to
a single step procedure by omitting the cell expanson phase. Hendriks et al., co-
cultured bovine primary chondrocytes with human expanded chondrocytes, human
dermal fibroblasts, mouse embryonic stem cells, mouse-3T3 feeder cells, or human
mesenchymal stem cells in cell pellets [1]. Their data indicated that cartilage matrix
deposition could be supported by co-culturing chondrocytes with a variety of cell types.
In their experimental setup, the co-culture pellets contained approximately 20% of
chondrocytes, but the amount of GAG in co-culture pdlets was similar to pure
chondrocytes pellets. This synergistic effect of cartilage formation in co-cultures of
chondrocytes with other cell types was defined as chondro-induction [2]. The finding of
chondro-induction potentially leads to the development of a new cell-based therapy for
cartilage regeneration: one step surgery of ACI, in which the necessity for in vitro
chondrocyte expansion in laboratory is circumvented.

In this single step procedure, it was proposed that chondrocytes can be isolated,
mixed with mesenchymal stem cells, which are also isolated during the same surgical
procedure. This mixture of chondrocytes and MSCsiis then loaded on a porous scaffold
with mechanical properties matching with native cartilage tissue. The procedure is
finalized by implantation of the construct into the cartilage defect. Preliminary data
shows that the amount of cartilage produced in this procedure equals or is even higher
than that formed by a pure chondrocyte population or a pure mesenchymal stem cell
population [3-6]. However, developing this surgical procedure from laboratory to clinic
needs to meet a few requirements. First of all, fast and efficient isolation of primary
chondrocytes and MSCs is essential for performing the surgery in one procedure.
Secondly, animal studies are needed to address the safety issues upon scaffolds and cells,
as wdll as efficacy of the single step surgery. In addition, it is as yet unclear what the
best source of clinically accessible mesenchymal stem cells is. Upon these questions,
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Chapter 1

the mechanism of cross-talk between the chondrocytes and MSCs in co-cultures or co-
implantation requires more laboratory studies from the perspective of fundamental
science. Elucidating this mechanism helps the application of one step surgery in clinics.
Aims and Outlines of this Thesis

The aim of this thesis is to uncover the mechanism of cellular interactions
between MSCs and chondrocytes in co-culture pellets. There are several questions
which are addressed in this thesis: 1) why is extracelluar matrix deposition increased in
co-culture pellets of primary chondrocytes and human Mesenchymal Stem Célls; 2)
which factors are involved in these interactions, and 3) how can we utilize our
knowledge about these interactions to improve clinical practice.

Chapter 2 reviews most up-to-date studies applying adipose derived stem cells
(ASCs) in cartilage regeneration research.

Chapter 3 describes the finding of trophic effects in co-culture pellets of
MSCs and chondrocytes. We show that increased cartilage formation in pellet co-
cultures is mainly due to a trophic role of the MSCs in stimulating chondrocyte
proliferation and matrix deposition by chondrocytes rather than MSCs actively
undergoing chondrogenic differentiation. We provide evidence that this trophic effect is
mainly caused by MSC secreted factors.

Chapter 4 expands the findings in chapter 3 to multiple sources of MSCs. Our
results demongtrate that trophic effects of MSCs could be a general mechanism by
which MSCs from different origins orchestrate tissue function repair.

Chapter 5 focuses on the molecular mechanism of MSCs’ trophic effects
aiming at the identification of secreted factors that are responsible for the stimulation of
chondrocyte proliferation. Our data indicate that MSCs stimulate chondrocyte
proliferation in co-culture pedlets by secretion of FGF-1 which is strongly increased in
co-cultures.

Chapter 6 shows the influence of in vitro expansion on the trophic effects of
adipose stem cells (ASCs). Our data indicate that the unexpanded stromal vascular
fraction (SVF) of adipose tissue is a better cell source for cartilage regeneration that
cultured ASCs.
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Chapter 1

In chapter 7, the general discussion, the main conclusions of this thesis are

discussed and placed in a broader perspective. In addition, implications for
improvement of current cell based cartilage repair technology are discussed.
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Chapter 2

Abstract

Adipose-derived stem cells (ASCs) have been discovered for more than a
decade. Due to the large numbers of cells that can be harvested with relatively little
donor morbidity, they are considered to be an attractive aternative to bone marrow
derived mesenchymal stem cells. Consequently, isolation and differentiation of ASCs
draw great attention in the research of tissue engineering and regenerative medicine.
Cartilage defects cause big therapeutic problems because of their low sdf-repair
capacity. Application of ASCs in cartilage regeneration gives hope to treat cartilage
defects with autologous stem cells. In recent years, alot of studies have been performed
to test the possibility of using ASCs to re-construct damaged cartilage tissue. In this
paper, we have reviewed the most up-to-date articles utilizing ASCs for cartilage
regeneration in basic and trandational research. Our topic covers differentiation of
adipose tissue derived mesenchymal stem cells into chondrocytes, increased cartilage
formation by co-culture of ASCs with chondrocytes and enhancing chondrogenic
differentiation of ASCs by gene manipulation.
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Chapter 2

Introduction

Cartilage defects due to trauma, tumor ablation or age-related abrasion, lead to
constant pain and functiona limitations of joints and cause serious medical and socia
problems. It is believed that even small lesions can severdy affect the structure and
function of articular cartilage and may predispose to the devel opment of osteoarthritis
[1]. The reason for this is quite obvious. no vascularization is present in articular
cartilage tissues. Therefore, normal events in tissue repair like inflammation and fibrin
clot formation do not happen in cartilage defects. Only chondrocyte and synoviocytes
which reside in the local environment can fill up the defects by slow proliferation and
matrix deposition [2-3]. In cartilage defects deep into the subchondra bone, bone
marrow cells as well as blood cells can migrate to the articular surface by bleeding to
fill the gaps with rapid proliferation and matrix synthesis [4]. However, the newly
synthesized matrix is usually fibrous. And fibrous cartilage is inferior to hyaline
cartilage in mechanica properties [5]. Troubled by the poor self-regeneration of
cartilage tissue, clinicians and basic scientists have been working for years on new
techniques to find the perfect treatment for cartilage defects.

The most popular treatments for cartilage defects nowadays, are micro-drilling
and autologous chondrocytes implantation (ACI). In the micro-drilling technique also
known as microfracturing, tiny fractures are induced into the subchondra bone plate by
drilling small holes which alow blood and bone marrow to seep out in the defect. This
creates a blood clot with incorporated pluripotent mesenchymal stem cells (MSCs).
These MSCs eventualy hea the defect with scar tissue consisting of a mixture of
fibrous tissue, fibrocartilage and hyaline-like cartilage [6]. Regarding the clinica
outcome, improvements in joint function and pain relief have been reported in 75% of
young patients, with even higher success rates in young athletes [7]. However, the
quality of the newly formed cartilage is generally out of control, since it may depend on
various factors including the gender and age of the patients, the size and location of the
defects, the surgical protocols used, and the post-surgery rehabilitation [8]. In addition,
the mechanical properties of scar tissue are inferior compared to native cartilage which
may predispose the defected joint to early onset osteoarthritis in the medium to long run.
Anocther treatment called ACI was first introduced by Brittberg et al. in 1994 [9]. The
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Chapter 2

rational behind ACI is to fill the cartilage defects with autologous chondrocytes which
are expanded in vitro. The classica procedure includes arthroscopic excision of biopsies
from low-weight bearing areas of healthy cartilage, isolation and expansion of
chondrocytes in the laboratory, and implantation of chondrocyte suspension into the
defects which is then covered by a periosteal flap sutured to the surrounding healthy
tissues.

Nowadays, new technique called matrix-induced autologous chondrocyte
implantiation (MACI) is becoming more popular. Instead of injection into defects as cell
suspention, chondrocytes were seeded on a bilayer of porcine-derived type I/type 111
collagen, after in vitro expansion. The MACI membrane is then secured directly to the
defect by fibrin glue without a cover [10]. Clinical studies with a follow-up period of 2-
10 years indicated that 90% of treated patients developed well-integrated tissue in the
defect sites [11]. Despite the success of ACI in clinical practice, there are some
drawbacks of this therapeutic method that limit its broader application. One major issue
isthat the success rate of the procedure severely drops with age limiting the application
of ACI to patients under the age of 50 years. Other drawbacks include expensive
surgical procedures, donor site morbidity, and dedifferentiation of chondrocytes during
in vitro expansion. In vitro expansion is required since reatively large quantities of
healthy chondrocytes from the patient arerequired to fill up the defect site. Replacement

of chondrocytes with other cell sources like stem cells gives hope to tackle this problem.

Differentiation of adipose tissue derived mesenchymal stem cellsinto

chondrocytes

Adipose tissue, like bone marrow, is derived from the embryonic mesenchyme
and contains a stroma that can be easily isolated. It was first reported in 2001, that a
group of multipotent cells can be isolated from the stromal vascular fraction (SVF) of
collagenase digested human adipose tissue [12]. These cells called adipose tissue-
derived stromal cells or adipose stem cells (ASCs) can differentiate into adipocytes,
osteoblasts, chondrocytes and myocytes under specific culture conditions in vitro [13].
From that point on, many documents have emerged to describe the chondrogenic
potential of ASCs isolated from diverse animal models including mouse [14], rat [15],
rabbit[16], dog [17] and pig[18].
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Chondr ogenic potential of ASCs

When cultured in medium containing proper growth factors (TGFp-1, TGFB-2,
TGFB-3, BMP-2, BMP-6, or BMP-7), ASCs differentiate into chondrocytes in vitro [14,
19-20]. With a few days pre-conditioning in chondrogenic medium, ASCs could form
cartilage tissue in vivo [21]. Unlike bone marrow stromal cells (BMSCs), ASCs can be
isolated in large quantities with minimal morbidity and discomfort clinicaly [22]. In
view of these practical advantages, ASCs are an alternative for chondrocytes or BMSCs
in cell based cartilage regeneration strategies.

Regarding the application of ASCs in cartilage repair, infra-patellar fat pad
(IFP) could be a more attractive clinical source of ASCs. IFP can give rise to cdlls that
fulfill al the criteria of MSCs, including most importantly significant chondrogenic
potential [23-25]. It was even reported that ASCs derived from osteoarthritic (OA) IFP
showed higher chondrogenic capacity than that of bone marrow MSCs and
subcutaneous fat-derived ASCs [26-27]. Moreover, it was reported that chondrogenic
potential of IFP derived ASCs was better preserved during in vitro expanson process
compared to OA-cartilage derived chondrocytes which rapidly lose their phenotype [28].
Micro-environment needed for cartilage matrix deposition of ASCs

The differentiation medium required to induce chondrogenic differentiation of
ASCs usualy contains a cocktail of growth factors. Transforming growth factor-p
(TGF-B) is considered as the most important component. There are three TGF-§
isoforms: TGF-f1, -2 and -B3. Their distinct roles in embryonic development have
been studied intensively in mouse and human [29-31]. However, their differential
functions on extracellular matrix (ECM) formation were just discovered recently.
Studies showed that TGF-B3 and TGF-p2 led to significantly higher collagen type Il
expression and glycosaminoglycans deposition of BMSC than TGF-f1 [32]. Cals et al
reported that no significant differencesin tota collagen and glycosaminoglycans (GAGS)
formation could be observed among BMSCs cultured in medium containing the three
TGF-B isoforms respectively [33]. However cells induced by TGF-3 had significantly
higher mineraization level than cells cultured in TGF-B1 containing medium. Although

we did not find any study in which the differences of TGF- isoforms on chondrogenic
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differentiation of ASCs were tested, these data suggest that differences between
isoforms of TGF-B may affect ASCs differentiation and ECM deposition as well.

BMP-6 is another important growth factor commonly used in the
differentiation medium. It was reported that BMP-6 when combined with TGF-B
significantly increased chondrogenesis of ASCs by up-regulating the expression of
aggrecan and collagen Il with minimal side-effects such as increased collagen type X
expression or other characteristics of a hypertrophic phenotype [34]. The mechanism of
the synergistic effects of BMP-6 and TGF-f is that BMP-6 could induce the expression
of TGF-B receptor 1 which is usually not expressed by ASCs [35].

BMP-2 was used as a stimulator for osteogenic differentiation of ASCs [36].
However, BMP-2 was aso applied to promote the chondrogenic differentiation of
MSCs [37-38]. The cross talk between TGF and BMP signaling suggests an important
role of BMP-2 in cartilage matrix deposition [39-40]. Notably, BMP-2 induced
chondrogenic differentiation of MSCs would eventualy lead to hypertrophy and
endochondral-ossification [41-42].

BMP-4 is traditionally considered as a trigger of adipogenic differentiation of
embryonic stem cells [43]. A recent article presented BMP-4 as a promising growth
factor for ASCs’ in vitro expansion since a low dose of BMP-4 increased their viability
and maintained their multipotency [44]. Addition of BMP-4 in the differentiation
medium significantly enhanced the chondrogenic phenotype of ASCs compared to TGF
B1 alone [45].

The role of BMP-7 in ASCs differentiation is not as clearly defined as other
BMPs. On one hand, BMP-7 has been shown to be an important regulator of brown fat
adipogenesis and energy expenditure [46]; on the other hand, it is dso commonly used
in bone tissue engineering to promote healing of critical size bone defects [47-49]. To
make it even more complex, there are reports claiming that BMP-7 could initiate amore
chondrogenic phenotype in ASCs than BMP-2 [19]. It looks like BMP-7 isinvolved in
all the three mesenchymal lineages and might play multiple roles in the differentiation
of ASCs.

In many studies, serum free medium was used for chondrogenic differentiation.

It was reported that serum free medium maintained the expression of Sox 9 in
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chondrocytes during in vitro expansion and sustained their phenotype, while serum
caused the de-differentiation of chondrocytes [50]. Another report claimed that fetal
bovine serum (FBS) in the differentiation medium inhibited the production of
glycosaminoglycans (GAGs) and type Il collagens in synovia cells [51]. However, the
negative effects of serum on chondrogenic differentiation of ASCs appears to be weak,
since differentiation of ASCs towards chondrocytes was observe with the presence of
serum [14, 52].

Conventionally, chondrocytes or MSCs must be placed in a three dimensional
culture environment such asa micro-mass or a pellet culture before they start depositing
cartilage matrix [53]. One misconception is that 3D (3 dimensional) cultureis required
for chondrogenic differentiation of ASCs. Actually, chondrogenic differentiation of
ASCs involves two biological events. commitment into chondrogenic lineage and
deposition of cartilage matrix. There is ample evidence showing that 3D culture
environment is not essential for chondrogenic commitment of ASCs. In vitro induction
of ASCsin 2D (2 dimensional) was sufficient to make these cells express chondrogenic
genes and form cartilage tissue in nude mice [21, 54].

Molecular cascadesin ASCs during chondrogenic differentiation

We previoudly identified a group of Osteo-adipo progenitors (OAPS) in sromal
vascular fraction (SVF) from adipose tissue [55]. This group of cells possess
bidirectional differentiation potential which are derived from the Scal-1 negative cell
population. They simultaneously express adipogenic and osteogenic genes (RUNX2 and
PPAR-y). Interestingly, PPAR-y moved from cytoplasm to the nucleus when OAPs
differentiated into adipocytes, while RUNX2 stayed in the cytoplasm. In contrast,
RUNX2 moved from cytoplasm to the nucleus when OAPs differentiated into osteoblast,
while PPAR-y remained in the cytoplasm [55]. This paper together with other studies
[56-58] demondrated an interesting reciprocal relationship between osteogenesis and
adipogenesis: osteogenic induction enhanced expression of osteogenic genes and
inhibited expression of adipogenic genes, while adipogenic induction enhanced
expression of adipogenic genes and inhibited expression of osteogenic genes.

When ASCs lost their potentia to adipogenic lineage, they seem to be able to
differentiate into both chondrocytes and osteoblasts. From a developmental point of
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view, osteoblasts and chondrocytes share the same progenitor [59]. During
endochondral ossification, mesenchymal progenitors first differentiate into an
intermediate bipotential progenitor cell that can give rise to both the chondrocytes
which give rise to primary growth plate and the osteoblasts in the bone collar. After a
period of proliferation, growth plate chondrocytes become hypertrophic, die and are
replaced by osteoblasts depositing bone on the cartilaginous matrix [60]. Osteochondral
progenitors are not only observed during development, but are also found in vitro. A
number of bipotential cell lines have been described to differentiate into both the
osteogenic and chondrogenic lineages simultaneoudly [61-62]. Reciprocal relationship
between osteogenesis and chondrogenesis was a so found in osteochondral progenitors.
Hypertrophic differentiation of chondrocytes is tightly controlled by the balance of
Sox9 and Runx2: Sox9 preserves the chondrogenic phenotype, while Runx2 accel erates
hypertrophic differentiation. RunX2 also acts as the master transcription regulator of
osteobl astic differentiation [63-64].

Once ASCs are committed to the chondrogenic lineage, molecular events
become clear and simple. Cdls stably express Sox9, and then Sox9 triggers the
expressions of cartilage matrix proteins, including collagen type Il (COL I1), collagen
type IX (COLIX), aggrecan (ACAN), and cartilage oligomeric matrix protein (COMP)
[21]. Then a group of cytokines is secreted by mature chondroyctes to maintain the
expression of Sox9 and other chondrogenic marker genes such as COL Il and ACAN
[65]. The molecular events regulating the step-wise differentiation from tri-potential
ASCs into bi-potential osteochondral progenitors and then into committed chondrocytes
are summarized in figure 1.

Increased cartilage formation by Co-culture of ASCs with
chondrocytes
Cartilage is a unique tissue in which only one cell population resides. Cellular

interactions between chondrocytes and other cell types are rare occasions that can only
occur at the superficial zone of cartilage and at the interphase between cartilage and the
subchondral bone. When co-culture was first introduced into the cartilage field as a
research tool [66], it was mainly used to study the pathophysiology of rheumatoid-
arthritis and osteoarthritis by investigating the cross-talk between chondrocytes on one

hand and synoviocytes on the other [67], or between chondrocytes and osteoblasts [68].
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Only recently, it has become clear that co-culture has great potential in cartilage
regeneration [69].
Syner gistic effectsin co-culture of ASCs and chondrocytes

To reduce the cell number need for ACI, chondrocytes may be partially
replaced by other more easily obtained cell types. Tsuchiya et. al, first reported that co-
culture of BMSCs and articular chondrocytes enhanced matrix production [70]. The
synergistic effects of co-culture were confirmed by other researchers in similar co-
culture models [71-72]. Meanwhile, increased cartilage matrix formation was also
reported in co-culture of chondrocytes with ASCs [73].

To explain the mechanism of increased cartilage formation in co-cultures, two
hypotheses have been proposed: 1) increased cartilage formation is due to chondrogenic
differentiation of MSCs triggered by signals from chondrocytes; 2) increased cartilage
matrix is a result of enhanced activity of chondrocytes stimulated by MSCs. Two
hypotheses areillustrated in figure 2.

Chondr ocytes promote differentiation of ASCs

It was suggested that beneficial effects of co-culturing chondrocytes with
MSCs are largely due to the differentiation of MSCs into chondrocytes. Soluble factors
released from chondrocytes have been shown to support chondrogenesis in an indirect
co-culture model of human embryonic stem cells (hESCs) and primary chondrocytes by
significantly enhancing the expression of proteoglycans, collagen | and Il [74].
Conditioned medium of chondrocytes could induce osteo-chondrogenic differentiation
of BMSCs[75]. It was also reported that co-culture of BMSCs and chondrocytes in a 3-
D environment induced chondrogenic gene expression in BMSCs [76]. In a trans-well
co-culture system, chondrogenic differentiation of BMSCs is increased by chondrocytes
[77]. More specifically, several studies revealed that ASC could respond to soluble
factors released by nuclear pulposus cells by up-regulating cartilage-specific gene
expression such as of COL |1 and aggrecan [78-80]. A conflicting study reported that
direct cel-cell contact was required for the differentiation of BM Scs when co-cultured
with nucleus pulposus cells [81-82]. Nevertheless, many studies so far indicate secreted
soluble factors may be responsible for the differentiation of BMSCs in co-culture with
MSCs.
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Figure 1; Schematic representation of molecular events during chondrogenic differentiation of ASCs. LPL,
lipoprotein lipase; AP2, adipocyte fatty acid-binding protein 2; OCN, osteocalcin; OPN, osteopotin; COL1,
collagen |, ACAN, aggrecan; COL2, collagen I, GAG, glycosaminoglycans.

MSCs Chondrocytes

< Q ¢

Co-culture
I/ \
Secreted factors Secreted factors
] @®
A ° e

o>—0 <> O—

de novo

Figure 2: Two hypotheses have been proposed to explain the mechanism of increased cartilage formation in
co-cultures of MSCsand chondrocytes
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Trophic effects of M SCs

In a recently published work, we tracked the two cell populations by using a
xenogenic co-culture model of human MSCs and bovine chondrocytes [83]. Their
contributions to cartilage matrix formation were therefore separately studied. Our data
showed a significant decrease of MSCs in co-culture pellets, resulting in an amost
homogeneous cartilage tissue. Thus the beneficial effect of co-culture islargely due to
increased chondrocyte proliferation and matrix formation. Chondrogenic differentiation
MSCs was shown to be a minor contribution to cartilage formation. Furthermore, these
observations are not specific to certain species (combination) or donors. It’s the first
time a trophic role of MSCs has been demonsrated in stimulating chondrocyte
proliferation and matrix production.

Arnold Caplan first proposed MSCs as a trophic mediator for tissue repair [84].
Term TROPHIC traditionally refers to the non-neurotranamitters bioactive molecules
produced by nerve terminals in neurology [85]. When first being introduced, trophic
effect referred to the effects that MSCs secrete factors that simulate releasing of
functional bioactive factors from surrounding cells [84]. Its definition then expanded to
the MSC produced factors that promote cel viability, proliferation, and matrix
production in the surrounding environment. The picture has been changed about the
roles MSCs played in tissue repair since the introduction of trophic effects into MSCs
research. Based on the first pioneer studies, people tend to beieve that MSCs repair
damaged tissues by differentiating into specific cell types and replacing lost cells [86].
But now, more and more researchers considered the trophic roles of the MSC as more
important feature of MSCsin tissue repair [87]. Examples include MSCs improved gain
of coordinated functions into brain stroked rats without differentiating into any neurona
related cell type [88] and MSCs stimulated cardiomyocyte proliferation [89] and
vascular regeneration [90].

Asillustrated by recent co-culture studies [83, 91], the trophic effects of MSCs
in cartilage regeneration can be dissected into several layers. 1) MSCs promoted
extracellular matrix formation of chondrocytes, 2) MSCs increase proliferation of
chondrocytes; 3) MSCs died overtime in the co-culture with chondrocytes. Furthermore,
our follow-up study demonstrated that the trophic effects MSCs in co-culture pellets
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stimulating cartilage formation are independent of the culture conditions or MSCs
origins [92]. Co-culture pellets grow in medium stimulating chondrogenic
differentiation gave similar results as pellets cultured in proliferation medium. The
origins of the MSCs are also proved to be unimportant for their trophic effects since co-
culturing chondrocytes with MSCs isolated from bone marrow, adipose tissue and
synovial membrane all showed similar results. This implies that it’s a very generd

observation that the MSCs play as trophic mediators in co-cultures with chondrocytes.
Enhanced chondrogenic differentiation of ASCs by gene

manipulation

Besides co-culture ASCs with chondrocytes, over-expresson of regulatory
genes in ASCs is another strategy to enhance chondrogenic differentiation [93]. Our
previous studies have shown that ASCs are good cell source for genetic modification
[36, 94-95]. Genes related to muscle-skeleton development have been introduced into
ASCs to improve the differentiation of ASCs [96-97]. On the list of genes involved in
cartilage development, there are generally two groups of genes which are potentially
useful for genetic manipulation to boostcartilage regeneration [98]. These are genes
encoding anabolic growth factors, such as TGF-B, BMPs and Insulin-like Growth Factor
(IGF), and transcription factors like Sox-5, -6 and -9 that control chondrogenesis.
Growth factors: TGF-$

TGF-B1 has been regarded as the most powerful chondrogenic growth factor,
which induces significant chondrogenic phenotype of ASCs both in vitro and in vivo [14,
21]. Guo T et al., reported that a plasmid DNA encoding TGF-B1 could be entrapped
into a chitosan-gelatin based biomaterial to enhance extracellular matrix deposition of
chondrocytes which were incorporated in the same materials [99]. In a similar study,
Guo X et €., used a sightly different stratigy in which plasmid TGF-p1 was tranfected
into BMSCs, then transfected cells were applied to repair full-thickness articular
cartilage defects in arabbit model [100]. There are no reports on expressing TGF- 1 or
TGF- B3 in ASCs. In contrast, TGF-B2 transduced ASCs have been used. In these
studies PLGA/dginate compound materials have been used to potentiate the
differentiation of the genetically manipulated ASCs [101-102]. It’s adso been
demonstrated that TGF-B2 transfected ASCs could repair articular cartilage defects in
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rabbits[103].
Growth factors: BMPsand others

Exogenic expresson of BMPs in ASCs normally leads to osteogenic
differentiation. For example, BMP-2 transfected ASCs developed an osteoblastic
phenotype and after loading in an alginate gel were used to repair critical size cranial
defects in rat models [36]. BMP-7 was also transduced into ASCs to promote bone
formation both in vitro and in vivo [104]. However, there are some BMPs found to
induce cartilage matrix formation when over-expressed in pluoripotent stem cells or de-
differentiated chondrocytes. These BMPs might be useful to boost cartilage formation
when overexpressed in ASCs. Kuroda et al., reported that BMP-4 transduced muscle
derived stem cells (MDSCs) acquired chondrocyte-like characterigtics in vitro and
formed better cartilage in knee repair models in rats [105]. The repairing results could
even be better if BMP-4 was co-tranduced with sFit-1 [106]. Lin et al., demongtrated
that BMP-4 could induce re-differentiation of chondrocytes which lost their typical
phenotype [107]. The only BMP that has been ectopically expressed in ASCs is BMP-6,
due to the special effects of BMP-6 that induces the expression of TGF-3 receptor 1 on
ASCs [35]. Diekman et al., reported a model of alginate beads to culture ASCs
transfected with a pcDNA3-BMP-6 construct and confirmed the induction of
chondrogenic differentiation of ASCs[108].

Other growth factors that were considered for over-expression in ASCs for
cartilage tissue engineering purposes are IFG-1, fibroblast growth factors (FGF) and
epidermal growth factors (EGF). Results from a previous study suggest that dynamic
compression combined with IGF-1 over-expression could benefit cartilage tissue
formation of ASCs seeded in chitosan/gelatin scaffolds [109]. Although FGF and EGF
are believed to benefit the proliferation of ASCs while keeping their chondrogenic
potential [110-111], no transgenic studies have ever been conducted in ASCs with these
two groups of factors so far.

Transcription factors. Sox 9 and its family members

Sox 9 is considered as the “magter regulator” of chondrogenic differentiation

[112], since it directly controls the synthesis of collagen type Il and other ECM matrix

in cartilage tissue [113-114]. A few researchers used adenovirusto deliver exogenic Sox
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9 gene in chondrocytes and disc cdlls to increase the deposition of cartilage specific
ECM [115]. With respect to tissue engineering, Sox 9 was over-expressed in BMSCs by
adenoviral transduction [116-117]. Infected BMSCs express higher level of Collagen |1
than cells without transduction. Recently researchers started expressing exogenous Sox
9in ASCsin an attempt to boost cartilage matrix formation. Yang et al. infected ASCs
with aretrovirus expressing Sox 9 [118]. In this study, they found that collagen Il and
proteoglycan production was increased in Sox 9 engineered ASCs.  Furthermore, co-
culture of Sox-9 transduced ASCs and nuclear pulposus cells in alginate beads resulted
in an increase of collagen 11 and GAGs production. A new trend in these studiesisto co-
transfect ASCs with SOX Trio (Sox 5, 6 and 9 genes), since Sox 5 and 6 are believed to
cooperate with Sox 9 in cartilage development [119-120]. Studies showed that
transfection of SOX Trio initiated the differentiation of ASCs into chondrocyte-like
cells both in vitro and in vivo [121]. It was even reported that SOX Trio retrovira-
transduced ASCs seeded in fibrin gel promoted the healing of osteochondral defects and
prevented the progression of experimental osteoarthritis in a rat model [122]. Besides
plasmid transfection and viral transduction, the delivery method could also be seeding
ASCs on PLGA hydrogd incorporated with the pcDNA vector expressing SOX Trio.
This method has been successfully used to treat osteochondral defects on the patellar
groove of arabbit model [123].
Conclusion

Many efforts have been made to improve cartilage regeneration during the last
few decades. Advances have been achieved to efficiently differentiate ASCs into
chondrocyte-like cells. These findings can be potentially trandated into stem cell-based
therapies for treating large sze cartilage defects. Achievementsin this field have shown

awide range of prospects and promise to support cartilage regeneration in the future.
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Abstract

Previous studies showed that co-culture of primary chondrocytes with various
sources of multipotent cells results in a higher relative amount of cartilage matrix
formation than cultures containing only chondrocytes. The aim of this study is to
investigate the mechanism underlying this observation. We used co-culture pellet
models of human mesenchymal stem cells (hMSCs) and human primary chondrocytes
(hPCs) or bovine primary chondrocytes (bPCs) and studied the fate and the contribution
to cartilage formation of the individual cell populations during co-culture. Enhanced
cartilage matrix deposition was confirmed by histology and quantification of total
glycosaminoglycan (GAG) deposition. Species specific quantitative PCR (gPCR)
demonstrated that cartilage matrix gene expression was mainly from bovine origin when
bPCs were used. Short tandem repeat (STR) analysis and species specific gPCR
andysis of genomic DNA demonstrated the near complete loss of MSCs in co-culture
pellets after 4 weeks of culture. In co-culture pellets of immortalized MSCs (iMSCs)
and bPCs, chondrocyte proliferation was increased, which was partly mimicked using
conditioned medium, and simultaneoudly preferential apoptosis of iMSCs was induced.
Taken together, our data clearly demonstrate that in pellet co-cultures of MSCs and
primary chondrocytes, the former cells disappear over time. Increased cartilage
formation in these co-cultures is mainly due to a trophic role of the MSCsin stimulating
chondrocyte proliferation and matrix deposition by chondrocytes rather than MSCs
actively undergoing chondrogenic differentiation.
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Introduction

Articular cartilage repair isa challenge due to the inability of cartilageto repair
itself after damage. Autologous chondrocyte implantation (ACI) has become the golden
standard treatment for large-size cartilage defects [1-2]. However, ACI creates donor-
site injury and is dependent on two-dimensional expansion of isolated chondrocytes
resulting in chondrocyte dedifferentiation [3].

To reduce the number of chondrocytes needed in ACI, a partial substitution of
chondrocytes with pluripotent stem cells is a promising strategy. It has been reported
that co-culture of bone marrow mesenchyma stem cells (MSCs) and articular
chondrocytes enhanced matrix deposition [4-6] even in absence of the chondrogenic
factors Transforming Growth Factor-f (TGF-B) and dexamethasone (dex) [7]. Increased
cartilage matrix formation was aso found in co-culture of chondrocytes with other cell
types, such as adipose-tissue derived stem cells, human embryonic stem cells and
meniscus cells[8-11].

MSCs are promising for tissue repair because of their multi-lineage
differentiation capacity [12]. Because of their importance in the development of
articular cartilage, MSCs are a potential source for co-culture with chondrocytes. It is
hypothesized that MSCs repair damaged tissue by differentiating into tissue specific
cellsreplacing lost cells [13]. However, evidence suggests that differentiation into tissue
specific cells cannot fully explain the benefits of transplanted MSCs in remodeling and
recovery of damaged or lost tissue [14] [15-16]. These studies point to a central role of
MSCs in tissue repair as trophic mediators, secreting factors promoting tissue specific
cellsto restore the damaged or lost tissue [17-18].

Two explanations have been proposed to explain increased cartilage formation
in co-cultures of MSCs and articular chondrocytes. First, it has been suggested that
increased cartilage formation in co-cultures is due to chondrogenic differentiation of
MSCs stimulated by factors secreted by chondrocytes. Indeed, chondrocyte conditioned
medium can induce chondrogenic differentiation of MSCs directly and in transwell
cultures [19] [20]. However, it is unclear whether such an effect also occurs in co-
cultures in which the cells are in direct cdl-cdl contact. Second, studies have
hypothesized that the increased cartilage matrix formation is due to stimulation of the
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chondrocytes by MSCs [6]. Scientific evidence for this hypothesis is rather limited due
to the inability to distinguish between the contributions of the individua cell
populations to cartilage formation.

In this study we have addressed these issues by setting up pellet co-culture
models of human MSCs (hMSCs) and either human (hPCs) or bovine primary
chondrocytes (bPCs). Using a xenogenic system allowed us to determine the
contribution of each cell population to the increased cartilage formation by using
species specific gene expression analysis, whereas xenogenic specific effects were
excluded in the human co-culture system. We examined chondrogenic gene expression,
cell apoptosis and cell proliferation in human and bovine cell populations. Our data
clearly demonstrates that the increased cartilage deposition in co-cultures is mainly due
to a trophic role of the MSCs in stimulating chondrocyte proliferation and matrix
deposition rather than M SCs actively undergoing chondrogenic differentiation.
Materialsand M ethods
Cell culture and expansion

Bovine primary chondrocytes (bPCs) were isolated from full-thickness
cartilage knee biopsies of female calves of approximately 6 months old. Cartilage was
separated and digested as previously described [21]. Human primary chondrocytes
(hPCs) were obtained from full thickness cartilage dissected from knee biopsies of a
patient undergoing total knee replacement as published previoudy [11]. Mesenchymal
stem cells were isolated from aspirates as described previously [22]. The use of bone
marrow aspirates and human knee biopsies was approved by a local Medical Ethical
Committee. Donor information of human primary cellsisliged in Supplementary Table
S1. We define the “primary” cells (bPCs, hPCs and hMSCs) in this manuscript as cells
with low passage number without immortalization. iMSCs were kindly provided by Dr.
O. Myklebost (Odo University Hospital, Norway). Culture condition and characteristics
of iIMSCs are described in Supplementary figure S1.

To form high density micro mass cell pellets, 200,000 cells per well were
seeded in around bottom 96 wells plate in chondrocyte proliferation medium (DMEM
supplemented with 10% FBS, 1xnon-essential amino acids, 0.2mM ascorbic acid 2-
phosphate (AsAP), 0.4 mM proline, 100U penicillin /ml and 100ug/ml streptomycin) or
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chondrogenic differentiation medium (see Supplementary figure S1) and centrifuged for
3 min at 2000rpm. Medium was refreshed twice a week. For co-cultures, iMSCs or
hM SCs and bPCs or hPCs were mixed at ratios of 80/20% and 50/50%.

All reagents used for were purchased from Invitrogen (Paidey, UK) unless
otherwise stated. Common chemicals were purchased from Sigma-Aldrich (Germany).
Histology

Cdl pelets were fixed with 10% formalin for 15 minutes and embedded in
Paraffin using routine procedures. Sections of 5 um were cut and stained for sulfated
glycosaminoglycans (GAG) with acian blue combined with counterstaining of nuclear
fast red to visualize nuclei, or stained with toluidine blue alone.

Quantitative GAG and DNA assay

Cdl pellets (N=6) were washed with PBS and frozen overnight at -80 °C.
Subsequently, they were digested and measured for GAG quantification as previoudy
reported [11]. Relative cell number was determined by quantification of total DNA
using a CyQuant DNA Kit, according to the manufacturer’sinstructions.

DNA isolation, RNA isolation and quantitative PCR

Total DNA was isolated from pellet cultures with the QlAamp DNA Mini Kit
(Qiagen) according to the manufacturer’s protocol. Total RNA was isolated from pellet
culture with the RNeasy Mini Kit (Qiagen). One microgram of total RNA was reverse-
transcribed into cDNA using the iScript cDNA Synthesis kit (Bio-Rad). The primers for
gPCR are liged in supplementary table S2 and S3. Detailed description for gPCR can be
found in the Supplementary Methods.

Cell tracking with or ganic fluorescent dyes

The organic fluorescent dyes, CM-Dil and CFSE were used for cell tracking in
co-cultures. Cells were labeled according to the manufacturer’s protocols.
EdU and TUNEL staining

For labeling of newly synthesized DNA, EdU (5-ethynyl-2’-deoxyuridine) was
added to the culture media at a concentration of 10 uM, 24 hours before harvesting the
samples. Cdl pellets were then washed with PBS and fixed with 10% formalin for 15
min. Samples were embedded in cryomatrix, and cut into 10 uM sections with a
cryotome (Shandon). Sections were permeabilized and stained for EAU with Click-iT®
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EdU Imaging Kit. Cryosections were also stained for DNA fragments with DeadEnd
Fluorometric TUNEL System (Promega). Nuclel were counterstained with Hoechst
33342.
Image acquisition and analysis

All fluorescent images were taken with a BD pathway 435 confocal
microscope (BD Biosciences), unless otherwise stated. Using montage capture, images
of high resolutions were obtained covering the entire section of a pellet. Separate
images were captured using BP536/40 (Alexa 488), BP593/40 (Dil) and LP435
(Hoechst 33342) and pseudocolored green, red and blue respectively. Image] software
[23] was used for cel counting. Briefly, we manually set a threshold to avoid artifacts.
The number of green cells, red cells, green + red cells and total cells were counted by
running plug-ins written in macro language of ImageJ (available on request). Values
represent the mean +/- standard error of at least 3 biological replicates.
Prepar ation of conditioned medium

For conditioned medium, DMEM was incubated with iMSCs of 90%
confluence for 48 h, passed through a 0.22 mm filter, and stored at -20 °C. Upon usage,
conditioned medium was thawed, transferred to Amicon Ultra-15 Centrifugal Filter
Unites (Millipore, Billerica, MA) with a cut off of 3000D Nominal Molecular Weight
Limit, and centrifuged at 4000xg for 40 minutes. The concentrated solute (gill named
conditioned medium) was supplemented with &l chemicals needed for chondrocyte
proliferation medium (see cell culture and expansion).
Short Tandem Repeats (STR) analysis

Genomic DNA samples were extracted from pellets with the QIAamp DNA
Mini Kit (Qiagen). The sixteen loci of the kit PowerPlex 16 System (Promega) were
amplified, typed, sequenced and analyzed by ServiceXS B.V. (Leiden, the Netherlands).
Specific allees for the donor of hMSCs and the donor of hPCs were found in six loci
(D7S820, D5S818, D13S317, D16S539, CSF1PO and Penta_ D). These alleles were
used to define the origin of cdls in allogeneic co-culture of hMSCs and hPCs. The
amount of DNA present for each donor was calculated from the areas of the
electropherogram for each locus of hMSCs’ or hPCs’ specific alleles and the ratio of
hM SCs and hPCs was determined.
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Statigtical analysis

For the experiments using primary human cells (hnMSCs and hPCs), three
donors were tested, which showed similar results. Each experiment was performed at
least in triplicate. So, only data from one representative donor is shown. Experiments
using iIMSCs and bPCs were performed at least in triplicate with similar data. A
representative experiment is shown. Differences between different ratios of co-cultures
of MSCs and primary chondrocytes were examined for statistical significance with one-
way andysis of variance (ANOVA) followed by Tukey HSD Tests. Comparisons
between iMSCs and bPCs in the same conditions were made using the Student’s test. P
values of <0.05 were considered significant.
Results
Co-culturing hM SCswith hPCs enhanced cartilage matrix for mation

In order to study the contribution of MSC and chondrocytes on cartilage matrix
formation we co-cultured human MSCs (hMSC) with human primary chondrocytes
(hPCs) from different donors. After 4 weeks co-culture in chondrogenic differentiation
medium, histology (Figure 1A) and GAG assay (Figure 1B) indicated that co-culture of
hMSCs and hPCs increased cartilage formation. To determine the ratio of MSC and PC
after prolonged co-culture we isolated genomic DNA, and STR loci with different
repeat sizes in the different donors were analyzed. The results of locus D7S820 (Figure
1C) aswell as analysis of other 5 STR loci (Table $4), indicated that the proportion of
hM SCs decreased significantly.

In order to eucidate the mechanisms behind the apparent loss of MSC in our
co-culture system, we used xenogenic co-cultures of hMSCs and bPCs to enable
identification of the role of each of the cdll types in co-culture in pellet cultures. An
advantage of these xenogenic co-cultures is that this system is more gable than co-
culture systems that depend on donor hPCs isolated after total knee replacement surgery.
Xenogenic co-culture of hM SC and bPCs show enhanced chondroinduction

To alow long term cell tracking in co-cultures, we setup a pellet co-culture
model of hMSCs and bPCs. Cells were mixed in different ratios and pellet culture was
performed in chondrocyte proliferation medium lacking TGF-b and dexamethason.

After 4 weeks, histology and GAG quantification were performed to evaluate cartilage
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Figure 1 hM SCs/ hPCs co-cultur es enhance cartilage matrix formation and show decr ease of M SCs
after 4 weeks of culture; and co-culture of mesenchymal stem cells and chondrocytes increases
cartilage matrix formation. (A) Alcian blue staining indicates the presence of GAG. Pellets were
cultured in chondrogenic differentiation medium (as described in supplementary materials) for 4 weeks
before examination. Scale bar=200um. (B) Biochemical assay shows an increase in GAG in co-culture
pellets. Amount of GAG and DNA of pellets (N=6) were measured 4 weeks after culture in chondrogenic
differentiation medium. Ratios of hMSCs and bPCs are indicated by different colors of bars. Scale on the
left is for “Total GAG”, “GAG/DNA” and “GAG/initial 10%PC”, while scale on the right is for “Total
DNA”. Agerisk represents P<0.05. Double asterisk represents P<0.01. NS=Not Significant. Error bar
reflects Standard Deviation (S. D.). (C) Analysis of STR locus D7S820 reflectsratios of hM SCs and hPCs
after 4 weeks coculture. Initial ratio of hMSCs and hPCs are indicated at the bottom of the bar chart. (D)
Alcian blue staining shows the presence of GAG in pdlets cultured in chondrocytes proliferation medium.
Ratios of hMSCs and bPCs are indicated on the left of the images. The left panel shows overviews of
pellets, while the right panel shows magnified pictures. Scale bar=200um. (E) Alcian blue staining of
pellets cultured in chondrocytes proliferation medium. Ratio of iMSCs and bPCsisindicated on the left of
the images. The left panel shows overviews of pellets, while the right panel shows magnified pictures.
Scal e bar=200um. (F) Biochemical assay shows an increasein GAG in co-culture pellets. Amount of GAG
and DNA of pdlets (N=6) was measured 4 weeks after culture in chondrocyte proliferation medium. Ratios
of hMSCs and bPCs are indicated by different colors of bars. Scale on the left is for “Tota GAG”,
“GAG/DNA” and “GAG/initial 10%PC”, while scale on theright is for “Total DNA”. Asterisk represents
P<0.05. Double asterisk represents P<0.01. NS=Not Significant. Error bar reflects Standard Deviation (S.
D.). (G) Biochemical assay of pellets (N=6) at 4 weeks after culture in chondrocyte proliferation medium.
Ratios of iMSCs and bPCs are indicated by different colors of bars. Scale on the left is for “Total GAG”,
“GAG/DNA” and “GAG/initial 10%PC”, while scale on the right is for “Total DNA”.Asterisk represents
P<0.05. Double asterisk represents P<0.01. NS=Not Significant. Error bar reflects Standard Deviation (S.
D.).

formation. Alcian blue staining indicated the presence of GAG in all experimental
groups except in the 100% hMSCs pellets (Fig. 1D left panel) in concordance with the
absence of chondrogenic factorsin the medium. In the positively stained areas at higher
magnification (Fig. 1D right panel), cells showed atypical chondrocyte morphology and
embedding in lacunae. Similar data were obtained by toluidine blue staining
(supplementary figure S2). GAG quantification showed a trend of decreased total GAG
with increasing seeding percentage of hMSCs (Fig. 1F). However, when total GAG
content was normalized to DNA or to the initial seeding percentage of bPCs, co-culture
pellets showed significantly higher GAG content. Similar data were obtained when
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different MSC donors were used (data not shown).

To avoid the effects of donor variation of primary cultured MSCs [24], we
replaced hM SCs with a telomerase immortalized hMSC cell line (iMSCs). This cell line
resembled primary cultured MSCs in their ability to differentiate into the adipogenic,
osteogenic and chondrogenic lineages (supplementary figure S1), but had relatively low
capacity of chondrogenic differentiation As shown in Figure 1E and G, co-culture of
bPCs with iMSCs for 4 weeks increased cartilage formation after correction for DNA
content or initial seeding percentage of bPCs as compared to hMSCs. Despite the
relatively low chondrogenic potential of iMSCs, increased cartilage matrix formation
was observed in co-culture of bPCs and iMSCs. This demonstrated that iMSCs show
comparable behavior to hMSCs in co-cultures with regard to enhanced cartilage
formation, indicating that it is not the chondrogenic capacity of the MSCs that is
responsible for enhanced chondroinduction.

Chondrocytes are located at the periphery of the cdl pellet

We used organic fluorescent dyes to label individual cell populations in pellet
co-cultures for short term cell tracking. Pellets were formed after 1 day of culture
(Figure 2A). Rather than forming a homogenous pellet, both cell populations tended to
segregate. This process continued in the following days and the dynamic cell pelets
became more and more stable. After 4 days of co-culture, pellets were organized in a
layer-like structure in which iMSCs resided predominantly in the core of the pellet and
the bPCs, mixed with a sub-fraction of iMSCs, were predominantly found at the
periphery. These observations are in agreement with the “differential adhesion
hypothesis” which stipulates that mixed heterotypic cells rearrange to adopt a
combination-specific anatomy [25]. From day 5 onwards, fluorescent dye transfer
between labeled and non-labeled cells in the pellets became apparent as reported
previously [26]. This made it impossible to perform long-term cell tracking in co-
culture pelletsusing CM-Dil and/or CFSE labeling of cell populations.

Enhanced cartilage matrix for mation originates from bPCs.

After 1 day and 4 weeks of culture we isolated genomic DNA from the cdll
pellets and performed species specific gPCR for genomic GAPDH. As shown in figure
2B, after 1 day the ratio of genomic human and bovine DNA was in line with the
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seeding percentage of both cell populations. The percentage of human DNA was
dightly higher which is most likely explained by faster aggregation of the iMSCs in
pellets. Remarkably, after 4 weeks of culture, the co-culture pelets contained
predominantly DNA of bovine origin indicative for an overgrowth of bovine cdls or a
loss of human cells during the 4 week cell culture period. DNA analysis of co-culture
pelletsat 1, 2 and 3 weeks of culture demonstrated a steep drop in human DNA between
1 and 2 weeks with afurther gradual decline at weeks 3 and 4 (data not shown).

An even more striking difference was found in mRNA isolated at 4 weeks.
GAPDH mRNA in the co-culture pellets was from bovine origin (Figure 2C). Even in
cell pellets with an initial seeding of 80% iMSCs, hardly any human mRNA was
detected. Similar data were found in co-culture pelets of hMSCs and bovine
chondrocytes after 4 weeks of culture also demongrating the near absence of human
DNA in the cdll pellets, which isfully in line with the data obtained in co-culture pellets
of iMSCs and bPCs (Figure 2D) and hM SC and hPC (Figure 1C).

We next performed species specific gPCR to study the origin of the mRNA
expression of chondrogenic genesin co-culture pellets (Figure 2E-G). At week 4, only
expression of chondrogenic genes from bovine origin were detected in co-culture pellets.
This data suggested that the cartilaginous matrix in co-culture pellets is from bovine
origin. This observation, combined with the observation that in allogeneic co-cultures
the percentage of MSCs decreased during prolonged culturing, suggests that the
enhanced contribution of chondrocytes in the matrix formation may be due to PCs
proliferation or MSC cell death.

iM SCs co-cultured with bPCs die via apoptosis

To determine whether MSC undergo apoptosis during prolonged cdll culture
we performed a fluorescent TUNEL assay. At week 1 and 2, high numbers of TUNEL
positive cells were found in al cell pellets containing iMSCs, but not in pure bPCs cell
pellets (Figure 2 H and 1). TUNEL positive cells were predominantly present in the
periphery of the pellets which is mostly composed of bPCs mixed with iMSCs (Figure
2A). Fewer TUNEL positive cells were found in the core of the pellet. Cell death in
iMSC containing pellets started to increase significantly from day 5 onwards. From this

time point cell tracking results by fluorescent labeling of cell populations became
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Figure 2 Cartilage matrix is from bovine origin; and preferential cell deaths of M SCs by apoptosis. (A)
Cell assembly of iMSCs and bPCs in co-culture pellets. iMSCs and bPCs were labeled with CFSE O (green)
and CM-Dil (red) respectively, mixed at different ratiosand then cultured in chondrocyte proliferation medium.
At day 1 and day 4, pellets were harvested for cryosection. Images were made directly on the sections without
any treatment. Scale bar=200um. (B) Species specific gPCR of GAPDH in co-cultures of iMSCs and bPCs at
genomic DNA level. Genomic DNA was extracted from pellets (N=3) at day 1 and week 4. (C) Species
specific gPCR of GAPDH in co-cultures of iMSCs and bPCs at mRNA level. RNA was extracted from pellets
at day 1 and week 4. (D) Species specific qPCR of GAPDH in co-cultures of hMSCs and bPCs at genomic
DNA level. Genomic DNA was extracted from pellets (N=3) at week 4. (E-G) Expression levels of ACAN (E),
COL2 (F) and COL9 (G) were examined by species specific gPCR. RNA samples were extracted from pellets
(N=3) cultured in chondrocyte proliferation medium for 4 weeks. Relative expression levels were obtained by
normalization of human or bovine specific signals to cross species-specific GAPDH and B-actin signals. For
human specific genes, values are relative amounts to 100/0 iM SC/bPC group. For bovine specific genes, values
are relative amounts to 0/100 iMSC/bPC group. Error bar reflects Standard Deviation (S. D.). (H) TUNEL
staining of pellets. Cell pellets were cultured in chondrocyte proliferation medium for 1 week or 2 weeks before
harvesting for cryosection. TUNEL positive cells were visualized with fluorescent labeling (green). Nucle
were counterstained with Hoechst 33342 (blue). Scale bar=200um. (1) Quantification of TUNEL positive cells.
Ratios of iMSCs and bPCs are indicated by bar colors. Data from 3 pellets were analyzed for datistic
sgnificance. Asterisk represents P<0.05. Double asterisk represents P<0.01. NS=Not Significant. Error bar
reflects Standard Deviation (S. D.).

unreliable due to non-specific dye transfer. Since the TUNEL positive cells are
predominantly found in iMSCs containing cell pedlets and human DNA over time
disappears from the cell pellets we concluded that cell death by apoptosis at least
partially explains the disappearance of human DNA from co-culture cell pellets.

iM SCs stimulate chondrocyte proliferation in pellet co-cultures

We then examined cell proliferation in co-culture pellets using EdU
incorporation. We focused on time points up to 3 days, in which organic fluorescent
dyes are highly reliable for cell tracking [27]. bPCs were labeled with CM-Dil (red) to
distinguish them from iMSCs. At day 1, EdU positive cells were evenly distributed
over the pellet. At day 2 and day 3, EdU positive cells were predominantly found at the
periphery of the pellets where red labeled bPCs resided (Fig. 3A). We determined the
percentage of EdU positive iMSCs or bPCs in co-cultures. Generally, co-culture
increased the proliferation of both iMSCs and bPCs (Figure 3B and 3C). Interestingly,
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Figure 3 M SCs stimulate chondrocyte proliferation in co-culture pellets;, and conditioned medium of
iM SCs enhances proliferation of chondrocytes. (A) EdU staining of pdletsat day 1, day 2 and day 3. bPCs
were labeled with CM-Dil (red). EdU incorporation into newly synthesized DNA was visualized by Alexa
488 (green). Nuclel were counterstained with Hoechst 33342 (blue). Scale bar=200um. (B) Quantification of
EdU postive iMSCs in all conditions. The initia ratios of MSCs and bPCs are indicated by bar colors.
Asterisk represents P<0.05. Data from 3 pellets were analyzed for dtatistic significance. Double asterisk
represents P<0.01. NS=Not Significant. Error bar reflects Standard Deviation (S. D.). (C) Quantification of
EdU positive bPCs in all conditions. The initia ratios of MSCs and bPCs are indicated by bar colors. Data
from 3 pellets were analyzed for statistic significance. Asterisk represents P<0.05. Double asterisk represents
P<0.01. NS=Not Significant. Error bar reflects Standard Deviation (S. D.). (D) EdU staining of bPCs pellets
at day 2 after culturing in chondrocyte proliferation medium or conditioned medium of iIMSCs. EdU
incorporation into newly synthesized DNA was visualized by Alexa 488 (green). Nuclel were counterstained
with Hoechst 33342 (blue). Scale bar=200um. (E) Quantification of EdU positive cells. Data from 3 pellets
were analyzed for statistic significance. P-value indicated in the bar chart is calculated by student’s t-test. (F)
GAG and DNA assay were performed at week 1 after culturing in chondrocyte proliferation medium or
conditioned medium of iMSCs. The left scaleis for “Total GAG” and “GAG/DNA”, while theright scaleis
for “Total DNA”. P-values indicate on the graph were calculated with the Student’s t-test. NS=Not
Significant. Error bar reflects Standard Deviation (S. D.).

the percentage of EdU positive bPCs was higher than that of iMSCs in co-cultures of
80% iM SCs and 20% bPCs starting from day 2 onwards (Figure 3B and C).

Similar data were obtained in dye swap experimentsin which iMSCsinstead of
bPCs were labeled with CM-Dil demonstrating that enhanced proliferation of bPCs in
co-culture pellets was not an artifact of cell labeling (Supplementary figure S3). These
data show that the change in ratio between MSC and PC during prolonged co-culturing
isin addition to apoptosis also due to increased proliferation of chondrocytes in pellet
cultures.

iM SC conditioned medium increases bPCs proliferation and matrix for mation

To examine the effects of secreted factors, we compared proliferation and matrix
formation of bPCs when cultured in proliferation medium or in 50~100 times
concentrated iM SC conditioned medium. The concentrate was dissolved in chondrocyte
proliferation medium. Pellets of bPCs cultured for 1 week in iMSCs conditioned
proliferation medium showed higher EdU incorporation than cells cultured in non-
conditioned proliferation medium (Figure 3D and E). Like in co-culture pellets EdU
positive cells were predominantly found in the periphery of the pellet. Higher EdU
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incorporation was associated with increased DNA content. Additionally, total GAG
content showed an increase, but GAG corrected for DNA was not significantly different
between the two conditions (Figure 3F).

Discussion

It has been shown that conditioned medium of chondrocytes induced osteo-
chondrogenic differentiation of MSCs [19] and co-culture of MSCs and chondrocytes in
3-dimensional environments induced chondrogenic gene expression in MSCs [28].
Based on these studies, it was suggested that the beneficial effects of co-culturing
chondrocytes and MSCs in cartilage matrix formation are largely due to the
differentiation of MSCsinto chondrocytes. In this study, we show that pellet co-cultures
of chondrocytes and MSCs in chondrocyte proliferation medium benefit cartilage
formation. Furthermore, we observe a significant decrease in MSCs caused by a
preferential cell death of MSC. After 4-weeks of culture this results in an amost
homogeneous cartilage construct, in which mainly chondrocyte-derived cells reside.
The beneficial effects of the pellet co-culture are largely due to stimulation of
proliferation and matrix formation of chondrocytes induced by a trophic effect of the
MSCs. Our investigation digtinguishes itself from comparable studies, the design of
which did not alow discrimination between the contributions of individual cell
populations to cartilage matrix formation [5-6]. Although we cannot completely rule out
the possibility that a subset of MSCs differentiated into chondrocytes and directly
participated in cartilage formation, our data suggests that this may apply to a minority of
cellsonly.

In pellet co-cultures of hMSCs and bovine chondrocytes, one may argue that
our observations are due to a species difference which may hamper the response of
bovine chondrocytes to human MSCs and vice-versa. However, species specificity
cannot explain our findings since similar observations were made in a fully human co-
culture model, indicating that in both models comparable mechanisms are likely
operational. In addition, we show that the mechanisms underlying these observations
are not donor specific, but are due to cell type specific contribution of MSCs as well as

the chondrocytes. As shown in this study, as well asin many other studies [5-6, 11], co-
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culture of hMSCs or other cell types[29-30] with xenogenic chondrocytes appears a
good model to study cell specific contributions to tissue formation.

In our studies, we have used hTERT immortalized hMSCq[31] as well as
primary hMSCs. The iMSCs used in this study had a reduced chondrogenic potential.
This lack of chondrogenic capacity did not impair their ability to stimulate cartilage
formation in pellet co-cultures, furthermore providing evidence that chondrogenic
differentiation of MSC does not significantly contribute significantly to the enhanced
cartilage formation. Furthermore, similar results were obtained with primary hMSCs.
Our data do indicate that chondrogenic capacity of cells used in co-cultures is not
essential for stimulation of cartilage formation by chondrocytes in line with previous
observations [11]. In addition, our data suggests that the relatively old age (60+ years)
of the MSC donors does not affect their ability to simulate cartilage formation in co-
culture.

Cdl proliferation in pellet co-cultures was studied using EdU incorporation in
DNA of proliferating cells. Cell proliferation was significantly increased in co-culture
pellets compared to pellets of pure cell populations. By using cell specific labeling
techniques and dye swap experiments, it was shown that EdU was preferentially
incorporated in chondrocytes, which reside predominantly in the periphery of the cell
pellet. This suggests that the MSCs are potent stimulators of chondrocyte proliferation
in pellet co-cultures. Limited proliferation of cells was found in the core of the cell
pellet in which predominantly MSCs resided. Since EdU is extremey small (252
Dalton), this molecule is likely to penetrate with high efficiency in the pellet [32],
suggesting that the preferential EAU labeling of cells in the periphery of the pdletsis
not an artifact caused by diffusion limitation. It is assumed that absence of proliferating
MSCs in the center of the pelletsis likely due to space limitation in the compacted core
creating an environment which isnot permissive for cell division [33-34].

In co-culture pellets sgnificant numbers of TUNEL positive MSCs were
observed after 1 and 2 weeks of culture suggesting that MSCs most likely died via
apoptosis. Also in pellets composed of 100% MSCs but not 100% bPCs, significant
TUNEL saining was observed. Cell labeling experiments in pellet co-cultures
demonstrated that the majority of the TUNEL positive cellswere hMSCs. Thisisin line
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with the STR and genomic DNA analysis at the end of the culture period showing the
disappearance of the MSCs from the co-cultures over-time. Our data suggest that the
disappearance of MSCs in pellet co-cultures is most likely caused by apoptosis.
Interestingly, TUNEL positive cells were predominantly found in the periphery of the
pellet in which MSCs co-resided with chondrocytes. TUNEL positivity was higher in
co-culture pellets compared to pellets of pure cell populations. This suggested that in
addition to suboptimal culture conditions of MSCs in pellets the presence of
chondrocytes may have contributed to the death of MSCs. This may be caused by
secreting apoptosis-inducing cytokines [35]. Furthermore, changes in extrace lular
matrix (ECM) in pellet cultures as compared to natural ECM of MSCs may influence
the fate of MSCs [36-38] and this may have contributed to the increased cell death.
Other explanations for death of MSCs in pellets could be cell compaction, and nutrition
or space limitation in pellets [39-40]. However, the relatively low levels of TUNEL
positive cellsin the core of the pellet compared to the periphery suggests that nutrient or
oxygen limitation, which are likely most pronounced in the core of the pellet, are
insufficient to induce cell desth.

We provide evidence that the induction of chondrocyte proliferation by MSCs is
most likely caused by (@) secreted factor(s), since this effect was at least partly
mimicked by using MSC conditioned medium. It has been reported that MSCs secrete a
broad range of growth factors and cytokines including interleukin-6 (IL-6), hepatocyte
growth factor (HGF), and vascular endothelial growth factor (VEGF), which enhance
cell viability and proliferation in vitro and restore functions of damaged tissue in vivo
[41-42]. IL-6, for example, has been described to induce cartilage repair by increasing
chondrocyte proliferation and stimulation of expression of cartilage matrix proteins and
BMP-7 [43]. On the other hand (a) secreted factor(s) by MSCs cannot fully explain
increased cartilage formation in co-culture pellets, since the relative deposition of
glycosaminoglycans per DNA was not significantly different between pellets cultured in
proliferation medium and that in conditioned medium. This indicates that conditioned
medium only stimulated chondrocyte proliferation but not relative GAG amount per
DNA, such as observed in co-culture pdlets. This is in line with other reports

demonstrating a role of cell-cell contact in cartilage formation improvement in co-
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cultures [44-46]. Therefore, it is likely that in addition to the trophic effects of MSCs
mediated by secreted factors, enhanced cartilage formation in co-culture with
chondrocytes is due to additional stimuli such as direct cell-cell contact or other
secreted factors.

Such a role of the MSCs as trophic mediators in cartilage formation in co-
culture pelletsisin line with their proposed role in tissue repair in other tissues, such as
brain [47-48], heart [49-51] [52], and kidney regeneration [53-54]. By providing
nutrients and growth factors, MSCs increase proliferation and differentiation of host-
derived cells to hdp them to repair damaged tissues [55]. The results of the present
study are in line with and extent these observations to cartilage tissue formation. We are
the first to show that MSCs have a prominent role as trophic mediators to stimulate
cartilage matrix formation in pellet co-cultures with chondrocytes.

Despite the success of ACI in treatment of large-size cartilage defects, the
requirement of two operations separated by several weeks’ expansion of chondrocytes
invitro , isamajor drawback of this procedure [56]. The results of this sudy imply that
culture expansion of chondrocytes may benefit from co-culturing with MSCs. The
MSCs may not only stimulate proliferation, thereby shortening culture time, but
simultaneously may help the chondrocytes to retain their phenotype by counteracting
chondrocyte dedifferentiation [41-42]. They further imply that a substantial part of the
chondrocytes needed for ACI may be substituted with MSCs without decrease in
cartilage matrix formation. This may pave the road for a sngle step surgery to repair
large-size cartilage defects, in which chondrocytes are isolated, mixed with bone
marrow cells from the same patient, |oaded on a scaffold and directly re-implanted into
the patient. Based on our ex vivo results, one may expect that in a few weeks the implant
will consist mainly of chondrocytes and cartilage specific matrix.

In conclusion, our data clearly demonstrate that in pellet co-cultures of MSCs
and primary chondrocytes, MSCs disappear over time. Increased cartilage formation in
these co-cultures is mainly due to atrophic role of the MSCs in stimulating chondrocyte
proliferation and matrix deposition by chondrocytes rather than MSCs actively

undergoing chondrogenic differentiation.
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Supplementary materials
Methods

Quantitative PCR (gPCR) was performed on genomic DNA or cDNA samples
by using the iQ SYBR Green Supermix (Bio-Rad, Hercules, CA). PCR Reactions were
carried out on MyiQ2 Two-Color Real-Time PCR Detection System (Bio-Rad, Hercules,
CA) with the following conditions; cDNA was denatured for 5 min at 95 °C, followed
by 45 cycles, consisting 15s at 95°C, 15s 60°C and 30s at 72°C. For each reaction a
melting curve was generated to test primer dimer formation and non-specific priming.
For each gene standard curves were obtained by serial dilutions of DNA and gPCR
using species specific primers and the cross species specific primers. Bio-Rad iQ5
optical system software (version 2.0) was used to calculate copy numbers for each
condition using the standard curve as reference. The relative signal was, subsequently
defined as the proportion of human or bovine GAPDH copy numbers as percentage of
the total copy numbers of both human and bovine genes. Calculation of Relative
Expression was performed with Bio-Rad iQ5 optical system software (version 2.0)
using the double delta Ct method [1]. Cross species specific GAPDH and f-actin
primers were both used for normalization. All gPCR results were substrated by
background sigals.

Figure S 1. Characteristics of iM SCs. Tdomerase immortalized human mesenchymal stem cells (iMSCs)
were made by infecting primary MSCs with a retrovirus encoding hTERT. After sdection by neomycin, a
subclone was selected and cultured in o-MEM supplemented with 10% FBS, 0.2mM Ascorbic acid 2-
phosphate, 100U penicillin/ml and 100ug/ml streptomycin. The generation and initial characterization of the
iMSCs are described elsewhere (Noordhuis et a. in preparation) and partly summarized. (A) Surface markers
express on was examined by FACs. iM SCs were harvested and incubated with PBS (black graph) or a primary
antibody conjugated with FITC (green graph) or PE (Phycoerythrin, red graph). Antibodies against CD 24,
CD 29, CD44, CD 81, CD 166 and CD 200 were purchased from BD Biosciences (Franklin Lakes, NJ). (B)
Morphology of iMSCs in culture medium. Scale bar=200 um. (C) Adipogenic differentiation. iMSCs were
seeded at density of 12 000 cells/em? and cultured in adipogenic medium («-MEM supplemented with 10%
FBS, 10°M of dexamethasone, 10uM of Insulin, 0.5 mM of IBMX (isobutylmethylxanthine), 200uM of
Indomethacin, 100U penicillin/ml and 100ug/ml streptomycin) for 2 weeks. Fat droplets were visuaized by
Oil Red O daining. Scale bar=100 um. (D) Osteogenic differentiation. iMSCs were seeded at density of 12
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000 cells/cm? and cultured in osteogenic medium (a-MEM supplemented with 10% FBS, 0.2mM AsAP, 10°M
of dexamethasone, 5mM of B-GP (B-glycerophosphate), 100U penicillin/ml and 100ug/ml streptomycin) for 3
weeks. Mineralized nodules were visualized by Alizarine Red staining. Scale bar=100 um. (E) Chondrogenic
differentiation. 200 000 of iM SCs were seeded per well in 96-well plate. Cell pellets were made by centrifuge
at 500g for 3 min. Then pellets were cultured in chondrogenic differentiation medium (DMEM supplemented
with 40 ug/mL of proline, 50 ug/mL ITS-premix, 50 ug/mL of AsAP, 100 ug/mL of Sodium Pyruvate, 10
ng/mL of TGFB 3, 10-7 M of dexamethasone, 500 ng/mL of BMP6, 100U penicillin/ml and 100ug/ml

sreptomycin) for 3 weeks. Pellets were applied to histological examination as described in the Materials and
Methods. Scale bar=100 pm.
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A hMSCs/bPCs

100/0 80/20 50/50 0/100

B iMSCs/bPCs
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&

Figure S 2. Toluidine blue staining shows the presence of GAG in peII. (A-B) Toluidine blue staining
confirms cartilage matrix formation. Ratios of hMSCs and bPCs (A) or iMSCs and bPCs (B) were indicated
on the left of the figure. Upper panel shows an overview of pellets, while lower pane shows magnified
pictures. Pellets of 200 000 cells were cultured in chondrocyte proliferation medium for 4 weeks before
histological staining. Scale bar=200um. (C) hMSCs from the same donor as shown in figure 1A and B had
capacity of chondrogenic differentiation. Pellets of 200 000 cells were cultured in chondrogenic differentiation
medium (DMEM supplemented with 40 ug/mL of praline, 50 ug/mL ITS-premix, 50 ug/mL of AsAP, 100
ug/mL of Sodium Pyruvate, 10 ng/mL of TGF-B 3, 10-7 M of dexamethasone, 100U penicillin/ml and
100ug/ml streptomycin) for 3 weeks before histological examination. Scale bar=200um.

57



Chapter 3

MSCIbCH 10010 BO/20 50/50 01100
C i iIMSCs proliferation
Lo IMSC/bPC m 1000 & 80V20 m 50/50
7 20
o
0
ERG
@
>
- O g
r w)
a
= 10
o
o~ e w
&
o
r\
[_-t I:I 0 1 [ l
Day 1 Day 2 Day 3
-
7
a bPCs praoliferation
D. =
T IMSC/HPC DB0/20 m5050 00100
e |
18 m
14
% ™
B ns  Proliferation rate in cocultures bl
1 o 124
0 '—I P E
§ [ Pl 0146 !_u.ﬂac_unpi g 104
3 I ]
= | 2 8
: 2
§ 10 w g
S P=0,0109 P=0.0004  p.g goo1
= L P<0.0001 T
| - 41
£ =J 1 IJ £l
0 | 1
IMSCBPC  BO20 5050 BO20 50150 80720 50/50
0+ =
Day 1 Day 2 Day 3 Day 1

Figure S 3. Proliferation rate of bPCs is higher than that of iMSCs in co-cultures. (A) EdU staining of
pellets at day 2 and day 3. iMSCs were labeled with CM-Dil (red), EdU was incorporated into newly
synthesized DNA and visualized by Alexa 488 (green). Scale bar=200um. (B) Comparison of EdU positive
cells between iMSCs and bPCs in coculture pellets. Calculation of EJU positive cells was described in
Materials and Methods. P values were calculated by Student’s test. NS=non-significance. Error bar reflects
Sandard Deviation (S. D.). (C) Quantification of EdU positive iMSCs in al conditions. The initial ratios of
iMSCs and bPCs are indicated by bar colors. Asterisk represents P<0.05. Double asterisk represents P<0.01.
NS=Non Significance. Error bar reflects Standard Deviation (S. D.). (D) Quantification of EdU positive bPCs
in al conditions. Theinitial ratios of iMSCs and bPCsare indicated by bar colors. Asterisk represents P<0.05.
Double asterisk represents P<0.01. NS=Non Significance. Error bar reflects Standard Deviation (S. D.).
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knee Male 56 Chondrocytes used in co-cultures of hMSCs
and hPCs (Fig. 1)

Bone marrow Female 60 MSCs used in co-cultures of hMSCs and
hPCs (Fig. 1)

Bone marrow Female 66 MSCs use in co-cultures of hMSCs and
bPCs (Fig. 2)

Table S2. Forward (F) and Reverse (R) primers used for quantitative PCR on

genomic DNA.
Cross-species GAPDH
Human specific
GAPDH

Bovine specific
GAPDH

F. 5 GCATTGCCCTCAACGACCA 3

R: 5° CACCACCCTGTTGCTGTAGCC 3
F. 5 TTCCACCCATGGCAAATTCC 3
R: 5’ TTGCCTCCCCAAAGCACATT 3

F. 5 AGCCGCATCCCTGAGACAAG &
R: 5 CAGAGACCCGCTAGCGCAAT 3

179

171#

131

132

NC_000012
& NC_007303
NC_000012

NC_007303

#Product size of human genomic GAPDH is 179, of bovine genomic GAPDH is 171.

Cross-species B-Actin

Cross-species GAPDH
Human specific
GAPDH

Bovine specific
GAPDH

Human specific
Aggrecan

Bovine specific
Aggrecan

Human specific
Collagen 11

Bovine specific
Collagen Il

Human specific
collagen I X

Bovine specific
collagen | X

F. 5 GCGCAAGTACTCCGTGTGGA 3
R: 5 AAGCATTTGCGGTGGACGAT 3
F. 5’ AGCTCACTGGCATGGCCTTC 3
R: 5’ CGCCTGCTTCACCACCTTCT 3

F. 5 CGCTCTCTGCTCCTCCTGTT 3

R: 5’CCATGGTGTCTGAGCGATGT 3

F. 5’ GCCAT CACTG CCACC CAGAA 3
R: 5’ GCGGCAGGTCAGATCCACAAZ
F. 5 TTCCCATCGTGCCTTTCCA3'

R: 5AACCAACGATTGCACTGCTCTT 3'
F. 5 CCAAGCTCTGGGGAGGTGTC &
R: 5’ GAGGGCTGCCCACTGAAGTC 3
F. 5 GGCGGGGAGAAGACGCAGAG ¥
R: 5 CGCAGCGAAACGGCAGGA 3

F. 5’ AGGTCTGACTGGCCCCATTG 3’
R: 5’ CTCGAGCACCAGCAGTTCCA 3
F. 5 GGCAGAAATGGCCGAGACG 3
R:5’CCCTTTGTTAAATGCTCGCTGA 3
F: 5’GGACTCAACACGGGTCCACA 3
R: 5’ ACAGGTCCAGCAGGGCTTTG ¥

Table S3. Forward (F) and Rever se (R) primersused for quantitative RT-PCR

123

116

207

121

129

101

150

102

NM_001101 &
NM_173979
NM_002046&
NM_001034034
NM_002046
NM_001034034
NM_013227
NM_173981
NM_001844
NM_001001135

NM_001851

XM_601325
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Table S4. Analysis of STR loci D5S818, D13S317, D16S539, CSF1PO and Penta_D

on fully human samples

100/0 3621,333 0 100/0
80/20 1963 1068,333 65/35
D5S818
50/50 190 2670 7/93
0/100 0 3695,25 0/100
100/0 3216 0 100/0
80/20 1270,333 1149,667 52/48
D13S317
50/50 0 2525,333 0/100
0/100 0 4337,25 0/100
100/0 6722,333 0 100/0
80/20 2190 1931 53/47
D16S539
50/50 0 4365,8 0/100
0/100 0 9186,25 0/100
100/0 5926,667 0 100/0
80/20 1438 1236,667 54/46
CSF1PO
50/50 1103,8 6211,6 15/85
0/100 0 9398,5 0/100
100/0 14800,33 0 100/0
80/20 5979,333 2540,333 70/30
Penta D
50/50 0 12163,8 0/100
0/100 0 13712,67 0/100

Supplementary References.

1. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real -
time quantitative PCR and the 2(-Delta Deta C(T)) Method. Methods
2001;25:402-408.
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ABSTRACT
Previous'y we have shown that the increased cartilage production in pellet co-

cultures of chondrocytes and bone marrow derived mesenchymal stem cells (BM-MSCs)
is due to a trophic role of the MSC in stimulating chondrocyte proliferation and matrix
production rather than MSCs actively undergoing chondrogenic differentiation. These
studies were performed in culture medium that was not compatible with chondrogenic
differentiation of MSCs. In this study, we tested whether the trophic role of the MSCsis
dependent on culturing co-culture pellets in medium compatible with chondrogenic
differentiation of MSCs. In addition, we investigated whether the trophic role of the
MSCs is dependent on their origins or isamore general characteristic of MSCs. Human
BM-MSCs and bovine primary chondrocytes (bPCs) were co-cultured in medium
compatible with chondrogenic differentiation of MSCs. Enhanced matrix production
was confirmed by glycosaminoglycans (GAG) quantification. Species specific
guantitative PCR (qPCR) demonstrated that cartilage matrix was mainly from bovine
origin, indicative of alack of chondrogenic differentiation of MSCs. In addition, pellet
co-cultures were overgrown by bovine cells over time. To test the influence of origin on
MSCs’ trophic effects, MSCsisolated from adipose tissue and synovial membrane were
co-cultured with human primary chondrocytes (hPCs) and their activity was compared
with BM-MSCs, which served as control. GAG quantification again confirmed
increased cartilage matrix production, irrespective of the source of the MSCs. EdU
staining combined with cell tracking revealed increased proliferation of chondrocytes
under each condition. Irrespective of the MSC source, short tandem repeat (STR)
andysis of genomic DNA showed a decrease in MSCs in co-culture over time. Our
results clearly demonstrate that in co-culture pellets M SCs stimul ate cartilage formation
due to a trophic effect on chondrocytes rather than differentiating into chondrocytes,
irrespective of culture condition or origin. Thisimplies that the trophic effect of MSCs
in co-cultures is a general phenomenon with potential implications for use in cartilage

repair drategies.
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Introduction

Despite the success of autologous chondrocyte implantation in treating large-
size cartilage defects, there are some disadvantages of this treatment that limit its
broader clinical application. One major issue is the requirement of relatively large
guantities of chondrocytes from the patient[ 1], which are obtained by in vitro expansion.
Partial replacement of the chondrocytes with mesenchymal stem cells (MSC) has been
proposed to tackle this problem. Many studies have evaluated the feasibility of thisidea
by co-culturing of MSCs and chondrocyteg[2]. Indeed, cartilage matrix deposition was
found to be improved in co-cultures of MSCs and chondrocytes compared to cultures of
pure chondrocytes or MSCq3-4]. In our previous report[5], we have shown that pellet
co-culture of bovine primary chondrocytes (bPCs) and human M SCs benefits cartilage
matrix formation and that cartilage matrix genes were mainly expressed by bovine
chondrocytes. In addition, we also showed that the ratio of MSCs decreased
dramatically due to massive cell death of MSCs by apoptosis. Chondrocyte proliferation
was increased either by co-culturing with MSCs or culturing with MSCs conditioned
medium. These findings were also confirmed by an independent study performed by
Acharya et al.(2011)[6]. This and our study demonstrated a new mechanism of cdlular
interaction in co-culture of MSCs and chondrocytes, in which the trophic effects of
MSCs stimulate chondrocyte proliferation and cartilage matrix deposition rather than
actively undergoing chondrogenic differentiation.

The concept of MSCs as a trophic mediator of tissue repair is introduced by
Arnold Caplan [7], who borrowed the term trophic from neurobiology, in which it refers
to bioactive molecules produced by nerve terminals, which are not neurotransmitters’®.
In relation to MSCs, the term trophic was first used to describe the process in which
MSCs secrete factors that stimulate nearby cells to release functionally bioactive
molecules”). Later, the term also relates to the effect of the factors produced by MSC on
viahility, proliferation, and matrix production of the neighboring cells. This concept has
resulted in a paradigm shift in the way MSCs are involved in tissue repair. While
traditionaly it was believed that MSCs mainly repair damaged tissue by differentiating
into specific cell types and replacing lost cellg 9], nowadays the trophic role of the MSC
in tissue repair is considered more important[10]. It was reported that MSCs, when
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introduced either directly or systemically into stroked brain of rats, promote gain of
coordinated functions without differentiating into neurons or any other supporting cell
type[11]. Other examples are from the trophic role of MSCs in gimulating
cardiomyocyte proliferation in vitro[12], and vascular regeneration in vivo[13].

So far, most of the reports regarding the trophic effects of MSCs are based on
studies using bone marrow derived MSCs (BM-MSCs). There are many more sources
from which MSCs can be isolated. For examples, adipose tissue can give rise to
multipotent stromal cells [14-15], and human synovial membrane also contains a MSC
population[16]. So far, MSCs have been isolated from many other tissues[17-18]. MSCs
isolated from other sources share many common features with BM-MSCq19-20], and
have been applied in tissue engineering strategie[21-25]. Nevertheless, only a few
papers documented the paracrine or autocrine effects of adipose tissue derived MSCsin
tissue regeneration [26-27].The trophic effects of MSCs isolated from a non-bone
marrow origin have not yet been studied systematically and thoroughly.

In a previous study, we have co-cultured human BM-MSCs and bPCs in pellets
in chondrocyte proliferation medium[5], and showed that increased cartilage matrix
formation was not due to chondrogenic differentiation of MSCs. This data indicated that
in pellet co-cultures signals from the chondrocytes alone are insufficient to induce
chondrogenic differentiation of MSCs at least under these culture conditions. In this
study, we performed experiments in which BM-MSCs and bPCs were co-cultured in
chondrogenic differentiation medium to investigate the influence of growth factors in
culture medium on MSCs’ trophic effects. In addition, we examined whether MSCs
from multiple sources (bone marrow, adipose tissue and synovial membrane) have
similar trophic effects by co-culturing them with human primary chondrocytes (hPCs).
Our data presented here demonstrated that trophic effects of MSCs on chondrocytes in
pellet co-cultures is a general feature of MSCs independent of culture conditions and
their source.

Materials and methods
Cell culture and expansion

Bovine primary chondrocytes (bPCs) were isolated from full-thickness

cartilage of knee biopsies from cows of approximately 6 months old. Human primary
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chondrocytes (hPCs) were obtained from macroscopically healthy cartilage obtained
from knee or hip biopsies of patients with end stage osteoarthritis undergoing total knee
or hip replacement. Both bovine and human cartilages were digested for 20-22 h in
collagenase type Il (0.15% Worthington, NJ, US) dissolved in chondrocytes
proliferation medium. The components of chondrocytes proliferation medium are
DMEM supplemented with 10% FBS, 1xnon-essential amino acids, 0.2mM Ascorbic
acid 2-phosphate (AsAP), 0.4 mM proline, 100U/ml penicillin and 100ug/ml
streptomycin. More details about chondrocyte isolation are described elsewhere[28].
Bone marrow mesenchymal sem cells (BM-MSCs) were separated from human bone
marrow aspirates as described previoudy[29]. Human adipose tissue mesenchymal stem
cells (AT-MSCs) and synovium mesenchymal sem cells (Sy-MSCs) were isolated
according to procedures in previous publicationg30-31]. MSCs from al kinds of
sources were cultured in MSC proliferation medium (a-MEM supplemented with 10%
fetal bovine serum, 1 % L-glutamin, 0.2 mM ascorbic acid, 100 U/ml penicillin, 10
ng/ml streptomycin and 1 ng/ml bFGF).

The use of all human materials in this study has been approved by a local
Medical Ethical Committee. All reagents used for cell culture were purchased from
Gibco, Invitrogen (Paidey, UK), unless otherwise stated. Common chemicals were
purchased from Sigma-Aldrich.
Pellet culture and chondrogenic differentiation

For mono-cultures, 200,000 cdlls of hPCs or MSCs were seeded in one well of
around bottom 96 wells plate (non-tissue culture treated). For co-cultures, 200,000 cells
were seeded in a 80% MSC / 20% hPC or bPC ratio. Cells were initialy seeded in
chondrocyte proliferation medium and centrifuged for 5 min at 500xg. Medium was
changed to chondrogenic differentiation medium (DMEM supplemented with 40 pg/mL
of proline 50 ug/mL ITS-premix, 50 ug/mL of ASAP, 100 ug/mL of Sodium Pyruvate,
10 ng/mL of TGFP3, 10’ M of dexamethasone, 500 ng/mL of BMP6, 100U
penicillin/ml and 100ug/ml streptomycin) one day after seeding when stable pellets
were formed. Cdll pellets were cultured for 4 weeks before analysis.
Histology

Cdll pellets were fixed with 10 % formalin for 15 min, dehydrated with ethanol
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and embedded in paraffin using routine procedures. A microtome (Shandon, France)
was used to cut 5 um thick sections. Slides were then deparaffinized and stained for
sulfated glycosaminoglycans (GAG) with Alcian blue. Nuclel were counterstained with
nuclear fast red.
Quantitative GAG and DNA assay

Cdl pelets (n=6) were washed with phosphate-buffered saline (PBS) and
stored at -80°C for 16-20 hours. Subsequently, they were digested in digestion buffer (1
mg/ml proteinase K in TrigEDTA buffer (pH 7.6) containing 18.5 ng/ml iodoacetamide
and 1pg/ml pepstatin A) for more than 16h a 56 °C. GAG content was
spectrophotometrically determined with 1,9-dimethylmethylene blue chloride (DMMB)
staining in PBE buffer (14.2g/L NaHPO, and 3.72g/L Na,EDTA, pH 6.5) using an
ELISA reader (TECAN, Grodig, Austria) at an absorbance of 520 nm with chondraitin
sulfate as a standard. Cell numbers were determined by quantification of total DNA
using a CyQuant DNA Kit (Molecular Probes, Eugene, OR).
DNA isolation, RNA isolation and quantitative PCR

DNA samples of pelets were extracted with the DNA Mini Kit (Promega,
Hilden, Germany) according to the manufacturer’s protocols. RNA samples of cell
pellets were isolated with the NucleoSpin RNA |1 Kit (Macherey-Nagel, Diiren,
Germany). Total RNA was reverse-transcribed into cDNA using the iScript cDNA
Synthesis kit (Bio-Rad, Hercules, CA). Quantitative PCR (qPCR) was performed on
genomic DNA or cDNA samples by using the iQ SYBR Green Supermix (Bio-Rad,
Hercules, CA). PCR Reactions were carried out on MyiQ2 Two-Color Real-Time PCR
Detection System (Bio-Rad, Hercules, CA) under the following conditions. cDNA was
denatured for 5 min at 95 °C, followed by 45 cycles, consisting 15s at 95°C, 15s 60°C
and 30s at 72°C. For each reaction a melting curve was generated to test primer dimer
formation and non-specific priming. The sequences of primers for real-time PCR, either
species specific or cross species specific were as previoudy described [5]. For PCR on
genomic DNA, standard curves were generated by using serid dilutions of genomic
DNA as template. Bio-Rad iQ5 optical system software (version 2.0) was used to
calculate copy numbers for each condition using the sandard curves as reference. The

relative signal was defined as the proportion of human or bovine GAPDH copy numbers
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as percentage of the total copy numbers of both human and bovine genes. Calculation of
Relative Expression was performed with Bio-Rad iQ5 optical system software (version
2.0) using the double delta Ct method[32]. Cross species specific GAPDH primers were
used for normalization.
Cell tracking with or ganic fluorescent dyes

The organic fluorescent dye CM-Dil (Molecular Probes, Eugene, OR) was
used for cell tracking in co-cultures. Cells were labeled according to the manufacturer’s
protocol. Briefly, cells were trypsinized and resuspended in PBS at a concentration of
2x10° cellgml. The cells were incubated with 4uM of CM-Dil at 37 °C for 5 minutes
followed by an incubation at 4°C for 15 minutes. Cells were washed with PBS and
applied in co-culture experiments.
5-ethynyl-2’-deoxyuridine labeling and staining

Cdl proliferation in pellets was examined with the Click-iT® EdU Imaging
Kit (Molecular Probes, Eugene, OR). Cell pellets were cultured in chondrogenic
differentiation medium containing 10 uM EdU (5-ethynyl-2’-deoxyuridine) for 24 hours
before harvesting. At day 2, cell pelets were washed with PBS and fixed with 10%
formalin for 15 min. Sections of 10 um were cut with a cryotome (Shandon, France).
Sections were permeabilized with 0.5% of Triton X 100 for 20 min and stained for EAU
with Alexa 488 cocktail. Nuclei were counterstained with Hoechst 33342 (provided in
the same Kkit).
Image acquisition and analysis

Histological images were made with a Nikon E300 microscope (Japan).
Fluorescent images were taken with a BD pathway 435 confocal microscope (BD
Biosciences, Rockville, MD). Detals of images quantification were published
elsewhere][5]. Values represent the mean = standard deviation of at least 3 biological
replicates.
Short Tandem Repeats (STR) analysis

Genomic DNA samples were extracted from pellets with the QlAamp DNA
Mini Kit (Qiagen). The sixteen loci of the kit PowerPlex 16 System (Promega) were
amplified, typed, sequenced and analyzed by ServiceXS B.V. (Leiden, the Netherlands).
Specific alleles for the donor of hMSCs and the donor of hPCs were found in severa
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loci. These alleles were used to define the origin of cells in alogeneic co-culture of
hMSCs and hPCs. The amount of DNA present for each donor was calculated from the
areas of the electropherogram for each locus of hMSCs’ or hPCs’ specific alleles and the
ratio of hM SCs and hPCs was determined.
Statigtical analysis

GAG and DNA quantifications were examined for statistical significance with
one-way analysis of variance (ANOVA) followed by Tukey HSD (Honestly Significant
Difference) Test. Statistical analysis of EdU positive cells was made by using the
Student’st test. P values of < 0.05 were considered as statistically significant.
Results
Co-culture pellets in chondrogenic differentiation medium show increased
cartilage for mation

To test if growth conditions, favorable for chondrogenic differentiation of
MSCs, affects the trophic effects of MSCs in pellet co-cultures, we examined cartilage
matrix formation of BM-MSCs and bPCs in chondrogenic differentiation medium. Each
of the 3 BM-MSC donors were fully capable of differentiating into the chondrogenic,
osteogenic and adipogenic lineage and expressed typical cell surface markers of MSCs
(data not shown), although some variability was observed in the chondrogenic
differentiation potential. After 4 weeks of co-culture, histology and GAG assays were
performed to evaluate cartilage formation. As shown in figure 1A, the presence of GAG
isindicated by Alcian blue staining in both mono-cultures and co-culture pellets. Cells
in the positively stained areas were embedded in lacunae and show typical
characteristics of chondrocytes, round shape and the presence of an Alcian blue positive
extracellular matrix.. Similar data were obtained using Toluidine blue staining (data not
shown). Quantitative analysis showed that both total GAG and tota DNA increased as
the ratio of MSCs decreased (figure. 1B). In line with previous studies, co-culture
pellets contained more GAG than pellets seeded with 100% chondrocytes, when
normalized to the initial seeding percentage of bPCs indicating that the beneficial effect
on cartilage matrix formation in co-culturesis preserved when the pellets are cultured in

growth factors containing medium.

68



Chapter 4

Proliferation of chondrocytes causes ratio changes of two cdl types in pellets
cultured in chondrogenic differentiation medium

Species specific gqPCR was performed to study the origin of the chondrogenic
marker genesin co-culture pellets (figure. 1C). At week 4, the expression levels of both
human Aggrecan (ACAN) and human Collagen 2 (COL2) were much lower in co-
culture pellets than in pure MSCs pellets. On the other hand, the expression levels of
bovine ACAN or COL2 in co-culture pellets were either higher or similar to that of pure
bPCs pellets. These data indicated that the cartilaginous matrix in co-culture pelletsis
mainly from bovine origin. At week 4 of culture, genomic DNA was isolated from the
cell pdlets, and used as template in species specific gPCR. The ratio of human/bovine
cells dropped from 80% (initial seeding percentage after 1 day) to approximately 40%
after 4 weeks of culture (figure 1D).

Cdl praliferation in co-culture pellets was studied using EdU incorporation
combined with cell tracking. For this, bovine chondrocytes were labeled with CM-Dil
(red). Proliferation was studied at day 2. As shown in figure 1E, EdU positive cells were
mainly found in the periphery of the pdlets. Cell tracking showed that co-culture
predominantly increased proliferation of the chondrocytes with a minor effect on
proliferation of the MSCs (figure 1F).

Co-culture of hPCs and M SCs from multiple sources increases cartilage matrix
formation

To investigate whether the source of MSCs influences the degree of cartilage
formation in co-culture pellets, MSCs derived from human adipose tissue and synovium
were used in co-culture pellets with hPCs, while BM-MSCs served as control.  Alcian
blue staining shows deposition of GAGs to some extend in al groups (figure. 2A).
GAG and DNA contents of each pelle were then determined by chemo-
spectrophotometric and fluorescent assays (figure. 3). MSCs from different sources
performed similarly in GAG formation when co-cultured with hPCs. An average of 3
donor pairs of MSCs and hPCs showed that co-culture pellets contained more GAG
than 100% chondrocyte pellets, when normalized to the initial seeding percentage of
hPCs.
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Figure 1: Cartilage matrix formation is increased in co-culture pellets cultured in chondrogenic
differentiation medium; and enhanced cartilage matrix formation is caused by trophic effects of M SCs..
Pellets (200, 000cells) of BM-MSCs from 3 donors and bPC in 3 different ratios (100:0; 80:20 and 0:100 of
BM-MSC:bPC) were cultured in medium compatible with chondrogenic differentiation of MSCs. After 4
weeks pelets were collected for histological analysis. (A) Alcian blue staining was performed to examine
deposition of sulfated GAGs in midsagittal paraffin sections. Inserts indicate the overview of each pdlet.
Pictures show the results of a representative donor of MSCs, while 3 donors were tested. Scale bar=100um.
(B) GAG and DNA of cell pellets (n=6 per donor) were quantitatively measured 4 weeks after co-culture.
Averages of 3 donors of BM-MSCs are shown. Ratios of hMSCs and bPCs are indicated by the bar colors.
Theleft y-axisisfor “Total GAG”, “GAG/DNA” and “GAG/initial %PC”, while the right y-scaleisfor “Total
DNA”. Asterisk represents P<0.05. NS=Not Significant. Data are presented as a mean + standard deviation
(S. D.). (C)Co-culture pellets of BM-MSCs and bPC were established and cultured in chondrogenic medium
as described. After 4 weeks samples were collected for analysis of the expression levels of ACAN and COL2
mMRNA by species specific gPCR. RNA samples were extracted from pellets (n=3 per MSC donor). Relative
expression levels were obtained by normalization of human or bovine specific signal s to cross species-specific
GAPDH. For human specific genes, values are relative amounts to 100/0 hM SC/bPC group. For bovine
specific genes, values are relative amounts to 0/100 hM SC/bPC group. Data are presented as an average of 3
BM-MSCs donors =S. D. (D) After 4 weeks of culture species specific qPCR on genomic GAPDH was
performed after DNA analysis (n=6 per donor). Data represent the average of 3 BM-MSC donors = S.D. (E)
After 2 days of culture, proliferation was assessed using an EdU assay. In this experiment, bPCs were labeled
with CM-Dil (red). EAU incorporation into newly synthesized DNA was visualized by Alexa 488 (green) and
nuclei were counterstained with Hoechst 33342 (blue) on 10 uM freeze sections. Pictures show the results of a
representative BM-MSC donor out of 3 donors tested. Scale bar=100um. (F) Quantification of EdU positive
cels. The initial ratios of hMSC and bPC are indicated by bar colors. Data from 3 donors of BM-MSCs
measured in triplicate were analyzed for statistic significance. Double asterisk represents P<0.01. NS=Not
Significant. Error bar reflects S. D.
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Figure 2 GAG formations in co-culture pellets of hPCs and MSCs from different sources; and
M SCs from multiple sources act as trophic mediators when co-cultured with hPCs. (A) Human
chondrocytes were co-cultured with MSCs from different sources in 3 different seeding ratios (MSC
versus PC; 100:0; 80:20; 0:100) for 4 weeks in chondrogenic differentiation medium. Alcian blue staining
was performed on midsagittal paraffin sections. Nuclei were counterstained with nuclear fast red. Pictures
show a representative donor of MSCs, while 3 donors were tested. Scale bar=100 um. (B) Human
chondrocytes were co-cultured in pellets with AT-MSCs, BM-MSCs or Sy-MSCs in 3 different ratios in
chondrogenic differentiation medium as described in Materials and Methods. EdU staining was performed
at day 2 to show proliferating cellsin pellets. hPCs were labeled with CM-Dil (red). EdU incorporation
into newly synthesized DNA was visualized by Alexa 488 (green). Nuclei were counterstained with
Hoechst 33342 (blue). Sources of MSCs are indicated on the left. Pictures are representative for each
condition (3 pellets analyzed per donor) and are 10 pm mid-sagittal freeze sections. Insets are
magnifications of the boxed areas. Scale bar=100um. (C) and (D) Quantification of EdU positive MSCs
(C) or hPCs (D). Theiinitial ratios of MSC and bPC are indicated by bar colors. The sources of MSCs are
indicated at the bottom. Data represent the average from 3 donors of MSCs, each measured in triplicate
+/- SD. Asterisk represents P<0.05. Double asterisk represents P<0.01. (E), (F and (G) STR analysis was
performed on genomic DNA isolated from co-culture pellets of MSCs from adipose tissue (E), bone
marrow (F) or synovium (G) and hPCs at an initial seeding ratio of 80:20 after 4 weeks of culture. Only
informative loci that could discriminate between the MSCs and PCs are shown. The loci are listed on the
bottom of figure. An average of these loci is shown by the rightmost bar +/- SD. Data showed here is
representative from 1 donor pair of MSCsand PCs, while three donor pairs were tested.

Co-culture of hPCs and M SCs promotes chondr ocyte praliferation independent of

theMSCsorigin
EdU incorporation and cell tracking were used to investigate cell proliferation

in the pellets. At day 2 after cell seeding EdU positive cells were detected in all
conditions tested (figure. 2B). Quantitative data are shown in figure 2C and figure 2D.
Percentages of EdU positive MSCs in co-culture pellets were close to that of 100%
MSCs. No significant differences were observed. Percentages of proliferating hPCs in
co-culture pellets were significantly higher as compared to 100% hPCs.

After 4 weeks of co-culture, ratios of cells derived from hPC or MSC donors
were determined by STR analysis (figure. 2E, F and G). The diginguishable loci
between hPC and MSC donors are illustrated, which varied between pairs of MSCs and
hPCs. On average these loci showed a clear change in the ratio of MSCs and hPCs
compared to theinitial seeding density, irrespective of the source of MSCs. Three MSC

donors were tested for each co-culture combination with essentially comparabl e results.
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Figure 3 Trophic effects in co-culture are indepen-dent of the origin of the MSC. Human
chondrocytes were co-cultured in pélets with AT-MSCs (A), BM-MSCs (B) or Sy-MSCs (C) in 3
different ratios in chondro-genic differentiation med-ium. GAG and DNA of cell pellets (n=6 per donor)
were quantitatively mea-sureed 4 weeks after cul-ture. Ratios of MSCs and bPCs are indicated by the bar
colors Scale on the left is for “Total GAG”, “GAG/DNA” and “GAG/ initial %PC”, while scale on the
right isfor “DNA”. Asterisk represents P<0.05. Data are the aver-age of 3 donors per cell source = S. D.
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Discussion

Multiple mechanisms have been postulated to explain increased cartilage
matrix formation in co-culture pellets of MSCs and chondrocytes?. When this
beneficial effect of co-culture was first discovered™®, it was believed that chondrocytes
stimulated the chondrogenic differentiation of MSCs, and that this contributed to the
increased cartilage matrix formation in co-culture. Several studies supported thisidea[3,
33-34]. It was shown that conditioned medium of chondrocytes induced osteo-
chondrogenic differentiation of MSCq33, 35], and co-culturing with chondrocytes in
pellets induced chondrogenic gene expression in MSCq34]. Results from these
experiments, however, were not conclusive on the role of each cell type in the co-
culture, since long term cell tracking was not performed. Previoudy, we have shown
that increased cartilage formation in co-culture pelet is not due to chondrogenic
differentiation of MSCs, but is predominantly caused by M SCs exerting a trophic effect
on the chondrocytes stimulating cell proliferation and matrix deposition. The effect of
MSCs on chondrocytes in pellet co-cultures can be discerned in various effects. 1)
MSCs stimulate proliferation of chondrocytes at an early stage of the cell pellet cultures,
2) MSCs stimulate GAG formation and extracel lular matrix production by chondrocytes
in co-culture pellets, 3) As a consequence of the increased chondrocyte proliferation,
the initial seeding ratio between chondrocytes and M SCs changes over time in favor of
the chondrocytes; 4) This effect is further exaggerated by the preferential cell death of
MSCs in the co-culture pellets. These findings were essentially confirmed in a recent
publication of Acharya et al.[6]

Our previous study has raised a number of additional unresolved questions:
Firg, is the trophic effect of the MSCsin co-culture dependent on the culture conditions?
Our previous pellet co-cultures were performed in serum containing medium lacking
chondrogenic factors that are essential for stimulating chondrogenic differentiation of
MSCs in vitro. This raises the question whether the absence of MSC differentiation and
the disappearance of MSCs over time in these co-culture experiments were the result of
culture conditions that are unfavorable for MSCs. To address this issue we have
repeated our co-culture experiments in medium that is supportive of chondrogenic
differentiation of MSCs. We have performed the experiments with 3 donorsthat showed
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capacity to differentiate into chondrocytes, albeit in a variable degree. Our results
demonstrated that BM-M SCs essentially exerted a smilar trophic rolein the co-cultures
irrespective of the culture conditions. Also in chondrogenic medium we did not observe
overt differentiation of the MSCs in chondrocytes. Based on the results of the present
study, it appears that there is a common mechanism in both culture conditions, although
we do find some differences in the fate of MSCs in co-culture depending on the culture
medium. The most notable difference is that the ratio change in chondrogenic
differentiation medium is not as dramatic as that in proliferation medium. As we
reported, MSCs mixed with bPCs almost disappeared in co-culture pellets in absence of
chondrogenic factors, while around 40% of MSCs remained in co-culture pellets in
differentiation medium [5]. This suggests that MSCs cultured in pellets can survive
better in chondrogenic differentiation medium than in proliferation medium. We did not
find experimental evidence that the better survival of the MSCs was due to stimulation
of chondrocyte differentiation. In fact, the expression of human specific ACAN and
COL2 after 4 weeks of culture was markedly reduced in the co-culture pellets compared
to pellets of pure MSCs. In addition, the production of GAGs corrected for the initial
seeding percentage of chondrocytes did not differ between co-culture pellets cultured in
proliferation medium [5] or in chondrogenic medium (this study). Although we cannot
conclude from these experiments that none of the MSCs had differentiated into
chondrocytes, this effect appears to be marginal in both culture conditions. The most
marked difference between both sudiesisthat the ratio of MSCs dropped from 80% to
below 5% after 4 weeks when pdllets are co-cultured in proliferation medium, while
only a reduction to 40% was seen in chondrogenic medium. Despite this difference,
similarities in both models were more common. For instance, in both modes a
homogenous distribution of cartilage matrix compounds was found in the co-culture
pellets even though the MSCs in co-culture pellets with chondrocytes preferentially end
up in the center of the pellet, irrespective of the culture conditions[5].

The second question raised by our previous study is whether the observed role
of the MSCs in the co-cultures is dependent on the source of MSCs. Our previous
results were obtained with BM-MSCs. However, beneficial effects of co-culture for

cartilage matrix formation was also found in combination of chondrocytes and a variety
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of other cel types, such as adipose-tissue derived stem cells, human embryonic stem
cels, fibroblasts and meniscus cells [36-39]. It is ill unclear whether MSCs derived
from adipose tissue or synovium have a comparable trophic role in co-culture. To
answer this question, we report that MSCs isolated from adipose tissue and synovia
membrane had similar trophic effects and similar behavior as BM-MSCs in co-culture
with chondrocytes. We show that MSCs irrespective of their origin stimulate
chondrocyte proliferation and increase total GAG corrected for initial seeding
percentage of chondrocytes to comparable extent. Furthermore, we show a similar
decrease in the percentage of MSCs in pellet co-cultures over time Given these
remarkably similar observations, we concluded that the M SCs from various cell sources
have likely exerted similar roles.

Adipose tissue has long been considered as an dternative to bone marrow as
MSCs source, sinceit can be obtained relatively easily in large quantities with relatively
low donor morhidity and contains a much higher frequency of MSCs, as compared to
bone marrow [15, 30]. Piles of documents had pointed out the potential use of AT-
MSCsin avariety of tissue engineering applications [40-43]. Although less studies have
been performed with synovium derived MSCs, the synovium has recently received
attention as a promising cell source for cartilage tissue engineering [24, 31, 44]. Here,
we report for the first time that MSCs isolated from bone marrow, adipose tissue and
synovium behave similarly in co-culture pellets with MSCs by acting as trophic
mediators stimulating chondrocyte proliferation and matrix production. Our data
suggest that trophic effects of MSCs could be a general mechanism by which MSCs
from different origins orchestrate tissue function repair.

Taken together, our results demondrate that in co-culture pelets MSCs
gimulate cartilage formation due to a trophic effect with chondrocytes rather than
differentiating into chondrocytes, irrespective of the culture conditions or their origin.
This implies that the trophic effect of MSCs in co-cultures is a genera phenomenon
which may have potential implications for the use of MSCsin cartilage repair srategies.
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Abstract

Previoudly, we have shown that mesenchymal stem cells (MSCs) in co-culture
with primary chondrocytes secrete (a) soluble factor(s) that increase(s) chondrocyte
proliferation. In thisstudy we set out to identify this factor(s). Microarray experiments
of human bone marrow derived MSCs (hMSCs) and primary chondrocytes (hPCs) in
pellet monoculture or in co-culture revealed a number of candidate secreted soluble
factors. Of these, Fibroblast Growth Factor-1 (FGF-1) mRNA expression was markedly
increased in co-cultures predominantly due to up-regulated expression in MSCs as
revealed by immunofluorescence combined with cell tracking and by species specific
PCR in co-culture pellets of hMSCs and bovine PCs. ELISA demonstrated increased
FGF-1 secretion in medium of pellet co-cultures. Blocking of FGF signaling in co-
culture pellets by specific FGF receptor inhibitors completely blocked chondrocyte
proliferation. Neutralizing FGF-1 activity in MSC conditioned medium by anti-FGF-1
antibodies completely blocked chondrocyte proliferation also. In conclusion, we
demonstrate that MSCs increase FGF-1 secretion upon co-culture with chondrocytes,

which in turn isresponsible for increased chondrocyte proliferation in pellet co-cultures.

82



Chapter 5

Introduction

Autologous chondrocytes implantation (ACI) is currently considered the
golden standard for treating large size cartilage defects. It has been proposed that partial
replacement of chondrocytes with mesenchymal stem cells (MSCs) can potentially
circumvent the problem of chondrocyte expansion, which is required in current ACI
protocols to obtain sufficient cells and is associated with loss of the chondrocyte
phenotype [1]. Previous reports showed that cartilage matrix formation was increased in
co-cultures of chondrocytes with MSCs compared to monocultures [2]. Further
investigations revealed that the inductive effects of MSCs on cartilage formation were
predominantly due to stimulation of chondrocyte proliferation in the co-culture pellets
[3]. This effect was defined as a trophic effect of MSCs. Additiona studies showed that
this trophic effect of MSCs in chondrocyte co-cultures was independent of culture
conditions and MSC cell sources [4].

Trophic effects of MSCs refer to more generad observations in which MSCs
produce factors influencing viability, proliferation, and matrix production of
neighboring cells. So far, a trophic role of MSCs has been reported in many tissues
other than cartilage. For example, when introduced either into stroked brain of rats
MSCs promote functions of the neural system without differentiating themselves into
neurons or any other supporting cells[5]. Likewise, it has also been reported that MSCs
stimulate cardiomyocyte proliferation and vascular regeneration without differentiating
into tissue-specific cells, both in vitro and in vivo [6-7].

Despite the rapid progress in recognizing the importance of the trophic role of
MSCs in tissue regeneration, the underlying mechanism is not quite clear yet. MSCs
secrete a number of growth factors and cytokines that potentially play a role in this
effect. It was reported that conditioned medium (CM) of MSCs promoted wound
healing in a scratch model in vitro by affecting cell migration and extracellular matrix
formation, which suggests that the trophic activity of MSC may be mediated by secreted
factors [8]. Moreover, CM of amniotic fluid derived MSCs accelerated wound healing
in amouse excision wound model. This data suggests that the MSC secreted factors are
functional in vivo [9]. Alsoin our previous study, pellets of chondrocytes cultured for 1
week in MSCs conditioned proliferation medium showed a higher proliferation rate than
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cells cultured in non-conditioned proliferation medium [3]. Meanwhile, higher
proliferation rates as illustrated by increased EdU (an analog of BrdU) incorporation
was associated with increased DNA contents as well as totd GAG contents [3].
Nevertheless, publications pinpointing the trophic role to a specific factor are scarce
[10-11].

In this study, we used microarray experiments to investigate the differentially
expressed genes in co-culture pellets of MSCs and chondrocytes and mono-culture
pellets of MSCs and chondrocytes separately. A number of secreted factors were found
to be up-regulated in co-culture pellets. Further studies identified Fibroblast Growth
Factor-1 (FGF-1) as a major growth factor secreted by MSCs that promotes the
proliferation of chondrocytesin co-cultures of MSCs and chondrocytes.
Materialsand M ethods
Cell culture and expansion

The use of human materia in this study has been approved by alocal Medical
Ethical Committee.

Macroscopically hedthy looking cartilage was obtained from knee or hip
biopsies of patients with end stage osteoarthritis undergoing total knee or hip
replacement. Chondrocytes were isolated as previoudy described [12]. In short,
cartilage was dissected from underlying bone and connective tissue and was digested for
20-22 h in collagenase type Il (0.15% Worthington) in DMEM supplemented with
penicillin (100 U/mL) and streptomycin (100 mg/mL). Human primary chondrocytes
(hPCs) were then cultured in chondrocyte proliferation medium (DMEM supplemented
with 10% FBS, 1xnon-essential amino acids, 0.2mM Ascorbic acid 2-phosphate (ASAP),
0.4 mM proline, 100U/ml penicillin and 100ug/ml streptomycin). More details about
chondrocyte isolation are described e sewhere [13]. Bovine primary chondrocytes (bPCs)
were isolated from full-thickness cartilage of knee biopsies from cows of approximately
6 months old with the same protocol as human chondrocytes. Bone marrow
mesenchymal gem cdls (BM-MSCs) were separated from human bone marrow
aspirates as described previously [14]. Briefly, 100ul of bone marrow aspirate was
mixed with 900 M red cell lysing buffer for 5-10 minutes on ice. Then the mononuclear
cell fraction was counted. Whole bone marrow was plated at a density of 50 000
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cells’'em? in culture flasks in MSC proliferation medium (a-MEM, supplemented with
10% fetal bovine serum, 1 % L-glutamin, 0.2 mM ascorbic acid, 100 U/ml penicillin, 10
ng/ml greptomycin and 1 ng/ml bFGF), plus 1% heparin. Medium was refreshed every
3-4 days until confluence. All reagents used for cell culture were purchased from Gibco,
Invitrogen (Paidey, UK), unless otherwise stated. Common chemicals were purchased
from Sigma-Aldrich.
Cell tracking with or ganic fluorescent dyes

The organic fluorescent dye, CM-Dil (Molecular Probes, Eugene, OR) was
used for cell tracking in co-cultures. Cells were labeled according to the manufacturer’s
protocol. Briefly, cells were trypsinized and resuspended in PBS at a concentration of 2
< 10° cells/ml. Cells were incubated with dye (final concentration of 4uM) at 37 °C for
5 minutes followed by treatment at 4°C for 15 minutes. Cdls were washed with PBS
and applied in co-culture experiments.
Co-culture of hPCsand hM SCs

For co-culture of hPCs or bPCs and hM SCs, 40 000 chondrocytes and 160 000
hMSC (ratio of PC:hMSCs=1:4) were seeded in one well of a round bottom ultral ow
attachment 96 wells plate in chondrocyte proliferation medium and centrifuged for 3
min a 2000rpm. Medium was refreshed twice a week. Cell pellets were cultured for 2
days before RNA isolation and EdU staining.
EdU labeling and staining

Cdl proliferation in pellets was examined with the Click-iT® EdU Imaging
Kit (Molecular Probes, Eugene, OR). Cdl pellets were cultured in chondrocyte
proliferation medium. EdU (5-ethynyl-2’-deoxyuridine) was added to the culture media
at a concentration of 10 uM, 24 hours before harvesting the samples. Cdll pellets were
then washed with PBS and fixed with 10% formain for 15 min. Samples were
embedded in cryomatrix, and cut into 10 uM sections with a cryotome (Shandon,
France). Sections were permeabilized and stained for EdU with Alexa 488 cocktail.
Nuclel were counterstained with Hoechst 33342,
RNA isolation and quantitative PCR

Gene expression anaysis was performed as described before [15]. In short,
RNA samples of pellets were isolated with the NucleoSpin® RNA |1 Kit (Macherey-
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Nagel, Diiren, Germany). For quantitative (q)PCR, one microgram of total RNA was
reverse-transcribed into cDNA using the i Script cDNA Synthesis kit (Bio-Rad, Hercules,
CA). gPCR was performed on cDNA samples by using the iQ SYBR Green Supermix
(Bio-Rad, Hercules, CA). PCR Reactions were carried out on MyiQ2 Two-Color Real-
Time PCR Detection System (Bio-Rad, Hercules, CA) under the following conditions:
cDNA was preheated for 15 min at 95 °C, denatured for 5 min at 95 °C, followed by 45
cycles, consisting 15s at 95°C, 15s 60°C and 30s a 72°C. For each reaction a melting
curve was generated to test primer dimer formation and non-specific priming. The
primers for real-time PCR are listed in supplementary table 1 and table 2. Calculation of
Relative Expression was performed with Bio-Rad iQ5 optical system software (version
2.0) using the double delta Ct method [16]. GAPDH was used for normalization.
Microarray processing and statistical analysis

For microarray study, equal cell numbers of 3 hPCs donors were pooled. The
pooled cell fraction was used in pellet monocultures (n=3) and in co-cultures with 3
distinct donors of hMSCs. RNA was aso isolated from the 3 MSC donors cultured in
pellets individually. RNA samples were prepared as described in the previous section.
NUGEN Ovation PicoSL WTA System kit followed by Encore BiotinlL module was
used to generate bictinylated sscDNA sarting from 50 ng total RNA. 750 ng of the
obtained samples was hybridized onto [I[lumina HumanHT-12 v4 Expression BeadChips.
Samples were scanned using the Illumina iScan array scanner. Gene expression
profiling was performed using Illumina’s Genomestudio v. 2010.3 software with the
default settings advised by Illumina. The raw fluorescence intensity values were
normalized applying quantile normalization. Differential gene expression was analysed
using the commercial software package Genespring, version 11.51. (Agilent
Technologies). Genes with at least a twenty percent difference between observed and
expected values were selected and tested for significance using aone way ANOVA with
a Benjamini-Hochberg FDR correction and Tukey HSD post hoc test usng a cut-off
rate of P<0.05. The Expected value of gene expression was defined as 80% of the
expression of the genein monoculture pellets of hM SCs added to 20% of the expression
of the gene in monoculture pellets of hPC both determined by microarray analysis

assuming that gene expression was not influenced by the co-culture. The Observed
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values of gene expression reflected the actually expression level of one gene measured
in the microarray experiment (Supplementary Fig. S1). Changes in gene expression in
annotated canonical pathways and bio-functions were visualized using ingenuity
pathway analysis software (Ingenuity Systems). Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) was used to investigate the predicted interaction
network [17]. Clusters were formed using a k-means clustering agorithm.
ELISA assay

The concentrations of human FGF-1 in the conditioned medium of co-culture
pellets or hMSC mono-cultures were determined by a human FGF-1 ELISA kit (R&D
system, Oxon, UK) according to the manufacturer’s ingructions. Absorbance was
measured on an ELISA plate reader at 450 nm and 550 nm. The 450 nm values were
subtracted by the 550 nm values for correction of the optical imperfections in the
microplates.
Immunofluor escent staining

At day 2 after seeding, co-culture pellets were harvested for
immunofluorescent staining. Cell pellets were washed with PBS and fixed with 10%
formalin for 15 min. Samples were then embedded in cryomatrix, and cut into 10 uM
sections with a cryotome (Shandon, France). Sections were permeabilized and blocked
in PBS containing 0.5% Triton-X 100 and 0.5% bovine serum abumin (BSA) for 15
min at room temperature. Slides were subsequently incubated overnight at 4°C with a
goat polyclonal antibody against FGF-1 (R&D system, Oxon, UK). Subsequently, dides
were incubated with a secondary antibody conjugated to Alexa 488 (Molecular Probes,
Eugene, OR), and nuclel were counterstained with 4,6-diamidino-2-phenylindole (DAPI;
Molecular Probes, Eugene, OR).
Image acquisition and analysis

All fluorescent images were taken with a BD pathway 435 confocal
microscope (BD Biosciences, Rockville, MD). Using montague capture, images of high
resol utions were obtained covering the entire section of a pellet. Separated images were
captured at the green channel (Alexa 488), red channd (Dil) and blue channd (Hoechst
33342). Image] software [18] was used for cell counting. Briefly, we first set a
threshold to avoid artifacts manually. Then we counted the number of green cells, red
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cells, green + red cells, and tota cells by running plug-ins written with macro language
of ImagelJ (available on request). Values represent the mean +/- sandard error of at least
3 biological replicates.

Callection of conditioned medium

To obtain conditioned medium, DMEM was incubated with hMSCs cultured in
monolayer at 90% confluency for 48 h, passed through a 0.22 mm filter, and stored in -
20 °C until use. Upon usage, conditioned medium was thawed, put in Amicon Ultra-15
Centrifugal Filter Units (Millipore, Billerica, MA) with a cut off of 3000 daton
Nominal Molecular Weight Limit, and centrifuged at 4000xg for 40 minutes. The
concentrated solute (still named conditioned medium) was used to supplement
chondrocyte proliferation medium containing FBS and used to culture pellets of 200
000 hPCs.

Statistical analyss:

Differences between culture conditions of MSCs and hPCs were examined for
statistical significance with one-way analysis of variance (ANOVA) followed by Tukey
HSD Test. Comparisons between hMSCs and hPCs in the same conditions were made
by using the Student’stest. P values of <0.05 were considered as significant.

Results
Co-culture enhances proliferation of hPCs

Previoudy, we reported that proliferation of chondrocytes was enhanced in a
xenogenic co-culture system of bovine chondrocytes and hMSCs. In this study, we
examined proliferation of hPCs in a fully human co-culture system [3]. Since the bPC
proliferated most at day 2 after establishing the co-culture, we anayzed proliferation in
fully human co-culture pellets at day 2 by measuring EdU incorporation. To distinguish
hMSCs from hPC, the latter cells were labeled with the membrane bound fluorescent
tracer CM-Dil (red). Asshown in Fig. 1A, EdU positive cells were predominantly found
at the periphery of the cell pelletsin which thered labeled hPCs resided. The percentage
of EdU positive hPCs and EdU positive hMSCs in the co-cultures was determined. Our
results showed that co-culture significantly stimulated EdU incorporation in hPCs
(p<0.01) but not in hMSCs (Fig. 1B).
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Microarray study identifiesa group of genes regulated by the inter actions between
MSCsand hPCs

Since after 48 hours in co-culture, proliferation of chondrocytes was strongly
increased we chose this time point for microarray analysis to identify genes that are
regulated by the interaction between MSCs and hPC. Total RNA was isolated from 3
independent experiments each with 3 experimental conditions. monoculture pellet of
MSCs, co-culture pellet of MSCs and hPC (ratio 4:1) and monoculture pellets of hPC.
Each RNA sample was hybridized to (Illumina HumanHT-12 v4 Expression
BeadChips). After data normalization, the ratio between Observed gene expression as
determined by the microarray experiment and Expected values of gene expression was
calculated (supplementary figure S1) and significantly changed genes (P<0.05, after one
way ANOVA with a Benjamini-Hochberg FDR correction and Tukey HSD post hoc
test) deviating more than 20% from the Expected value were selected. Hierarchical
cluster analysis using the significantly changed genes showed a higher degree of
similarity in gene expression profile with hMSC mono-culture pellets than with hPCs
mono-culture pellets (Fig. 1C). Fig. 1D shows a global comparison between Observed
values and Expected values of each gene analyzed in the microarray experiment in co-
culture pellets. Using a threshold for up-regulated genes of Ratioge>1.2 and athreshold
for down-regulated genes of Ratioge<0.8, the expression of 180 genes was positively
regulated by co-culture while the expression of 93 genes was negatively regulated by
co-culture respectively (supplementary Table 3 for a full list of these differentially
regulated genes). The expression of the majority of genes (22835) was not influenced by
the co-culture and felt in the region between the two thresholds (grey points). gPCR
analysis of 12 up-regulated and 5 down-regulated genes confirmed the direction of
change in gene expression based on the Ratioge. The ratios determined by gPCR were
on average slightly higher or lower for up-regulated and down-regulated genes,
respectively (Fig. 1E). The list of 180 up-regulated genes was then imported into
ingenuity pathway analysis software to examine whether the changes in gene expression
could be annotated to canonical pathways and bio-functions. Signaling pathways, such
as cdlular growth and proliferation in molecular and cellular functions pathways (Fig.
S2), cyclins and cell cycle regulation in canonical pathways (Fig. S3) and skeletal and
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Figure 1 Co-culture increases proliferation of human primary chondrocytes; and global gene
expression analysisin co-culture pellets. (A) EdU saining of peletsat day 2. Chondrocytes were labeled
with CM-Dil (red). EAU incorporation into newly synthesized DNA was visualized by Alexa 488 (green).
Double labdled cells indicate EAU positive chondrocytes. Nuclei were counterstained with Hoechst 33342
(blue). A representative picture of each condition is shown. The upper panel shows overviews of pellets, while
the lower pand shows magnified pictures of the boxed area. Scale bar=100um. (B) Quantification of EdU
positive cellsin panel A in MSCs and hPC using cell tracking with CM-Dil. Data represents the mean EdU
positive MSCs of 3 donorsand hPC in monoculture or in co-culture (ratio MSC vs hPC: 4:1) each measured
in at leagt triplicate. Values shown are mean +/- standard deviation (S.D.). P values were calculated by
student’s t-test. ** = P<0.01. (C) RNA samples were isolated at 48 hours and applied to microarray study.
Hierarchical clustering analysis shows the comparison of gene expression profiles in mono-cultures and co-
cultures. The gene expression pattern in co-cultures resembles more the gene expression patterns in MSCs
than in hPCs. (D) Observed gene expression levels as determined by microarray analysis in co-cultures of
hMSCs and hChondrocytes are plotted against expected gene expression levels defined as 80% of the
expresson of the respective gene in MSC monocultures added to 20% expression of the gene in chondrocyte
monocultures. Dashed lines indicate thresholds for up- (>1.2 fold) and down-regulated gene expression (<0.8
fold) compared to the calculated expected values. In red genes are depicted with deviate >1.2 fold from the
expected ratio. In green are genes depicted that deviate <0.8 fold from the expected ratio. (E) Expression
levels of differentially regulated genes in mono-cultures and co-cultures pellets were validated by gPCR. The
expression values obtained from gPCR were also calculated for the Ratio of Observed values and Expected
values.

muscular system development in physiological system development/function pathways
(Fig. $4) were significantly changed. Activation of these signaling pathwayswas in line
with our observations of increased proliferation and matrix formation in co-cultures.
The genes analyzed by ingenuity pathway analysis software were listed in
supplementary table 4. We next anayzed the differentially expressed genes using the
Search Tool for the Retrieval of Interacting Genes/Proteins to investigate possible
interaction networks of genes/proteins (Figure 2A). Four main clusters of interacting
genes were identified. Two of these clusters were related to extracelular matrix and
were centered on COMP (red cluster) and COL4A1 (green cluster), respectively. In line
with increased EdU incorporation in co-culture pellets, 1 cluster contained intracel lular
cell cycle regulators, like CCND1, -2 and -3. The 4™ cluster contained two secreted
growth factors FGF-1 and BMP-2, which both are established modulators of

chondrocyte proliferation and/or matrix production [19-21].
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Figure 2 Interaction networks of genes/proteins of up-regulated genes, and immunofluorescent
staining of FGF-1 in co-culture pellets. (A)The predicted interaction networks of the 180 up-regulated
genes/proteins were studied by the Search Tool for the Retrieval of Interacting Genes/Proteins as described in
materials and methods. (B) Human chondrocytes (labeled with the red fluorescent dye CM-Dil) were co-
cultured with MSCs for 2 days in chondrocyte proliferation medium in a 1:4 ratio. Immunofluorescent
staining of FGF-1 (green) was performed on mid-saggital cryo-sections, while nuclei were counterstained
with dapi. Pictures show a representative section from each donor. Double labeled cells are stained in yellow
and represent FGF-1 positive chondrocytes. Lower panels are magnifications of the boxed areas. Scale bar=50
um. (C) Conditioned medium of co-culture and mono-culture pellets was collected at day 2 after seeding.
Concentrations of FGF-1 were quantified by ELISA kit. Data represent the mean of 3 donors +/- SD.
Stetistical analysis was performed using one way ANOVA. ** = p<0.01. (D) Quantification of FGF-1
positively stained area. For each donor, three pellets were analyzed. For each pellet, at least six sections were
analyzed. Average values +/- S.D. are given. Tota cel numbers, number of hPC, FGF-1 positive area
(pixels), and FGF-1 positive area in hPC (pixels) were counted as described in Materials and Methods.
Labeling efficiency was calculated by dividing numbers of hPCs by total cell numbers. The % of FGF positive
areain MSCs was cal culated as follows: 100%* ((FGF-1 pogtive area in chondrocytes)/ FGF-1 positive areq).

FGF-1 expression and secretion is up-regulated in co-culture pellets

Since pellet co-culture with MSCs al so increases chondrocyte proliferation in a
xenogenic co-culture model of hMSCs and bovine (b)PC, we studied differential
expression of a selected set of genesin thismodd. By using species specific PCR it was
possible to attribute the change in gene expression to either one of the two cell types.
Most of the tested bovine genes, including BMP-2 and FGF-1, were expressed at higher
levelsin co-culture pdlets than in bPC mono-cultures (Fig. 3A). Human specific gPCR,
demonstrated a dight trend to increased expression of most genes in co-culture pellets
compared with hMSCs mono-culture pellets (Fig. 3B). To quantify gene expression in
each of the two cell typesin co-culture pellets, we next used cross-species GAPDH for
normalization. As shown in Fig. 3C, FGF-1 and CCND1 were the only two genes
predominantly expressed by hMSCs. Since previously it has been shown that
chondrocyte proliferation in co-culture pellets is stimulated by an MSC secreted factor
[3] and CCNDL1 is an intracellular regulator, FGF-1 was selected for further
experimentation. We then examined the expression of FGF-1 in co-culture pellets of
hMSCs and hPC (4:1 ratio) in which the pPC were labeled red and FGF-1 was stained
in green (Fig. 2B). FGF-1 staining resided predominantly in aring in the periphery of
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Figure 3 Species specific q°PCR on xenogenic co-culture of bPCs and hMSCs (A) 80% of
human MSCs and 20% bovine chondrocytes were co-cultured for 2 days. RNA was then isol ated.
Expression of bovine genes was examined by real time RT-PCR using bovine specific primers
which did not cross-react with human genes. Data are expressed as fold change relative to the
expression in chondrocyte monocultures and represent the mean of 3 independent experiments +/-
S.D. (B) Expression of human genes was also demonstrated by real time RT-PCR using human
specific primers which did not cross-react with bovine genes. Data are expressed as fold change
relative to the expresson in MSC monocultures and represent the mean of 3 independent
experiments +/- S.D. (C) Expression levels of both bovine and human genes in co-culture pellets
were normalized to cross-species GAPDH. Human gene expression is plotted relative to the
expression of the respective bovine gene, which was set to 1, and represent the mean of 3
independent experiments +/- S.D.
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the cell pellets in which also the hPCs resided. Overlay of fluorescent images
demonstrated a few chondrocytes staining positive for FGF-1 but most FGF-1 staining
was found in non-labeled MSCs. This was confirmed by quantitative analysis of the
fluorescent images (Fig. 2D). In agreement with the seeding ratio of the labeled hPCs
and hMSCs 18,3+/-1,3 % of the counted cells were labeled red. On average 72% of the
area dained for FGF-1 coincided with non-labeled MSCs, identifying the MSCs as the
most likely predominant source of FGF-1 expression in co-culture pdlets. Thiswas in
line with the mRNA expression data presented in Fig. 3. Remarkably, MSCs staining
positive for FGF-1 were predominantly found in close vicinity of red labeled hPCs
while gaining in more distant MSCs was considerably lower or absent, providing
support for the notion that the interaction between the hPCs and hM SCs increased FGF-
1 expression in the latter cells. In agreement with increased FGF-1 mRNA expression
in co-culture pellets, conditioned medium of co-culture pellets, but not of mono-culture
pellets contained condgderable levels of FGF-1 (Fig. 2C).
Blocking of the FGF signaling pathway inhibits proliferation of hPCsin co-culture
pellets

To study the role of increased FGF-1 expression and secretion in co-culture
pellets, two small molecules (PD166866 and PD173074), blocking FGF receptor
activation were added to the culture medium (Fig. 4A). EdU assays were performed to
investigate the proliferation of cellsin co-culture pellets. Quantification of EAU positive
cells indicated that both inhibitors decreased the proliferation of both MSCs (Fig. 4B)
and hPCs in co-culture pdlets and nullified the increased chondrocyte proliferation
normally found in co-culture pelets (Fig. 4C). To analyze the role of FGF-1 more
specifically, a neutralizing antibody was used to block FGF-1 activity. FGF-1
neutralizing antibodies significantly reduced proliferation of hMSCs (Fig. 4B) and hPC
(Fig. 4C) dsoin co-culture pellets.

FGF-1in M SC conditioned medium induces chondrocyte proliferation.
Previoudy, we reported that secreted factors from conditioned medium of

MSCs cultured in monolayer increased the proliferation of chondrocytes in pellet
culture. The conditioned medium contained FGF-1 as determined by ELISA (Fig. 4D).
The neutralizing antibody effectively blocked the activity of FGF-1. Then we performed
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Figure 4 Inhibition of FGF-1 signaling reduces proliferation of chondrocytesin co-culture;
and M SC secreted FGF-1 promotes chondrocyte proliferation. (A) EdU staining of co-culture
pellets at day 2. Chondrocytes were labeled with CM-Dil (red). EdU incorporation into newly
synthesized DNA was visuaized by Alexa 488 (green). Nuclei were counterstained with Hoechst
33342 (blue). FGF-1 signaling was inhibited either by specific FGF-receptor inhibitors (500nM of
PD166866 and 500nM of PD173074) or an FGF-1 neutralizing antibody (51 g/ml). DM SO was
used as vehicle for chemical inhibitors, while norma goat 1gG (51 g/ml) served as control for
neutralizing antibodies. Three donor pairs of MSCs and chondrocytes were andyzed. A
representative example is shown for each condition Scale bar=100um. (B) and (C) Quantification
of EdU positive MSCs (B) or hPCs (C) in co-culture pellets. Data represent the average from 3
MSC donors, each measured in triplicate +/- S.D. ** = P<0.01. (D) The concentration of FGF-1
in the conditioned medium (CM) of hMSCs cultured in monolayer was quantified by ELISA. CM
was collected from three h(MSCs donors.  Medium was pooled for ELISA and EdU assays. (E)
EdU staining was performed at day 2 to show proliferating cells in pelets of chondrocytes
cultured in MSC conditioned medium. EdU incorporation into newly synthesized DNA was
visualized by Alexa 488 (green). Nuclei were counterstained with Hoechst 33342 (blue). Activity
of FGF-1 was blocked by a neutralizing antibody (Sug/ml ). Normal 19G (5ug/ml) and rhFGF-1
(10 ng/ml) served as a negative and positive control, respectively. Scale bar=100um. (F)
Quantification of EdU positive chondrocytes. Data represent the mean of 3 chondrocyte donors
+/- S.D.. P values were caculated with student’s t-test. * = P<0.05. ** = P<0.01. NS=non
significance.
an EdU assay to test if FGF-1 contributed to chondrocyte proliferation. As shown in
figure 4 E and F, pelets of hPCs cultured for 2 days in hMSCs conditioned medium
(CM + Norma 1gG) showed more EdU incorporation than pellets cultured in non-
conditioned proliferation medium (Normal 1gG) in line with previous observations [3].
Increased chondrocyte proliferation was reversed by adding anti-FGF-1 to the
conditioned medium. Chondrocyte pellets cultured in proliferation medium containing
human recombinant FGF-1 (10ng/ml rhFGF-1+Normal 1gG) and medium containing
both rhFGF-1 (10ng/ml) and anti-FGF-1 (rhFGF-1 + anti-FGF-1) served as controls to
verify the positive effects of FGF-1 on the proliferation of chondrocytes and the
neutralizing activity of the anti-FGF-1 antibody.
Discussion

Previoudy we have shown that co-culture of MSCs and PC in pellets
augmented cartilage matrix formation. This effect was attributed to a trophic effect of
the MSCs on the chondrocytes rather than differentiation of MSCs into chondrocytes.
We furthermore showed that in these co-cultures MSC secreted factors potently induced
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chondrocyte proliferation [3]. In this study, we have identified FGF-1 as the main MSC
secreted growth factor responsble for this effect. We base this conclusion on the
following observations, i) FGF-1 expression was up-regulated in co-cultures
predominantly in the MSCs, ii) FGF-1 is secreted in conditioned medium of co-culture
pellets only and in conditioned medium of MSCs cultured in monolayer, and iii)
blocking FGF-1 activity either by chemical inhibitors of the FGF-receptor sgnaling
pathway or by an FGF-1 neutraizing antibody potently inhibited chondrocyte
proliferation normally induced in co-culture pellets.

Many reports addressing the secretome of MSCs investigated their secretory
profile at |ate stages of adipogenic, osteogenic and chondrogenic differentiation [22-24].
Only a few studies explored the secretome of undifferentiated MSCs [25]. It has been
shown in a proteomic study that undifferentiated MSCs secrete a number of matrix
components and matrix regulatorsin 2-D cultures [26], however, expression regulation
of these proteins by cellular interactions between MSCs and other cell types are not yet
investigated. The current study is one of the first to explore the response and changesin
gene expression of MSCs in co-culture with other cell types. Our study provides clear
evidence that MSC change the expression and secretion of a number of genes in
response to a co-culture with other cdll types.

One of the most important observationsin this study is that co-culture of MSCs
and chondrocytes up-regulated a number of cytokines and growth factors as well as a
bunch of matrix remodeling proteins. Among these genes, BMP-2 and FGF-1 stood out,
since their functions in chondrocyte proliferation and matrix formation had been
previously demonstrated [27-29]. For a long time, BMP-2 has been used as a strong
stimulator for osteogenic differentiation of stem cells [30]. In other studies, however,
BMP-2 has been applied to promote the chondrogenic differentiation of MSCs as well
[19, 21]. Meanwhile, it is also believed that BMP-2 induced chondrogenic
differentiation of MSCs will eventually lead to hypertrophy and endochondral-
ossification [31-32]. Besides BMP-2’s contribution to matrix formation, there is a few
studying regarding its function in chondrocyte proliferation [29, 33]. However, g°PCR
data from the xenogenic co-culture model indicated that expression of BMP-2 appeared
to be increased predominantly in chondrocytes but not in MSCs. Therefore, BMP-2 is
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very unlike to be a decisive trophic factor produced by MSCs in co-culture pellets,
which is the main focus of this sudy. It is feasible though that up-regulated BMP-2
expression in chondrocytes induced by the MSCs in co-culture is at least in part
responsible for increased matrix formation in co-culture pellets. This is subject of
further studies.

We next paid our attention to the effects of FGF-1 in co-culture. FGF-1
belongs to the fibroblast growth factor super family, which consists of 22 genes in
humans and mice [34]. Like other members in the FGF family, FGF-1 is ubiquitous
involved in vertebrate embryonic and fetal development, as well as in physiological
processes in adult organisms and pathological conditions [35]. It functions by activating
a family of tyrosine kinase cdl-surface receptors (FGFRS). Unlike FGF-2, FGF-1 is
synthesized as one 17.5 kD cytosolic protein [36]. It is expressed in norma
physiological conditions but secreted in response to stress, such as injuries and hesat
shock [37]. There are reports claiming that FGF-1 could be secreted from chondrocytes,
chondrogenic precursors and macrophages to stimulate the proliferation of immature
chondrocytes, and indirectly accelerate their maturation and deposition of cartilage
matrix proteins[20]. Our results also showed that FGF-1 was expressed at low levelsin
chondrocytes and its expression modestly increased in co-culture with MSCs. The
dominant source of FGF-1 in co-culture pellets were however the MSCs as shown by
immunofluorescent staining in combination with cell tracking and species specific PCR
in xenogenic co-cultures.

Traditionally, scientists believed that FGF-2 might play a more important role
in the proliferation of chondrocytes than FGF-1 [27, 38-39]. So, many efforts have been
made to study the molecular signals involved in FGF-2 induced proliferation of
chondrocytes [40-42], with the hope of preventing the formation of fibrous cartilage
tissue caused by FGF-2 treatment [43-44]. Our data uncover a positive role of FGF-1 in
proliferation of chondrocytes at least in co-culture with MSCs. Our gPCR data obtained
from the xenogenic co-culture models as well as results of immunofluorescent staining
clearly showed that the expression of FGF-1 in the co-culture pellets is predominantly
from MSCs. Combined with our observations that blockade of FGF-1 activity either by
inhibitors of FGFR-signaling or by a neutralizing antibody inhibited chondrocyte
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proliferation in co-culture pellets and that neutralizing antibodies blocked chondrocyte
proliferation induced by MSC conditioned medium, our study identifies FGF-1 as the
MSC secreted factor responsible for stimulation of chondrocyte proliferation in co-
cultures.

Another interesting finding in this paper is the location of the cells expressing
FGF-1 in co-culture pellets as indicated by immunofluorescent staining. In line with
low levels of FGF-1 expression in chondrocytes, some chondrocytes stained positive
with FGF-1 antibodies. However, staining in MSCs was more abundant. Interestingly,
the most intense FGF-1 staining was found in MSCs which were in close vicinity or
even direct contact with chondrocytes. More distant MSCs without physical contacts
with chondrocytes either expressed FGF-1 at low level or did not express FGF-1 at all.
This implies that the enhancement of FGF-1 expression in co-culture péllets is very
likely due to an as yet unknown effect of the chondrocytes on the MSCs. This may
either involve a secreted factor or since FGF-1 expressing MSCs are invariably in close
vicinity of the chondrocytes signaling via direct cell-cell contacts. We are currently
exploring both options. Combined with the fact that FGF-1 concentration increased
dramatically in the conditioned medium of co-culture pelets when compared with
monocultures, we also concluded that not only expression but also secretion of FGF-1 is
increased by the cross-talk between MSCs and chondrocytes. From literature it can be
deduced that both cells secrete a wide range of growth factors, cytokines and
extracellular matrix components into their surrounding environment [26]. Some of these
molecules may form a feedback 1oop that gimulates the expression of FGF-1. There are
plenty of examples studying the regulatory effects of MSCs on inflammatory responses,
in which MSCs create a feedback loop with other cell types to activate or inhibit
signaling pathways [45]. In this study we now expand this to mutual cross talk between
MSCs and chondrocytes.

In conclusion, our data have identified FGF-1 as an MSC secreted factor which
expression is increased in co-cultures with chondrocytes. In turn, FGF-1 potently
stimulated chondrocyte proliferation. As far as we know, this study is one of the first
dedicated to the analysis of reciprocal changes in gene expression in co-culture pellets

of MSCs with other cell types. It provides clear evidence for a mutual relaionship
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between MSCs and chondrocytes. It has been proposed that intra-articular injection of

MSCs might be a treatment option for osteocarthritis This is currently under

investigation in clinical trials [46]. Our study may provide insight how M SCs exert such
beneficial effect on diseased cartilage. In addition, besides to FGF-18 which is explored
for clinical application in osteocarthritis, our study identifies FGF-1 as a potential

therapeutic agent in osteoarthritis.
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Figure S1. Schematics showing definitions of Observed values and Expected values. Definitions of
Expected values (of gene expression in co-culture) and Observed values (of gene expression in co-culture)
were made, based on the following assumption: if there is no interaction between hPCs and hMSCsin the co-
culture pellets, hPCs should contribute 20% to the expression of the respective gene in co-culture, while
hM SCs should contribute 80%, since their seeding ratio is 1:4. Thus, Expected value of one genein co-culture
equals 20% of its expression in mono-culture of hPCs added to 80% of its expression in mono-culture of
hMSCs, while Observed value reflects the actually expression level of one gene measured by microarray
experiment. Genes deviating more than 20% in expression from the Expected value with a significance level
of p<0.05 resemble genes of which the expression is regulated by the interaction between hPC and hMSCs
and were selected for further analysis.
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Figure S2. The list of 180 up-regulated genes was imported into ingenuity pathway analysis software to
visualize the changes of gene expression in Molecular and cellular function pathway. Top-ten pathways that

changed most were listed. Arrow indicates threshold of significance.
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Figure S3. Changes of gene expression in Physiological System Development and Function pathways were
analysed in the same way as in Fig S2. Top-ten pathways that changed most were listed. Arrow indicates
threshold of significance.
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Figure $4. Changes of gene expression in Physiological System Development and Function
pathway were analysed in the same way as in Fig S2. Top-ten pathways that changed most were
listed. Arrow indicates threshold of significance.
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Supplementary table 1. Forward (F) and Reverse (R) primers used for PCR validation

of microarray data.

CEfle Primer Sequence PerUCt GeneBank No.
Name size
F. 5 CGCTCTCTGCTCCTCCTGTT &
GAPDH R: 5’CCATGGTGTCTGAGCGATGT 3 82 NM_002046
MMP1L F. 5 TTCGGGGAGAAGTGATGTTC3’ 101 NM_002421
R: ’TTGTGGCCAGAAAACAGAAAZ
COL15A F. 5 CAGTGCTGGTGTCTGCTGAT 3 o1 NM_001855
1 R: 5’CCTGGGAAGCAGTCTCTGTC 3
F. 5 GGGAAGGTCACCATTGACAG &
e R: 5’GGCTCCATGAAAATCGTAGG 3 e i e
FGE-1 F: 5> AGCCGGGCTACTCTGAGAAGAAGA Z® 130 NM_033136
R: 5’CTGCTGCTTGTGGCGCTTTCA 3
F. 5 CTCTGCGTCAACGCTAGTGC 3
[ERE=S R: 5’CGGTCTTCCTCCGACTCAC & e D8
BMP-2 F. 5 TTGCGCCAGGTCCTTTGACCA 3> 149 NM_001200
R: 5’CCTGGGGAAGCAGCAACGCT 3
SIPA1L2 F. 5 TGGGGAGCGTTCTCCATCACCA 3 130 NM_020808
R: 5> CAGGTGCTGCACTTCTGCTTGGA 3’
F.: 5> CCGCAATGACCCCGCACGAT & NM_053056
CCND1 R: 5> TGCCACCATGGAGGGCGGAT 3’ 155
CCND2 F. 5> AGCGGGAGAAGCTGTCTCTGATCC 3 119 NM_001759
R: 5 TGCTCCCACACTTCCAGTTGCG 3
CCND3 F: 5> ACTCCCCAAAGGCAGGCTCCG & 112 NM_001136017
R: 5 GCTGCTCCTCACATACCTCCTCGT &
SPP1 F.: 5 GCCTTCTCAGCCAAACGCCGA & 89 NM_000582
R: 5> TGGCACAGGTGATGCCTAGGAGG 3’
F. 5 GGTCTCTGCCTGCTCCTG 3 NM_015719
COL5A3 R: 5 CTGGCCTCCCTGCACAC 3 96
F. 5> AGGTCCGGACAGGCCGAGAT & NM_021923
FEIRRLL R: 5> TGGGACCACCTTGTCCGCCAT 3 —
F. 5 TTCTCTTGTCCATTGGAGGG 3’
CHI3L2 R: 5> GGAGTTAATGAATTCCAAGCGT 3’ 92 NM_004000
HSPAG F. 5> CGCACCTTCCCGCCCAGTTG 3 106 NM_002155
R: 5> ATGCCCCGATCTGCCCGAAC &
IEIT1 F.: 5 GGCAGCCGTTCTGCAGGGTTT 3 131 NM_00154
R: 5 ACACCATTGGCTGCTGTTTAGCTCC &
IEIT2 F. 5 GTTGCCGTAGGCTGCTCTCCAA 3’ % NM_001547
R: 5> CCTGAACCGAGCCCTGCCGA &
PLA2G2 F.:5 CAACTTCTGCCCCGGCCGTC 3
A R: 5> CCAGGGAGCATTCACCTGCCC 3 ” NM_001161728
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Supplementary table 2. Forward (F) and Reverse (R) primers used for species specific
gPCR on xenogenic co-culture of bPCs and hM SCs.

Gene Name Primer Sequence Product  Gene Bank No.
size

Cross-species F: 5" AGCTCACTGGCATGGCCTTC 3 116 NM_002046&
GAPDH R: 5> CGCCTGCTTCACCACCTTCT 3 NM_001034034
Human specific F:5 CGCTCTCTGCTCCTCCTGTT 3 82 NM_002046
GAPDH R: 5’CCATGGTGTCTGAGCGATGT 3’
Bovine specific F:5 GCCAT CACTG CCACC CAGAAZ 207 NM_001034034
GAPDH R: 5° GCGGCAGGTCAGATCCACAA 3
Human specific F:5 TTGCGCCAGGTCCTTTGACCA 3' 149 NM_001200
BMP2 R: 5' CCTGGGGAAGCAGCAACGCT 3'
Bovine specific F:5 GAACCCCGCCGCCTCTACCA 3 141 NM_001099141
BMP2 R: 5> CCGCGCCAGGTCCTTCAGC 3
Human specific F: 5’ AGCCGGGCTACTCTGAGAAGAAGA 3 130 NM_033136
FGF1 R: 5’ CTGCTGCTTGTGGCGCTTTCA 3
Bovine specific F:5 GCTAGCTCGCTCTGCCGTTCG 3 73 NM_174055
FGF1 R: 5 CCTGGCTCGGTGGGCAATCTG 3
Human specific F: 5’ AGGTCCGGACAGGCCGAGAT 3’ 129 NM_021923
FGFRL R: 5> TGGGACCACCTTGTCCGCCAT 3’
Bovine specific F:5’ACGTGTGCAAGGCCACCAACG 3 140 NM_001205996
FGFRL R: 5 CTGCTTGCTGGCTGGGTCTTCC 3’
Human specific F:5 GCCTTCTCAGCCAAACGCCGA 3 89 NM_000582
SPP1 R: 5> TGGCACAGGTGATGCCTAGGAGG 3’
Bovine specific F:5 ACTGGACTCTTCTCGCCGCC 3’ 90 NM_174187
SPP1 R: 5° CGGAGGCAATGCCCAAGAGGC 3’
Human specific F: 5’ CCGCAATGACCCCGCACGAT 3’ 155 NM_053056
CCND1 R: 5> TGCCACCATGGAGGGCGGAT 3
Bovine specific F:5 CTGGGAAGCGCCAACGGCTT 3’ 112 NM_001046273
CCND1 R: 5° GGGCTTCGATCTGCTCCTGGC 3’
Human specific F: 5’ AGCGGGAGAAGCTGTCTCTGATCC3’ 119 NM_001759
CCND2 R: 5> TGCTCCCACACTTCCAGTTGCG3’
Bovine specific F:5 CTGGCAAAGATCACCAACACCGAT3’ 121 NM_001076372
CCND2 R: 5 CCGACTTGGATCCATCGCCCT3’
Human specific F: 5’ ACTCCCCAAAGGCAGGCTCCG3’ 112 NM_001136017
CCND3 R: 5 GCTGCTCCTCACATACCTCCTCGT3’
Bovine specific F:5’ACCACTCTGTCTCTCCCCGCCA 3’ 72 NM_001034709
CCND3 R: 5° CCAGGTCCCACTTGAGCTTCCCCAA

3
Human specific F: 5’ GCCCAGAGTCCCTTCATAGTC 3 130 NM_020808
SIPA1 R: 5> GACAGCGAACACAGCTACGA 3
Bovine specific F:5 GCCCAGAGTCCCTTCATAGTC 3 127 NM_001206220
SIPA1 R: 5> GACAGCGAACACAGCTACGA 3
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Supplementary table 3. A full list of up-and down-regulated genes

Symbol

Ratio
(O/E)

Definition

Up-regulated genes

MMP1
COL15A1
CHI3L1
SIPA1L2
CSPG4

FGF1
C4orf31

TPR

IGFBP3
GPX3

C18orf51
LOC10012
9410

PPP1R3C

TMED9
TUBB2B

SLC16A3

CYP27C1
PRICKLE1
C130rf33
NKD2

DSG2

CRYAB
C2CD48Blll
NLF2

PBX2

TNNT3
RRAGD
F3

2.77
1.88
1.72
1.71
1.69

1.62
1.60

1.54

1.52
1.52
1.48

1.45

1.44

1.44
1.42

1.41

1.41
1.40
1.39
1.39
1.38
1.38
1.37

1.37
1.36

1.36
1.36
1.35

Homo sapiens matrix metallopeptidase 1 (interstitial collagenase) (MMP1),
mRNA.

Homo sapiens collagen, type XV, alpha 1 (COL15A1), mRNA.

Homo sapiens chitinase 3-like 1 (cartilage glycoprotein-39) (CHI3L1), mRNA.
Homo sapiens signal-induced proliferation-associated 1 like 2 (SIPA1L2), mMRNA.
Homo sapiens chondroitin sulfate proteoglycan 4 (CSPG4), mRNA.

Homo sapiens fibroblast growth factor 1 (acidic) (FGF1), transcript variant 2,
mRNA.///[Homo sapiens fibroblast growth factor 1 (acidic) (FGF1), transcript
variant 1, mRNA.

Homo sapiens chromosome 4 open reading frame 31 (C4orf31), mRNA.

Homo sapiens translocated promoter region (to activated MET oncogene) (TPR),
mRNA.

Homo sapiens insulin-like growth factor binding protein 3 (IGFBP3), transcript
variant 1, mRNA.///[Homo sapiens insulin-like growth factor binding protein 3
(IGFBP3), transcript variant 2, mRNA.

Homo sapiens glutathione peroxidase 3 (plasma) (GPX3), mRNA.

Homo sapiens chromosome 18 open reading frame 51 (C180rf51), mRNA.
PREDICTED: Homo sapiens hypothetical protein LOC100129410
(LOC100129410), mRNA.

Homo sapiens protein phosphatase 1, regulatory (inhibitor) subunit 3C
(PPP1R3C), mRNA.

Homo sapiens transmembrane emp24 protein transport domain containing 9
(TMED9), mRNA.

Homo sapiens tubulin, beta 2B (TUBB2B), mRNA.

Homo sapiens solute carrier family 16, member 3 (monocarboxylic acid
transporter 4) (SLC16A3), transcript variant 2, mRNA.

Homo sapiens cytochrome P450, family 27, subfamily C, polypeptide 1
(CYP27C1), mRNA.

Homo sapiens prickle homolog 1 (Drosophila) (PRICKLE1), mRNA.

Homo sapiens chromosome 13 open reading frame 33 (C130rf33), mRNA.
Homo sapiens naked cuticle homolog 2 (Drosophila) (NKD2), mRNA.

Homo sapiens mRNA; cDNA DKFZp586B0220 (from clone DKFZp586B0220)
Homo sapiens desmoglein 2 (DSG2), mRNA.

Homo sapiens crystallin, alpha B (CRYAB), mRNA.

PREDICTED: Homo sapiens nuclear localized factor 2 (NLF2), mRNA.///Homo
sapiens C2 calcium-dependent domain containing 4B (C2CD4B), mRNA.

Homo sapiens pre-B-cell leukemia homeobox 2 (PBX2), mRNA.

Homo sapiens troponin T type 3 (skeletal, fast) (TNNT3), transcript variant 1,
mRNA.

Homo sapiens Ras-related GTP binding D (RRAGD), mRNA.

Homo sapiens coagulation factor Il (thromboplastin, tissue factor) (F3), mRNA.
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SEP

T9
LOC73028
8

COL18A1

FAM62B
ABLIM3
CXCR7
GJB2

FGFRL1

DACT3
SNORD52
FMOD
PCOLCE2

SEMA3A
SPOCD1

HSD11B1

HCFC1R1
DDIT4L
PROCR
SPRED1
SORD
MIR612

OKL38
TKT

PPP3CB

MMP3

PRELP
SULF1
COL6AlL
DLX3
BMP2
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1.35

1.34

1.34

1.34
1.33
1.33
1.33

1.33

1.33
1.33
1.33
1.33

1.33
1.32

1.31

131
131
1.30
1.30
1.29
1.29

1.29
1.29

1.29

1.29

1.29
1.28
1.28
1.28
1.28

Homo sapiens septin 9 (SEPT9), mRNA.

PREDICTED: Homo sapiens similar to 40S ribosomal protein S28 (LOC730288),
mMRNA.

Homo sapiens collagen, type XVIII, alpha 1 (COL18A1), transcript variant 2,
mMRNA.

Homo sapiens family with sequence similarity 62 (C2 domain containing)
member B (FAM62B), mRNA.

Homo sapiens actin binding LIM protein family, member 3 (ABLIM3), mRNA.
Homo sapiens chemokine (C-X-C moitif) receptor 7 (CXCR7), mRNA.

Homo sapiens gap junction protein, beta 2, 26kDa (GJB2), mRNA.

Homo sapiens fibroblast growth factor receptor-like 1 (FGFRL1), transcript
variant 3, mRNA.///[Homo sapiens fibroblast growth factor receptor-like 1
(FGFRL1), transcript variant 2, mRNA.

Homo sapiens dapper, antagonist of beta-catenin, homolog 3 (Xenopus laevis)
(DACT3), mRNA.

Homo sapiens small nucleolar RNA, C/D box 52 (SNORD52), non-coding RNA.
Homo sapiens fibromodulin (FMOD), mRNA.

Homo sapiens procollagen C-endopeptidase enhancer 2 (PCOLCE2), mRNA.
Homo sapiens sema domain, immunoglobulin domain (Ig), short basic domain,
secreted, (semaphorin) 3A (SEMA3A), mRNA.

Homo sapiens SPOC domain containing 1 (SPOCD1), mRNA.

Homo sapiens hydroxysteroid (11-beta) dehydrogenase 1 (HSD11B1), transcript
variant 2, mRNA.

Homo sapiens host cell factor C1 regulator 1 (XPO1 dependent) (HCFC1R1),
transcript variant 3, mRNA.

Homo sapiens DNA-damage-inducible transcript 4-like (DDIT4L), mRNA.

Homo sapiens protein C receptor, endothelial (EPCR) (PROCR), mRNA.

Homo sapiens sprouty-related, EVH1 domain containing 1 (SPRED1), mRNA.
Homo sapiens sorbitol dehydrogenase (SORD), mRNA.

Homo sapiens microRNA 612 (MIR612), microRNA.

Homo sapiens pregnancy-induced growth inhibitor (OKL38), transcript variant 1,
mMRNA.

Homo sapiens transketolase (Wernicke-Korsakoff syndrome) (TKT), mRNA.
Homo sapiens protein phosphatase 3 (formerly 2B), catalytic subunit, beta
isoform (PPP3CB), mRNA.

Homo sapiens matrix metallopeptidase 3 (stromelysin 1, progelatinase) (MMP3),
mMRNA.

Homo sapiens proline/arginine-rich end leucine-rich repeat protein (PRELP),
transcript variant 2, mRNA.///[Homo sapiens proline/arginine-rich end leucine-rich
repeat protein (PRELP), transcript variant 1, mRNA.

Homo sapiens sulfatase 1 (SULF1), mRNA.

Homo sapiens collagen, type VI, alpha 1 (COL6A1), mRNA.

Homo sapiens distal-less homeobox 3 (DLX3), mRNA.

Homo sapiens bone morphogenetic protein 2 (BMP2), mRNA.
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Homo sapiens junctional adhesion molecule 2 (JAM2), mRNA.

Homo sapiens cDNA FLJ42708 fis, clone BRAMY3007311

Homo sapiens origin recognition complex, subunit 2-like (yeast) (ORCZ2L),
mMRNA.

Homo sapiens solute carrier family 29 (nucleoside transporters), member 1
(SLC29A1), nuclear gene encoding mitochondrial protein, transcript variant 1,
mRNA.///[Homo sapiens solute carrier family 29 (nucleoside transporters),
member 1 (SLC29A1), nuclear gene encoding mitochondrial protein, transcript
variant 4, mRNA.

Homo sapiens coiled-coil domain containing 47 (CCDC47), mRNA.

Homo sapiens cDNA: FLJ23313 fis, clone HEP11919

Homo sapiens ACTB pseudogene (LOC648740), non-coding RNA.

Homo sapiens stanniocalcin 2 (STC2), mRNA.

PREDICTED: Homo sapiens similar to meteorin, glial cell differentiation
regulator-like (LOC653506), MRNA.

Homo sapiens mitogen-activated protein kinase 8 interacting protein 3
(MAPK8IP3), transcript variant 2, mRNA.

Homo sapiens solute carrier family 45, member 1 (SLC45A1), mRNA.

Homo sapiens tRNA phosphotransferase 1 (TRPT1), transcript variant 2, mRNA.
Homo sapiens eukaryotic translation initiation factor 2, subunit 1 alpha, 35kDa
(EIF2S1), mRNA.

Homo sapiens small nucleolar RNA, H/ACA box 63 (SNORAG63), small nucleolar
RNA.

Homo sapiens carbohydrate (N-acetylgalactosamine 4-sulfate  6-O)
sulfotransferase 15 (CHST15), mRNA.

Homo sapiens WD repeat and SOCS box-containing 2 (WSB2), mRNA.

Homo sapiens tetraspanin 9 (TSPAN9), mRNA.

Homo sapiens angiopoietin-like 2 (ANGPTL2), mRNA.

Homo sapiens transmembrane protein 158 (TMEM158), mRNA.

Homo sapiens chromosome 6 open reading frame 47 (C60rf47), mRNA.

Homo sapiens zinc finger, matrin type 2 (ZMAT2), mRNA.

Homo sapiens S100 calcium binding protein A6 (S100A6), MRNA.

Homo sapiens actin, alpha 2, smooth muscle, aorta (ACTA2), mRNA.

Homo sapiens branched chain keto acid dehydrogenase E1, alpha polypeptide
(BCKDHA), mRNA.

Homo sapiens neuritin 1 (NRN1), mRNA.

Homo sapiens Kruppel-like factor 2 (lung) (KLF2), mRNA.

Homo sapiens hippocalcin-like 1 (HPCAL1), transcript variant 2, mRNA.

Homo sapiens cDNA FLJ44441 fis, clone UTERU2020242

PREDICTED: Homo sapiens similar to 60S ribosomal protein L23a (FLJ43681),
miscRNA.

Homo sapiens major facilitator superfamily domain containing 10 (MFSD10),
mRNA.

PREDICTED: Homo sapiens similar to eukaryotic translation elongation factor 1

m



Chapter 5

0
BCL2A1

UCHLSIP

PPP2R2C
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4
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1.24
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1.24
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1.23

1.23

1.23

1.23

1.23
1.23
1.23

1.23
1.23
1.23

alpha 2 (LOC731170), mRNA.

Homo sapiens BCL2-related protein A1 (BCL2A1), mRNA.

Homo sapiens UCHLS5 interacting protein (UCHL5IP), transcript variant 1,
mMRNA.

Homo sapiens protein phosphatase 2 (formerly 2A), regulatory subunit B,
gamma isoform (PPP2R2C), transcript variant 2, mRNA.///[Homo sapiens protein
phosphatase 2 (formerly 2A), regulatory subunit B, gamma isoform (PPP2R2C),
transcript variant 1, mRNA.

Homo sapiens S100 calcium binding protein A10 (annexin Il ligand, calpactin I,
light polypeptide (p11)) (S100A10), mRNA.///[Homo sapiens S100 calcium
binding protein A10 (S100A10), mRNA.

Homo sapiens glucosidase, alpha; neutral AB (GANAB), transcript variant 2,
mMRNA.

Homo sapiens cyclin D1 (CCND1), mRNA.

Homo sapiens glycosyltransferase 25 domain containing 2 (GLT25D2), mRNA.
Homo sapiens arginine vasopressin-induced 1 (AVPI1), mRNA.

Homo sapiens WW domain binding protein 2 (WBP2), mRNA.

Homo sapiens sushi-repeat-containing protein, X-linked 2 (SRPX2), mRNA.
Homo sapiens ribosomal protein S6 kinase, 90kDa, polypeptide 2 (RPSEKA2),
transcript variant 2, mRNA.

Homo sapiens hyaluronan and proteoglycan link protein 1 (HAPLN1), mRNA.
Homo sapiens cartilage oligomeric matrix protein (COMP), mRNA.

Homo sapiens inositol 1,4,5-triphosphate receptor interacting protein-like 2
(ITPRIPL2), mRNA.

Homo sapiens proteoglycan 4 (PRG4), transcript variant C, mRNA.///Homo
sapiens proteoglycan 4 (PRG4), transcript variant A, mRNA.

Homo sapiens dephospho-CoA kinase domain containing (DCAKD), mRNA.
Homo sapiens secreted phosphoprotein 1 (SPP1), transcript variant 1,
mRNA.///[Homo sapiens secreted phosphoprotein 1 (SPP1), transcript variant 2,
mMRNA.

PREDICTED: Homo sapiens similar to ribosomal protein L13, transcript variant 1
(LOC388344), mRNA.

PREDICTED: Homo sapiens hypothetical gene supported by AK056507
(FLJ31945), mRNA.

PREDICTED: Homo sapiens hypothetical LOC647044 (LOC647044), mRNA.
Homo sapiens immunoglobulin superfamily containing leucine-rich repeat (ISLR),
transcript variant 2, mRNA.///[Homo sapiens immunoglobulin superfamily
containing leucine-rich repeat (ISLR), transcript variant 1, mRNA.

Homo sapiens UBA domain containing 1 (UBAC1), mRNA.

Homo sapiens dual specificity phosphatase 23 (DUSP23), mRNA.

Homo sapiens pleckstrin homology-like domain, family B, member 1 (PHLDB1),
mRNA.

Homo sapiens metallothionein 3 (MT3), mRNA.

Homo sapiens guanine nucleotide binding protein (G protein), beta polypeptide 1
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(GNB1), mRNA.

PREDICTED: Homo sapiens similar to ribosomal protein S26, transcript variant 2
(LOC641768), MRNA.

Homo sapiens collagen, type IV, alpha 1 (COL4A1), mRNA.

Homo sapiens glutamyl aminopeptidase (aminopeptidase A) (ENPEP), mRNA.

PREDICTED: Homo sapiens similar to hCG1728885 (LOC100131261), mRNA.
Homo sapiens proteasome (prosome, macropain) 26S subunit, non-ATPase, 8
(PSMD8), mRNA.

PREDICTED: Homo sapiens similar to voltage-dependent anion channel 2
(LOC729317), mRNA.

Homo sapiens family with sequence similarity 131, member A (FAM131A),
mMRNA.

PREDICTED: Homo sapiens hypothetical protein LOC100129608
(LOC100129608), MRNA.

Homo sapiens small nucleolar RNA, C/D box 33 (SNORD33), small nucleolar
RNA.

Homo sapiens cyclin D2 (CCND2), mRNA.

Homo sapiens myomesin 1, 185kDa (MYOML1), transcript variant 1, mRNA.

Homo sapiens suppression of tumorigenicity 13 (colon carcinoma) (Hsp70
interacting protein) (ST13), mRNA.

Homo sapiens tripartite motif-containing 8 (TRIM8), mMRNA.

Homo sapiens dihydrolipoamide S-succinyltransferase (E2 component of 2-oxo-
glutarate complex) (DLST), mRNA.

Homo sapiens aspartyl-tRNA synthetase (DARS), mRNA.

Homo sapiens BCL2-associated athanogene 2 (BAG2), mRNA.

Homo sapiens filamin B, beta (actin binding protein 278) (FLNB), mRNA.

Homo sapiens chromosome 18 open reading frame 32 (C180rf32), mRNA.
Homo sapiens chromosome 7 open reading frame 59 (C70rf59), mRNA.

Homo sapiens fibulin 7 (FBLN7), mRNA.

Homo sapiens family with sequence similarity 3, member A (FAM3A), mRNA.
Homo sapiens solute carrier family 39 (zinc transporter), member 7 (SLC39A7),
mRNA.//[Homo sapiens solute carrier family 39 (zinc transporter), member 7
(SLC39A7), transcript variant 2, mRNA.

Homo sapiens DENN/MADD domain containing 5A (DENND5A), mRNA.

Homo sapiens voltage-dependent anion channel 2 (VDAC2), mRNA.

Homo sapiens basic helix-loop-helix domain containing, class B, 2 (BHLHB2),
mMRNA.

Homo sapiens ubiquitin-conjugating enzyme E2Q family member 2 (UBE2Q2),
mMRNA.

Homo sapiens chemokine (C-X-C motif) ligand 13 (B-cell chemoattractant)
(CXCL13), mRNA.

Homo sapiens cytochrome b5 reductase 3 (CYB5R3), transcript variant M,
mRNA.//[Homo sapiens cytochrome b5 reductase 3 (CYB5R3), transcript variant
S, mRNA.
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EYA2 1.21
LOC39181

1 1.21
PLEKHH2 1.21
COPS7A 1.21
AKR7A2 1.21
CCDC109

B 1.21
CNN3 1.21
ARHGEF1

0 1.21
CMKLR1 1.21
SNORD46 1.21
ARPC5 1.21
EHD1 1.21
ASAM 1.21
ERH 1.21
BZW?2 1.21
LOC10013

1735 1.21
GCC1 1.21
CCND3 1.21
Down regulated genes
HSPAG6 0.37
HSPA1A 0.50
HSPA7 0.58
IFIT1 0.61
HSPA1B 0.62
MX1 0.66
IFIT2 0.68
PLA2G2A 0.69
CHI3L2 0.70
SLC40A1 0.70
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Homo sapiens eyes absent homolog 2 (Drosophila) (EYA2), transcript variant 1,
mRNA.//[Homo sapiens eyes absent homolog 2 (Drosophila) (EYA2), transcript
variant 4, mRNA.

PREDICTED: Homo sapiens similar to DNA polymerase delta subunit 2 (DNA
polymerase delta subunit p50) (LOC391811), mRNA.

Homo sapiens pleckstrin homology domain containing, family H (with MyTH4
domain) member 2 (PLEKHH2), mRNA.

Homo sapiens COP9 constitutive photomorphogenic homolog subunit 7A
(Arabidopsis) (COPS7A), mRNA.

Homo sapiens aldo-keto reductase family 7, member A2 (aflatoxin aldehyde
reductase) (AKR7A2), mRNA.

Homo sapiens coiled-coil domain containing 109B (CCDC109B), mRNA.

Homo sapiens calponin 3, acidic (CNN3), mRNA.

Homo sapiens Rho guanine nucleotide exchange factor (GEF) 10 (ARHGEF10),
mMRNA

Homo sapiens chemokine-like receptor 1 (CMKLR1), mRNA.

Homo sapiens small nucleolar RNA, C/D box 46 (SNORDA46), small nucleolar
RNA

Homo sapiens actin related protein 2/3 complex, subunit 5, 16kDa (ARPCS5),
mMRNA

Homo sapiens EH-domain containing 1 (EHD1), mRNA.

Homo sapiens adipocyte-specific adhesion molecule (ASAM), mRNA.

Homo sapiens enhancer of rudimentary homolog (Drosophila) (ERH), mRNA.
Homo sapiens basic leucine zipper and W2 domains 2 (BZW2), mRNA.

PREDICTED: Homo sapiens misc_RNA (LOC100131735), miscRNA.
Homo sapiens GRIP and coiled-coil domain containing 1 (GCC1), mRNA.
Homo sapiens cyclin D3 (CCND3), mRNA.

Homo sapiens heat shock 70kDa protein 6 (HSP70B") (HSPAG6), mRNA.

Homo sapiens heat shock 70kDa protein 1A (HSPA1A), mRNA.

Homo sapiens heat shock 70kDa protein 7 (HSP70B) (HSPA7), non-coding
RNA

Homo sapiens interferon-induced protein with tetratricopeptide repeats 1 (IFIT1),
transcript variant 2, mRNA.

Homo sapiens heat shock 70kDa protein 1B (HSPA1B), mRNA.

Homo sapiens myxovirus (influenza virus) resistance 1, interferon-inducible
protein p78 (mouse) (MX1), mRNA.

Homo sapiens interferon-induced protein with tetratricopeptide repeats 2 (IFIT2),
mMRNA

Homo sapiens phospholipase A2, group IIA (platelets, synovial fluid) (PLA2G2A),
mMRNA

Homo sapiens chitinase 3-like 2 (CHI3L2), transcript variant 1, mRNA.

Homo sapiens solute carrier family 40 (iron-regulated transporter), member 1
(SLC40A1), mRNA.
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PREDICTED: Homo sapiens misc_RNA (LOC100131301), miscRNA.

Homo sapiens coiled-coil domain containing 80 (CCDC80), transcript variant 1,
mMRNA.

Homo sapiens NAG18 protein (NAG18) on chromosome 19.

Homo sapiens scrapie responsive protein 1 (SCRG1), mRNA.

Homo sapiens perilipin 5 (PLIN5), mRNA.

Homo sapiens thrombospondin 1 (THBS1), mRNA.

Homo sapiens v-fos FBJ murine osteosarcoma viral oncogene homolog (FOS),
mMRNA.

Homo sapiens osteoglycin (OGN), transcript variant 3, mRNA.

PREDICTED: Homo sapiens hypothetical LOC651483 (LOC651483), mRNA.

Homo sapiens hypothetical gene supported by AK093779 (LOC399900), mRNA.
Homo sapiens paired immunoglobin-like type 2 receptor alpha (PILRA),
transcript variant 2, mRNA.

PREDICTED: Homo sapiens suppressor of G2 allele of SKP1 pseudogene (S.
cerevisiae) (SUGT1P), misc RNA.

Homo sapiens zinc finger protein 483 (ZNF483), transcript variant 1,
mRNA.//[Homo sapiens zinc finger protein 483 (ZNF483), transcript variant 2,
mMRNA.

PREDICTED: Homo sapiens similar to POLR2J4 protein (LOC100134053),
mMRNA.

Homo sapiens ubiquitin specific peptidase 49 (USP49), mRNA.

Homo sapiens ceruloplasmin (ferroxidase) (CP), mRNA.

Homo sapiens transmembrane protein 106A (TMEM106A), mRNA.

Homo sapiens phosphodiesterase 4C, cAMP-specific (phosphodiesterase E1
dunce homolog, Drosophila) (PDE4C), mRNA.

PREDICTED: Homo sapiens hypothetical protein LOC647650 (LOC647650),
mMRNA.

Homo sapiens interferon, alpha-inducible protein 6 (IFI6), transcript variant 3,
mRNA.///[Homo sapiens interferon, alpha-inducible protein 6 (IFI6), transcript
variant 2, mRNA.

xj89b12.x1  Soares_NFL_T_GBC_S1 Homo sapiens cDNA clone
IMAGE:2664383 3, mRNA sequence

Homo sapiens proline rich Gla (G-carboxyglutamic acid) 4 (transmembrane)
(PRRG4), mRNA.

Homo sapiens angiopoietin 2 (ANGPT2), mRNA.

Homo sapiens ras homolog gene family, member U (RHOU), mRNA.

Homo sapiens complement component 1, r subcomponent-like (C1RL), mRNA.
Homo sapiens lysozyme (renal amyloidosis) (LYZ), mRNA.

PREDICTED: Homo sapiens hypothetical protein LOC730202 (LOC730202),
miscRNA.

PREDICTED: Homo sapiens hypothetical protein LOC645489 (LOC645489),
mMRNA.
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Homo sapiens solute carrier family 5 (iodide transporter), member 8 (SLC5AS8),
mMRNA.

Homo sapiens protocadherin beta 16 (PCDHB16), mRNA.

Homo sapiens family with sequence similarity 46, member C (FAM46C), mRNA.
PREDICTED: Homo sapiens similar to Dihydrofolate reductase, transcript variant
2 (LOC643509), mRNA.///[PREDICTED: Homo sapiens similar to Dihydrofolate
reductase, transcript variant 1 (LOC643509), mRNA.

Homo sapiens zinc finger protein 69 (ZNF69), mRNA.

Homo sapiens leiomodin 3 (fetal) (LMOD3), mRNA.

PREDICTED: Homo sapiens hypothetical protein LOC100133516
(LOC100133516), mRNA.

PREDICTED: Homo sapiens similar to protein tyrosine phosphatase 4al,
transcript variant 1 (LOC730167), mRNA.

PREDICTED: Homo sapiens misc_RNA (LOC100128062), miscRNA.
PREDICTED: Homo sapiens hypothetical protein LOC100128084
(LOC100128084), MRNA.

Homo sapiens GTF2I| repeat domain containing 2 pseudogene (GTF2IRD2P),
non-coding RNA.

Homo sapiens Rho family GTPase 3 (RND3), mRNA.

Homo sapiens olfactomedin-like 3 (OLFML3), mRNA.

Homo sapiens RB-associated KRAB zinc finger (RBAK), mRNA.

PREDICTED: Homo sapiens misc_RNA (LOC728073), miscRNA.

xc76e10.x1 NCI_CGAP_Ov32 Homo sapiens cDNA clone IMAGE:2590218 3,
mRNA sequence

PREDICTED: Homo sapiens inhibitor of DNA binding 2B, dominant negative
helix-loop-helix protein, transcript variant 1 (ID2B), mRNA.

Homo sapiens chromosome 7 open reading frame 55 (C70rf55), nuclear gene
encoding mitochondrial protein, mRNA.///[Homo sapiens chromosome 7 open
reading frame 55 (C7orf55), mRNA.//[Homo sapiens hypothetical protein
HSPC268 (HSPC268), mRNA.

Homo sapiens methyltransferase like 7A (METTL7A), mRNA.

Homo sapiens tudor domain containing 1 (TDRD1), mRNA.

PREDICTED: Homo sapiens hypothetical protein FLJ40722, transcript variant 4
(FLJ40722), mRNA.///PREDICTED: Homo sapiens hypothetical protein
FLJ40722, transcript variant 3 (FLJ40722), mRNA.///[Homo sapiens family with
sequence similarity 115, member C (FAM115C), transcript variant 3, mRNA.
Homo sapiens RNA, U6 small nuclear 1 (RNU6-1), small nuclear RNA.

Homo sapiens transmembrane protein 17 (TMEM17), mRNA.

Homo sapiens GABA(A) receptor-associated protein like 1 (GABARAPL1),
mMRNA.

Homo sapiens G protein-coupled receptor 103 (GPR103), mRNA.///Homo
sapiens pyroglutamylated RFamide peptide receptor (QRFPR), mRNA.

Homo sapiens nuclear receptor subfamily 4, group A, member 2 (NR4A2),
transcript variant 1, mRNA.
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Homo sapiens zinc finger protein 430 (ZNF430), mRNA.
PREDICTED: Homo sapiens hypothetical protein LOC100134364
(LOC100134364), MRNA.

Homo sapiens myosin IIIB (MYO3B), mRNA.

Homo sapiens zinc finger protein 549 (ZNF549), mRNA.

Homo sapiens nidogen 2 (osteonidogen) (NID2), mRNA.

Homo sapiens transmembrane protein 156 (TMEM156), mRNA.
Homo sapiens salt-inducible kinase 1 (SIK1), mRNA.

Homo sapiens sialophorin (SPN), transcript variant 1, mRNA.

PREDICTED: Homo sapiens misc_RNA (LOC731542), miscRNA.

Homo sapiens heat shock 70kDa protein 5 (glucose-regulated protein, 78kDa)
(HSPAS5), mMRNA.

Homo sapiens heat shock 105kDa/110kDa protein 1 (HSPH1), mRNA.

Homo sapiens NLR family, pyrin domain containing 8 (NLRP8), mRNA.

Homo sapiens GTP binding protein overexpressed in skeletal muscle (GEM),
transcript variant 1, mRNA.///Homo sapiens GTP binding protein overexpressed
in skeletal muscle (GEM), transcript variant 2, mRNA.

Homo sapiens dual specificity phosphatase 19 (DUSP19), mRNA.

Homo sapiens FYVE, RhoGEF and PH domain containing 2 (FGD2), mRNA.
Homo sapiens hypothetical LOC255031 (FLJ35390), transcript variant 1, non-
coding RNA.

Homo sapiens protein disulfide isomerase family A, member 6 (PDIA6), mRNA.
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Supplementary table 4. Genes anayzed by ingenuity pathway anaysis software

Name of pathways Molecules

Canonical Pathways

ILK Signaling

Bladder Cancer Signaling
IL-8 Signaling
Atherosclerosis Signaling
Oncostatin M Signaling

Aldosterone Signaling in
Epithelial Cells
Cyclins and Cell Cycle
Regulation

Protein Ubiquitination Pathway
Regulation  of  Actin-based
Motility by Rho

Endoplasmic Reticulum Stress
Pathway

Cellular Development

Cellular Growth and

Proliferation

Cell Death

Cellular Movement
Amino Acid Metabolism
Cellular Compromise

Post-Translational Modification

FLNB, FOS, RND3, BMP2, ACTA2, RHOU, PPP2R2C, CCND1
MMP3, THBS1, CCND1, MMP1, FGF1

GNB1, ANGPT2, CCND3, CCND2, RND3, RHOU, CCND1
MMP3, PLA2G2A, COL18A1, F3, MMP1

MMP3, CHI3L1, MMP1

CRYAB, HSPA7, HSPA1A/HSPA1B, HSPH1, HSPA6, HSPAS
CCND3, CCND2, PPP2R2C, CCND1

CRYAB, HSPA7, HSPA1A/HSPA1B, HSPH1, HSPAG6, HSPAS,
USP49, PSMD8

RND3, ACTA2, ARPC5, RHOU

EIF2S1, HSPA5

Molecular and cellular functions Pathways

FLNB, SPN, GEM, HSPA1A/HSPA1B, NID2, BMP2, TPR,
CCND1, DLST, COL18A1, EYA2, KLF2, COL4Al, SPPI,
THBS1, MT3, FGF1, SEMA3A, FOS, CDH2, CCND3, CCND2,
NR4A2, IGFBP3, HSD11B1

ENPEP, S100A6, ANGPT2, SPN, HSPAIA/HSPA1B, BMP2,
TPR, HSPA5, CCND1, DLST, PRG4 (includes EG:10216),
COL18A1, KLF2, COL4A1, SPP1, THBS1, MT3, F3, MT1A,
BST2, FGF1, FOS, CDH2, CCND3, CCND2, IGFBP3, PROCR,
FGFRL1, BCL2A1

FLNB, ORC2, SULF1, S100A6, ANGPT2, CRYAB, SPN,
HSPALA/HSPALB, BMP2, HSPA5, COMP, CCND1, GLRX,
VDAC2, GNB1, LYZ, CAMK2N1, CSPG4, DLST, IFI6, COL18A1,
KLF2, SPP1, PDE4C, THBS1, MT3, MX1, F3, SLC5A8, FGF1,
FOSB, FOS, SEMA3A, CDH2, CCND3, NR4A2, RND3, CXCR?,
DUSP19, BHLHE40, PROCR, IGFBP3, CHI3L1, BCL2A1,
DSG2, FGD2

SULF1, S100A6, ANGPT2, SPN, MMP3, BMP2, TPR, CCND1,
PTPRF, TUBB2B, CXCL13, SRPX2, CSPG4, COL18A1, MMP1,
S100A10, CMKLR1, SPP1, COL4A1, THBS1, MX1, MAPK8IP3,
F3, FGF1, SEMA3A, CDH2, RND3, CXCR7, PROCR, IGFBP3,
CHI3L1

ENPEP, CSPG4, BCKDHA, CP, GLRX

CDH2, SPP1, THBS1, CSPG4, IBSP, PLA2G2A, COL18A1, F3
SPP1, SPN, HSPA1A/HSPA1B, THBS1, BMP2, CP, BAG2,
GANAB, CCND1, GLRX, CHST15, GNB1, CCND3, CCND2,
PDIA6, CSPG4, IGFBP3, SIK1, PRICKLE1L



Small Molecule Biochemistry

Gene Expression

Cell Cycle

Respiratory System
Development and Function
Cardiovascular System
Development and Function
Hematological System
Development and Function
Connective Tissue
Development and Function
Skeletal and Muscular System
Development and Function

Embryonic Development
Cell-mediated Immune
Response

Immune Cell Trafficking

Tissue Morphology

Tissue Development
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ENPEP, SPP1, THBS1, ERH, EEF1A2, MT3, MX1, PLA2G2A,
CP, SLC29A1, GLRX, CHST15, FGF1, CSPG4, BCKDHA,
HSD11B1

FOS, MMP3, LMO4, HSPA1A/HSPA1B, BMP2, IGFBP3, EYA2,
GLRX, CCND1, MMP1

ORC2, SULF1, HSPA1lA/HSPA1B, THBS1, BMP2, CCND1,
MT1A, CCND3, CCND2, CAMK2N1, BHLHEA40, IGFBP3, DARS,
RPS6KA2, HAUS7

physiological system development/function pathways

CCND2, CCND3, CCND1

FLNB, ANGPT2, COL4Al, SPP1, THBS1, BMP2, F3, FGF1,
CDH2, IGFBP3, PROCR, COL18A1, KLF2

SEMA3A, SPP1, CCND2, CCND3, CXCL13, CXCR7, THBS1,
CCND1, S100A10

CCND3, MMP3, BHLHE40, BMP2, TPR,
MMP1, HSD11B1

FOS, CMKLR1, SPP1, MMP3, THBS1, BHLHE40, BMP2,
PRELP, COMP, DSG2, MMP1, FGF1

ANGPT2, SPP1, COL4Al, BMP2, HSPA5, F3, FGF1, NR4A2,
DLST, IGFBP3, RPS6KA2, BCL2A1, EYA2

IGFBP3, CCND1,

SEMAS3A, SPP1, CXCL13, CXCR7, THBS1

SEMAS3A, SPP1, CXCL13, CXCR7, THBS1, PROCR, S100A10
ANGPT2, MMP3, IGFBP3, CCND1, MMP1

ANGPT2, CDH2, COL4Al1, SPP1, THBS1, BHLHE40, BMP2,
COL18A1, KLF2, CCND1, F3
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Abstract

Partly replacement of chondrocytes by stem cells has been proposed to
improve the performance of autologous chondrocytes implantation (ACI). Our previous
studies showed that the increased cartilage production in pellet co-cultures of
chondrocytes and mesenchymal stem cells (MSCs) is due to a trophic role of the MSC
by stimulating chondrocyte proliferation and matrix production rather than MSCs
actively undergoing chondrogenic differentiation. The aim of this sudy is to compare
the trophic effects of stromal vascular fraction cells (SVF) and in vitro expanded
adipose stem cells (ASC). SVF and culture expanded ASCs (n =9) were co-cultured
with chondrocytes in pellets. By GAG and DNA assay, we showed that co-culture
pellets of SVF and chondrocytes have more GAG deposition than that of ASC and
chondrocytes. Results of Short Tandem Repeats analysis indicated that increase of the
chondrocytes proportion in the co-culture pellets is more pronounced in the SVF co-
culture group than the ASC co-culture group. Using flow cytometry and microarray, we
demonstrated that SVF and ASC have different characteristics in cell surface markers
and gene expression profile. SVF is more heterogeneous than ASC, while ASC is more
differentiated into mesenchymal lineage than SVF. By subcutaneous implantation into
nude mice, we showed that constructs of SVF and choncrocytes are better in depositing
cartilage matrix than mixture of ASC and chodnrocytes. Taken together, SVF is better
than ASCs in terms of forming cartilage matrix in a co-culture or co-implantation

model. Without in vitro expansion, SVF is demonstrated as better cell source for
cartilage repair.
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Introduction

As sdf-repair capacity of cartilage tissue is very limited, full-thickness
articular cartilage defects usually lead to the devel opment of osteoarthritis, resulting in
serious pain and movement limitations [1]. Current treatments for cartilage defects in
young patients include microfracturing [2], mosaicplasty and autologous chondrocyte
implantation (ACI) [3]. However, each of these treatments has limitations. Fibrin
cartilage is usually formed after microfracturing which has inferior mechanical
properties compared to native cartilage tissue [4]. Mosaicplasty often causes donor site
morbidity and postoperative pain [5]. The drawbacks of ACI are the necessity of two
surgical interventions in a time span of several weeks which is required for the
obligatory cell expansion in vitro, dedifferentiation of chondrocytes during this in vitro
expansion and unpredictable long-term outcome [4, 6]. Therefore, clinicians never
stopped looking for new therapies that regenerate cartilage defects without the up-
mentioned issues. With the progress of stem cell biology in recent years, it has been
proposed to replace part of chondrocytes in ACI by other cell sources to avoid the
presently obligatory costly and time consuming cell expansion phase. Such approach
would enable one step surgery. Previous studies have mainly focused on bone marrow
derived mesenchymal stem cells (BM-MSCs) [7-9]. However, partia replacement of
chondrocytes with BM-MSCs is far from optima because of pain and donor site
morbidity during isolation and the relative low amount of BM-MSCs in bone marrow
aspirates. Other sources of MSCs are therefore becoming more and more attractive.

Adiposetissue-derived stromal cells or adipose stem cells (ASCs) are attractive
sources for cartilage tissue engineering, because they are abundant in adipose tissue
which is more easily accessible than bone marrow [10]. These cells can easily isolated
by liposuction with relatively low morbidity and pain. Most importantly, ASCs are, like
BM-MSCs, able to differentiate into various cell types of the mesodermal lineage,
including adipocytes, osteoblasts, chondrocytes and myocytes under specific culture
conditions in vitro [11]. Isolation of ASCs usually involves several steps: tissues are
first minced, digested with collagenase, and fractionated by differentia centrifugation.
The resulting pelleted stromal vascular fraction (SVF) is resuspended and then placed
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in culture flasks [12] to isolate the plastic adherent ASC subpopulation. Most
researchers have focused on the expanded plastic adherent ASC subpopulation, while
limited work has been done using the minimally processed SVF cell population. Recent
reports have indicated that SVF cells and ASCs exhibit different features and properties
[13-14]. From the perspective of clinical practice, SVF cedlls have great advantages over
ASCs, since it’s possible to harvest them during the operative procedure itself by
processing in the operation theatre and put them back into the patient without laboratory
expansion which is required for the isolation of ASCs. Because adipose tissue is an
abundant source of stem cells, cell numbers required for re-implantation can easily be
obtained.

In our previous report [15], pellet co-culture of chondrocytes and bone marrow
derived human mesenchymal stem cells (hMSCs) was shown to benefit cartilage matrix
formation. In these pellet co-cultures, we showed that cartilage matrix genes were
mainly expressed by chondrocytes. Furthermore, we showed that the ratio of MSCs
decreased dramatically due to massive cel death of MSCs by apoptosis and by
gtimulation of chondrocyte proliferation in co-culture with MSCs. The stimulation of
proliferation was at least partly mimicked by culturing chondrocytes in MSC
conditioned medium. These findings were confirmed by an independent study
performed by Acharya et al.[16]. This and our study demonstrated a new mechanism of
celular interaction in co-culture pellets of MSCs and chondrocytes. Both studies
showed that the beneficial effects on cartilage matrix formation in co-culture pellets of
MSCs and chondrocytes were due to trophic effects of MSCs stimulating chondrocyte
proliferation and cartilage matrix deposition rather than MSCs actively undergoing
chondrogenic differentiation. Our follow-up study then showed that these trophic effects
are independent of culture conditions and was found in co-cultures of chondrocytes with
various sources of MSCs [17]. The term trophic effects initially refers to bioactive
mol ecules produced by nerve terminals, which are not neurotranamitter[18]. In relation
to MSCs, the term trophic was first used to describe the process in which MSCs secrete
factors that stimulate nearby cells to release functionally bioactive moleculeg19]. Later,
the term aso relates to the effect of the factors produced by MSC on viability,
proliferation, and matrix production of the neighboring cells. This concept has resulted
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in a paradigm shift in the way MSCs are involved in tissue repair. While traditionally it
was believed that MSCs mainly repair damaged tissue by differentiating into specific
cell types and replacing lost cellg20], nowadays the trophic role of the MSC in tissue
repair is considered more important[21]. Besides in cartilage regeneration, these effects
were also reported in promoting gain of coordinated functions in stroked brain of rats
[22], stimulating cardiomyocyte praliferation [23], and vascular regeneration [24].

Our previous studies demonstrated the trophic effects of expanded ASCs [17].
However, use of ASC in partia replacement of chondrocytesin ACI till needs isolation
of adipose tissue by plastic adherence followed by cell expansion prior to joint surgery.
SVF have the advantage that no expansion is required so that it could be easily
incorporated into single step surgery. In this study we have compared SVF and ASC as
aternative cell source for replacing part of the chondrocytes in a pellet co-culture
system and have evaluated cartilage formation in vivo using an ectopic cartilage
formation nude mouse model. Our data suggested that SVF is a better source than ASC
for a co-implantation strategy with primary chondrocytes in cartilage repair. This sudy
demonstrates the potentia of developing a one-step surgerical procedure for the
regeneration of focal cartilage defects using adipose tissue.

Materials and M ethods
Cell culture and expansion

The use of all human materials in this study has been approved by a local
Medical Ethica Committee. Human primary chondrocytes (hPCs) were obtained from
macroscopically healthy cartilage obtained from knee or hip biopsies of patients with
end stage osteoarthritis undergoing total knee or hip replacement. Cartilage biopsies
were digested for 20-22 h in collagenase type Il (0.15% Worthington, NJ, US)
dissolved in chondrocytes proliferation medium. The components of chondrocytes
proliferation medium are DMEM supplemented with 10% FBS, 1xnon-essential amino
acids, 0.2mM Ascorbic acid 2-phosphate (AsAP), 0.4 mM proline, 100U/ml penicillin
and 100ug/ml streptomycin. More details about chondrocyte isolation are described
elsewhere [25]. Stromal Vascular Fraction (SVF) of human adipose tissue was isol ated
according to procedures in previous publications [26-27]. SVF were then seeded in
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culture flasks with MSC proliferation medium (a-MEM supplemented with 10% fetal
bovine serum, 1 % L-glutamin, 0.2 mM ascorbic acid, 100 U/ml penicillin, 10 ng/ml
streptomycin and 1 ng/ml bFGF). Media were refreshed every 2 daysto get rid of non-
attached cells. When confluent, cells were trypsinized and passaged. The cells grown on
culture plastic were cultured to passage 2 before experimentation. Expanded cells were
called adipose stem cells (ASC) in this paper. All reagents used for cdl culture were
purchased from Gibco, Invitrogen (Paisley, UK), unless otherwise stated. Common
chemicals were purchased from Sigma-Aldrich.
Pellet culture and chondr ogenic differentiation

For mono-cultures, 200,000 cdlls of hPCs, SVF or ASC were seeded in one
wel of a round bottom 96 wells plate (non-tissue culture treated). For co-cultures,
200,000 cells were seeded in a ratio of 80% SVF or ASC and 20% hPC. Cdls were
initially seeded in chondrocyte proliferation medium and centrifuged for 5 min at
500xg. Medium was changed to chondrogenic differentiation medium (DMEM
supplemented with 40 ug/mL of proline, 50 ug/mL ITS-premix, 50 ug/mL of ASAP,
100 ug/mL of Sodium Pyruvate, 10 ng/mL of TGFB3, 107 M of dexamethasone, 500
ng/mL of BMP6, 100U penicillin/ml and 100ug/ml streptomycin) one day after seeding
when gable pdletswere formed. Cell pellets were cultured for 4 weeks before analysis.

Monoclonal antibody labeling and flow cytometry
The SVF (after one freeze-thaw cycle) and culture-expanded ASCs were

analyzed for their cdll surface marker expression usng monoclona antibodies against
human CD29, CD31, CD34 (clone 8G12), CD45, CD54, CD73, CD90, CD105, CD106,
CD117, HLA-ABC, HLA-DR, and Linl (all from Becton Dickinson Biosciences, San
José, CA, USA), CD146 (Chemicon, Temecula, CA, USA), CD166 (AbD
SeroTec/MorphoSys, Oxford, UK), and CD271 (Miltenyi Biotec BV, Bergisch
Gladbach, Germany). All monoclona antibodies used were of the IgG1 type and either
fluorescein isothiocyanate or phycoerythrin conjugated. Cells were washed with PBS
and stained with specific antibodies for 30 minutes at 4°C. Nonspecific fluorescence
was determined by incubating cells with conjugated mAb anti-human 1gGl
(BD). Samples were washed twice and analyzed in a FACS Caliber flow cytometer
(BD) with the Cellquest Pro software (BD).
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Histology
Cdl pellets were fixed with 10 % formalin for 15 min, dehydrated with ethanol

and embedded in paraffin using routine procedures. A microtome (Shandon, France)
was used to cut 5 um thick sections. Slides were then deparaffinized and stained for
sulfated glycosaminoglycans (GAG) with Alcian blue or Toluidine blue. Nuclel were
counterstained with nuclear fast red.
Quantitative GAG and DNA assays

Cdl pelets (n=6) were washed with phosphate-buffered saline (PBS) and
stored at -80°C for 16-20 hours. Subsequently, they were digested in digestion buffer (1
mg/ml proteinase K in Tris’EDTA buffer (pH 7.6) containing 18.5 ug/ml iodoacetamide
and 1pg/ml pepstatin A) for more than 16h a 56 °C. GAG content was
spectrophotometrically determined with 1,9-dimethylmethylene blue chloride (DMMB)
staining in PBE buffer (14.2g/L Na,HPO, and 3.72g/L NaEDTA, pH 6.5) using an
ELISA reader (TECAN, Grodig, Austria) at an absorbance of 520 nm with chondroitin
sulfate as a standard. Cell numbers were determined by quantification of total DNA
using a CyQuant DNA Kit (Molecular Probes, Eugene, OR).
Immunocytochemstry and immunofluor escent staining

For immunocytochemistry, sections were deparaffinized, incubated with 3%
hydrogen peroxide and blocked in 1% bovine serum abumin and 1.5% normal goat
serum. Slides were subsequently incubated overnight at 4 °C with mouse monoclonal
antibodies against COL |l (Novagen, Darmstadt, Germany). Sequentially, primary
antibodies were visualized by EnVison Detection Systems (Dako, Heverlee, Belgium).
Counterstaining was performed with hematoxylin. For immunofluorescent staining,
cryosections were incubated with the same antibody against COL I, followed by
incubation with secondary antibodies labeled with Alexa 564 (Invitrogen).
Counterstaining was performed with DAPI.
RNA isolation and quantitative PCR

RNA samples of cell pellets were isolated with the NucleoSpin RNA 11 Kit
(Macherey-Nagel, Diiren, Germany). Total RNA was reverse-transcribed into cDNA
using the iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA). Quantitative PCR
(gPCR) was performed on cDNA samples using the iQ SYBR Green Supermix (Bio-
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Rad, Hercules, CA). PCR Reactions were carried out on MyiQ2 Two-Color Real-Time
PCR Detection System (Bio-Rad, Hercules, CA) under the following conditions. cDNA
was denatured for 5 min at 95 °C, followed by 45 cycles, consisting 15s at 95°C, 15s
60°C and 30s at 72°C. For each reaction a melting curve was generated to test primer
dimer formation and non-specific priming. The sequences of primers for real-time PCR
were listed in supplementary table T1. Calculation of Relative Expression was
performed with Bio-Rad iQ5 optical system software (version 2.0) using the double
delta Ct method[28]. GAPDH primers were used for normalization.
Microarray processing and statistical analys's

For microarray study, SVF and ASC from the same donor were used for RNA
isolation, 3 donors were used in total. RNA was a so isolated from the cellsimmediately
thawed from liquid nitrogen. RNA extraction was performed as described in the
previous section. NUGEN Ovation PicoSL WTA System kit followed by Encore
BiotinlL module was utilized for synthesizing biotinylated sscDNA starting from 50 ng
of total RNA. Obtained Samples (750 ng) were then hybridized onto Illumina
HumanHT-12 v4 Expression BeadChips. Chips were scanned by the Illumina iScan
array scanner. lllumina’s Genomestudio v. 2010.3 software was applied to analyze gene
expression profiling using the default settings advised by Illumina. Raw data of
fluorescence intensity were normalized by quantile normalization. Differentia gene
expression was analyzed by the commercia software package Genespring, version
11.5.1. (Agilent Technologies). Genes with a least 2-folds difference and being
significantly differentially expressed according to a one way ANOVA with a
Benjamini-Hochberg FDR correction and Tukey HSD post hoc test using a cut-off rate
of P<0.05 were selected. Changes of gene expression in annotated canonical pathways
and bio-functions were analyzed by using ingenuity pathway anadysis software
(Ingenuity Systems). Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING) was used to predicted possible protein-protein interaction network [29].
Clusters were formed using a k-means clustering algorithm.
Cell tracking with or ganic fluor escent dyes

The organic fluorescent dye CM-Dil (Molecular Probes, Eugene, OR) was

used for cell tracking in co-cultures. Cells were labeled according to the manufacturer’s
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protocol. Briefly, cells were trypsinized and resuspended in PBS at a concentration of
2x10° cellgml. The cells were incubated with 4uM of CM-Dil at 37 °C for 5 minutes
followed by incubation at 4°C for 15 minutes. Cells were washed with PBS and applied
in co-culture experiments.
5-ethynyl-2’-deoxyuridine labeling and staining

Cdl proliferation in pellets was examined with the Click-iT® EdU Imaging
Kit (Molecular Probes, Eugene, OR). Cell pellets were cultured in chondrogenic
differentiation medium containing 10 uM EdU (5-ethynyl-2’-deoxyuridine) for 24 hours
before harvesting. At day 2, cell pelets were washed with PBS and fixed with 10%
formalin for 15 min. Sections of 10 um were cut with a cryotome (Shandon, France).
Sections were permeabilized with 0.5% of Triton X 100 for 20 min and stained for EAU
with Alexa 488 cocktail. Nuclei were counterstained with Hoechst 33342 (provided in
the same kit).
Image acquisition and analysis

Histological images were made with a Nikon E300 microscope (Japan).
Fluorescent images were taken with a BD pathway 435 confocal microscope (BD
Biosciences, Rockville, MD). Details of images quantification were published
elsewherg[15]. Values represent the mean * standard deviation of at least 3 biological
replicates.
Short Tandem Repeats (STR) analysis

Genomic DNA samples were extracted from pellets with the QlAamp DNA
Mini Kit (Qiagen). The sixteen loci of the kit PowerPlex 16 System (Promega) were
amplified, typed, sequenced and analyzed by ServiceXS B.V. (Leiden, the Netherlands).
Specific alleles for the donor of SVF or ASCs and the donor of hPCs were identified.
These alleles were used to define the origin of cells in alogeneic co-culture of hMSCs
and hPCs after 4 weeks. The amount of DNA present for each donor was calculated
from the areas of the e ectrophorogram for each locus of SVF or ASC and hPC specific
alleles and theratio of hMSCs and hPCs was determined.
Implantation of cellsincorporated in alginate gel into nude mice

Pools of SVF or ASC were made by mixing cells from 3 donors. hPCs from
another 3 donors were mixed to make a pool of hPCs. Then, pools of SVF or ASC were
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mixed with the pool of hPC in aratio of 4:1, and then resuspended in 2 % aginate in
PBS at a density of 1x10’cdls/ml. Co-implantation constructs were made by
transferring 70 pl of alginate cell suspension to 100 mM CaCl, solution and gdlifying
for 5 minutes at 37 °C. Constructs were washed with PBS and MSC proliferation
medium. Congtructs with only chondrocytes of the same cell density and the volume of
alginate cell suspension were served as positive control, while blank constructs without
any cells were negative controls. For each condition (SVF+CH, ASC+CH, CH and
blank), ten constructs were made one day before the surgery and cultured in
chondrocyte proliferation medium. Before the implantation, ten 6-week-old male
BALB/C nude mice (Experimental Animal Center at UMC-Utrecht) were anesthetized.
Then, four subcutaneous pockets were made on the back of a mouse. One construct was
put in one pocket.. The locations of the constructs were randomized and recorded. At 8
weeks post-implantation, mice were sacrificed and implanted constructs were then
carefully separated from surrounding fibrous capsule, washed in PBS for histological
anaysis and quantitative GAG anaysis.
Statigtical analysis

GAG and DNA quantifications were examined for statistical significance with
one-way analysis of variance (ANOVA) followed by Tukey HSD (Honestly Significant
Difference) Test. Statigtica anaysis of EdU positive cells was made by using the
Student’st test. P values of < 0.05 were considered as statistically significant.

Results

Comparisons of surface marker profilesand chondrogenic potential of SVF and
ASC

We firgt performed FACs to analysis the profiles of CD markers of the SVF
and ASCs. Representative flow histograms are shown in Figure 1A. The mean
percentages of positive cells are displayed in Figure 1B. The SVF fraction contained a
subset of cells that were positive for the endothelial cell-associated marker CD31, or the
hematopoietic lineage associated markers CD34 and CD45. As expected, ASCs did not
express these markers. A fraction of the initial SVF cell population expressed stromal
cell-associated markers. Only 10% of the SVFs expressed CD105, whereas 86% of the
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Figure 1 Comparison of surface marker profiles and chondrogenic potential between of SVF and ASC.
(A) FACs was performed to analyse the profile the expression of CD markers on SVF and ASCs. Histograms
from one representative donor pair of SVF and ASC are shown. Lines are isotypes, filled graphs indicate
specific binding of antibodies. Of each cdll fraction at least 100.000 cdlls were analyzed. (B) % of positive
cells for each CD marker was calculated based on the average of 9 donor pairs of SVF and ASC. Agterisk
represents P<0.05. Double asterisk represents P<0.01. NS=Not Significant. Error bar reflects Standard
Deviation (S. D.). Statistic analysisis done by student’st-test. (C) Chondrogenic potential of SVF and ASC is
illustrated by histological staining. 200 000 cells of SVF or ASC were seeded per well in a round botton non-
adherent 96-well plate. Cell pellets were made by centrifuge at 500g for 3 min. Then pellets were cultured in
chondrogenic differentiation medium for 4 weeks. Scale bar=100 1 m. Results of a representative donor pair of
which SVF formed a stable pellet is shown. (D) At 4 weeks of chondrogenic differentiation GAG and DNA in
the cell pelets were quantified. Data represent the average of 5 donor pairs of SVF, which formed stable
pellets, and ASC. Agerisk represents P<0.05. Double asterisk represents P<0.01. Error bar reflects Standard
Deviation (S. D.). Statistic analysisis done by student’s t-test.
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SVFs expressed CD90; the levels of CD29, CD166, and CD105 were intermediate to
these values. After isolation of ASCs by expansion in vitro, the percentage of cells
staining positive for each of these markers increased. The initial SVF also contained a
subpopulation of cells positive for stem cell-associated markers. An average of 69% of
the SVFs expressed the HSC-associated marker CD34. Its level declined to 0.4% in
ASCs. Expressions of CD73 increased from approximately 50% in SVF to nearly 100%
in ASCs. In general, ASC contained a more homogenous cell population which was
CD31, CD34 and CD45 negative, but positive for MSC markers like CD105 and
CD166. In line with our expectation, SVF represented a heterogeneous cell population
containing not only cells with typical MSC characteristics but also CD31+ positive
endothelia progenitors, CD45+ monocytes and CD34+ hematopoi etic progenitors.

Then, the chondrogenic differentiation potential of SVF and ASC were
characterized by putting them in pellet culture. ASC generally formed better aggregates
than SVF. ASC from 9 donors al formed stable pellets, while stable pellet formation
was only observed using SVF from 6 out of 9 donors. Results from histology and GAG
quantification (figure 1C and D) showed that pellets from ASC are bigger and produce
more cartilage matrix than SVF.

Chondr ocytes co-cultured with SVF produce more GAG than with ASC.

To compare the effect of ASC on chondrocyte pellet co-cultures with SVF
derived from the same donor, both cell fractions were co-cultured with primary human
chondrocytes (P2) in pellets (SVF+CH and ASC+CH) in a ratio of 80/20. Mono-
cultures of chondrocytes (CH) served as control. Three chondrocyte donors were
randomly matched to 9 SVF or ASC donor pairs. Results of histology from one
representative experiment are shown in Figure 2 A. In contrast to pellet mono-cultures,
in combination with primary human chondrocytes SVF of all 9 donors formed stable
cell pdlets. Alcian blue and Toluidine blue staining indicated the presence of GAG in
all experimental groups. The staining appeared moreintensein the SVF+CH group. The
presence of collagen type |1 was confirmed using immunohistochemistry. Overviews of
these staining on whole pellets are shown in supplementary figure S 1A. Previousy we
showed that GAGs were mainly produced by chondrocytes in co-culture pellets [15,
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17]. Therefore, values of tota GAG and GAG/DNA in co-culture groups were
expressed relative to values obtained in mono-cultures of chondrocytes (CH) groups.
Data from 9 SVF or ASC donors were averaged and displayed in figure 2B. SVF+CH
group significantly showed higher capacity in producing GAG than the ASC+CH
group. Expression of chondrogenic genes at week 4 of co-culture were examined by
gPCR (Fig. 2C-E). Expression of collagen type 2 and aggrecan mRNA tended to be
higher in the SVF+CH group but this did not reach significance. Remarkably, co-culture
of primary human chondrocytes with ether the SVF or ASC cdll fraction potently
inhibited the expression of collagen type 10 mRNA, a marker for hypertrophic
differentiation.

Co-cultur e of chondrocyteswith SVF and ASC induces chondr ocyte proliferation

EdU (5-ethynyl-2’-deoxyuridine) incorporation and cell tracking were used to
investigate cell proliferation in the co-culture pellets. At day 2 after cell seeding EDU
positive cells were detected in all groups (Fig. 2F left pand). Quantitative data are
shown in figure 2G and figure 2H. Percentages of EdU positive chondrocytes in co-
culture pellets tended to be higher in co-culture pellets with SVF than with ASC but this
did not reach significance most likely due to large interdonor variation (Fig. 2G). After
2 days of culture, the percentage of EAU positive SVF or ASC cdllsin co-culture pellets
did also not differ (Fig. 2H).

Previoud'y we have shown that co-culture of primary chondrocytes with bone
marrow MSCs induces massive cell death of the latter [30]. Therefore, a fluorescent
TUNEL assay was performed to determine apoptotic cells in co-culture pellets at week
1. High numbers of TUNEL positive cells were found in cdll pdlets containing SVF or
ASC, but very few in pellet mono-cultures of chondrocytes (Figure 2F right pandl).
TUNEL staining was significantly higher in SVF co-culture pellets than in ASC co-
culture pellets (Fig. 21). After 4 weeks of co-culture, STR analysis was performed to
determine the ratio of cells derived from chondrocytes or from either SVF or ASC
donors. The distinguishable loci between chondrocytes and SVF/ASC donors were
selected and averaged. In SVF co-culture pellets the initial seeding ratio of 80% SVF
and 20% chondrocytes was changed to almost 60% chondrocytes and 40% SVF after 4
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Figure 2 Co-culture of chondrocytes with SVF or ASC enhanced cartilage matrix formation; and induces
apoptosis of MSCs and proliferation of chondrocytes. (A) Alcian blue and Toluidine blue staining indicated
the presence of GAGs. Imnumohistochemical staining showed expression of Collagen type II. Cell pellets were
cultured in chondrogenic differentiation medium (as described in Materials and Methods) for 4 weeks before
examination. Scale Bar=100 u m. Results of a representative a donor pair is shown. (B) GAG quantification
showed that the SVF+CH group produced more GAG than the ASC+CH group. Data represent the average of 9
donor pairsof SVF (or ASC) with chondrocytes. Values are relative to pellet monoculture of chondrocytes (CH).
P value was calculated by student’s t-test. Error bar reflects Standard Deviation (S. D.). (C-E) Expression levels
of ACAN (C), COL2 (D) and COL9 (E) mRNA were examined by gPCR. RNA samples were extracted from 9
donor pairs of SVF and ASC with chondrocytes. from pellets cultured in chondrocyte proliferation medium for 4
weeks. RNA was isolated from 3 pellet cultures per condition. Relative expression levels were obtained by
normalization to GAPDH. Vaues represent the relative gene expresson compared to monoculture of
chondrocytes (CH). Error bar reflects Standard Deviation (S. D.). (F) Left panel: EdU staining of pellets at day 2
after seeding. PCs were labeled with CM-Dil (red). EdU incorporation into newly syntheszed DNA was
visualized by Alexa 488 (green). Nuclei were counterstained with Hoechst 33342 (blue). Right pane: TUNEL
daining of pellets were performed at 1 week after seeding. TUNEL positive cels were visualized with
fluorescent labeling (green). Nuclei were counterstained with Hoechst 33342 (blue). Scale bar=100um. A
representative picture of 1 ASC or SVF donor is shown. (G) Quantification of EdU positive chondrocytes. Three
pellets for each donor pair of SVF or ASC and chondrocytes were analyzed. Data represents the average of 3
donor pairs. Values expressed relative to monoculture of chondrocytes. Asterisk represents P<0.05. Double
asterisk represents P<0.01. NS=Not Significant. Error bar reflects Standard Deviation (S. D.). (H) Quantification
of EdU positive SVF or ASC. Three pellets for each donor pair of SVF or ASC and chondrocytes were analyzed.
Data represents the average of 3 donor pairs. Asterisk represents P<0.05. Double asterisk represents P<0.01.
NS=Not Significant. Error bar reflects Standard Deviation (S. D.). (I) Quantification of TUNEL positive cdls.
Three péllets for each donor pair of SVF or ASC and chondrocytes were analyzed. Data represents the average of
3 donor pairs. Asterisk represents P<0.05. Double asterisk represents P<0.01. NS=Not Significant. Error bar
reflects Standard Deviation (S. D.). (J) STR analysis was performed on genomic DNA isolated from co-culture
pellets of SVF or ASC and chondrocytes at an initial seeding ratio of 80:20 after 4 weeks of culture. Only
informative loci that could discriminate between the SVF or ASC donor and PCs were taken into account.
Averages of these loci were calculated to indicate the ratio of SVF or ASC and chondrocytes after co-culture.
Data represents an average of 3 donor pairs. Asterisk represents P<0.05. Error bar reflects Standard Deviation (S.
D.).

weeks of culture. The seeding ratio in the ASC co-culture pdlets after 4 weeks of
culture (75% ASC and 25% chondrocytes) did not significantly deviate from the initial
seeding ratio (80% ASC and 20% chondrocytes) (Figure. 2J). Increased cell death of
SVF cel fractions in combination with a larger stimulatory effect on chondrocyte
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proliferation are most likely responsible for the relative overgrowth of the primary
chondrocytes in the co-culture pellets with SVF.

Comparison of global gene expression profiles between SVF and ASC

We have shown that trophic factors of bone marrow derived MSCs are
responsible for increased chondrocyte proliferation and matrix deposition in co-culture
pellets with chondrocytes. We therefore compared the global gene expression profile of
pairs of SVF and ASCs to identify differentially expressed genes between both cell
populations using a microarray experiment. As shown in Fig. 3A, the majorities of
genes that can be detected in either cell type fall in the region of two fold change (up or
down, yellow dots). 80 genes were found >2-fold up-regulated (red dots) in SVF while
48 genes were >2-fold down-regulated (blue dots). Differentia expression of a random
selection of genes was validated using gPCR (fig 3 B and C). Some variation in
absolute fold change as determined by microarray or gqPCR was observed, however the
trends were the same. A complete list is given in supplementary table T2 showing all
up-regulated and down-regulated genes with a more than 2-fold change and a p value
of <0.05 datisticaly analyzed by a one way ANOVA subsequent with a Benjamini-
Hochberg FDR correction and Tukey HSD post hoc test. As a result of the
heterogeneous populations, genes higher expressed in SVF than in ASC are a
combination of markers found in endothelial cells (e.g. EFNB2), adipocytes (e.g.
APOD, FABP4) and lymphocytes (e.g. LTA, LITAF). On the other hand, ASC showed
higher expressions of genes for mesenchymal cell lineages when compare to SVF.
These genes included DKK3, TGFBI, GREM1 and SFRP2 which are expressed in
chondrocyteqg 31-33], and COL1al, SPARC and POSTN which are expressed in
osteoblasts [34-35]. Roughly, one third of these differentially expressed genes are
secreted factors, as shown in table 1. Some of the genes together with others (NFKB1
and UBD) on the top of the differentially expressed gene list are selected for gPCR
validation (Fig. 3B and C). Variations between the data obtained from microarray and
gPCR were observed, however the trends were the same.

The list of all up-regulated and down-regulated genes with more than 2-fold

change was then imported into ingenuity pathway analysis software to identify
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Table 1 Differentially expressed secreted factors with more than 2 folds change

NM_001647.2 -6.43455  (46)

EFNB2 NM_004093.2 -4.92421  (48)

NM_001442.1 -3.32248  (50)

NM_001928.2 255015  (52)

NM_001012636.1 248646  (54)

FABP3 NM_004102.3 -2.2869  (56)

APOC1 NM_001645.3 -2.15423  (58)

ATRE3 NM_001040619.1 -2.13038  (60)

BGN NM_001711.3 220144 (62)

FSTL1 NM_007085.3 2.318603 (64)

NM_006487.2 2418595  (66)

NM_080629.2 250218  (68)

NM_001998.2 2798432  (70)

LOXL3 NM_032603.2 3.072924 (72)

SFRP2 NM_003013.2 3.32327 (74)

COL1A2 NM_000089.3 3.631591 (76)

TGFBI NM_000358.1 4396439  (77)

DKK3 NM_013253.4 5.166207 (74)

NM_003118.2 5568203  (78)

MFGES8 NM_005928.1 5.955669  (80)
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are genes depicted which are >2 fold up regulated in SVF. In blue are genes depicted which are >2 fold down-
regulated in SVF. (B) Expression levels of genes that were up-regulated in SVF were validated by qPCR. The
values are expressed relative to ASCs and represent the mean of 3 donors. (C) Expression levels of genes that
are up-regulated in ASC were validated by gPCR. The values were relative to SVF and represent the mean of 3
donors. (D) SVF or ASC from 3 donors was pool ed to eliminate donor variations, as well as chondrocytes from
3 donors. Then SVF or ASC were co-implanted with chondrocytes at aratio of 4:1 into nude mice for 8 weeks.
Constructs with chondrocyte only were served as positive control, while constructs without cells (blank) were
used as negative control. Toluidine blue staining indicates the presence of GAGs. Immunohistochemical
staining shows expression of Collagen type II. . Scale Bar=100 1 m. (E) GAG normalized to DNA in
congtructs. Amount of GAG and DNA of constructs (N=8) were measured by GAG and DNA assay. Values
were subtracted by blank constructs to eiminate the influence of material on GAG assay. Aderisk represents
P<0.05. Double asterisk represents P<0.01. NS=Not Significant. Error bar reflects Standard Deviation (S. D.).
(F) Total DNA in TE constructs. Values were subtracted by blank constructs (without any cells) to eiminate the
influence of material on GAG assay. Agterisk represents P<0.05. Double asterisk represents P<0.01. NS=Not
Significant. Error bar reflects Standard Deviation (S. D.).

differential expression between SVF and ASC in annotated canonica pathways and bio-
functions. Significantly changed pathways were diseases and disorders (supplementary
Fig. S2), molecular and cellular functions (supplementary Fig. S3) and physiological
system devel opment/function (supplementary Fig. $4). In addition, the differentially
expressed genes were used as input into Search Tool for the Retrieval of Interacting
Genes/Proteins to identify predicted interaction networks of genes and/or proteins
(Supplementary Fig. S1B). The results show 3 mgjors clusters of interacting proteins.
The first one (red) is a group of secreted factors centered by FN1 and TGFBI, most of
which are produced by cells from mesenchymal lineage to regulate the differentiation
and proliferation of chondrocytes. One cluster (brown) of extracelular matrix
components centered by COL1A2 is also found. The third major cluster (yellow) is a

group of transcription factors and cytokines which are regulated by NFKBL.

Ectopic cartilage formation of SVF and ASC mixed with chondr ocytes

To evaluate our previous findings in vivo, mixtures of chondrocytes and SVF
or ASC (ratio 20 : 80) were incorporated in an alginate gl and subcutaneously
implanted in immunotolerant mice [36]. Eight weeks after implantation there was a
significant accumulation of ECM componentsin the pericellular areain all experimental
groups. SVF+CH group produced most ECM in comparison with the other two groups;
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however, the cartilage matrix is not mature according to the color of the staining (Fig.
3D upper pand). Immunofluorescent staining indicated the presence of more collagen
type Il protein expression in engineered cartilage of SVF+CH than in (Fig. 3D lower
pandl). Results of GAG assay confirmed that SVF+CH group contained more GAG than
the other two groups (Fig. 3E). The quantification of DNA in the constructs showed that
SVF+CH had fewer cedls (Fig. 3F). These data suggested that the SVF mixed with
chondrocyte produced more cartilage matrix than ASC in vivo.

Discussion

In previous reports, we have shown that co-culture of MSCs and PC in pellets
augmented cartilage matrix formation. This effect can be largely attributed to a trophic
effect of the MSCs that increases the proliferation and matrix formation by
chondrocytes, rather than by chondrogenic differentiation of MSCs. We furthermore
showed that this trophic effect of MSCs is a generd feature that can be observed in
MSCs from multiple sources like bone marrow, adipose tissue and synovium [17]. In
this study, we investigated for the first time the trophic effects of stromal vascular
fraction of adipose tissue. We show that the SVF is a better cell source than ASC in
facilitating cartilage formation in co-culture with chondrocytes. This conclusion is
based on the following observations; i) Co-culture pellets of SVF and chondrocytes
produced more GAG than pellets of ASC and chondrocytes, ii) the proportion of
chondrocytes after co-culturing is more increased in co-culture pellets of SVF and
chondrocytes than pellets of ASC and chondrocytes, and iii) mixtures of SVF and
chondrocytes deposit more GAG and collagen type 2 than that of ASC and
chondrocytes in an ectopic cartilage formation model in nude mice.

For the firs time, we showed here that SVF cells could act as trophic
mediators in co-culture pellets with chondrocytes. We previoudly reported that cultured
ASCs (adipose derived mesenchymal stem cells) could induce chondrocyte proliferation
in co-culture pellets and promoted GAG formation in co-cultures. In this study, we
showed that in comparison to ASCs, SVF from the same donor were more potent in
promoting GAG formation in co-cultures. The proliferation rate of chondrocytes tended
to be higher in co-culture with SVF but this did not reach significance. Thisis likely
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explained by considerable inter-donor veriation. However, we observed another
interesting finding that more cells death was found in SVF+CH than in ASC+CH co-
culture pellets. This could possibly explain why average GAG production of each cell
(GAG/DNA) is higher in SYF+CH than in ASC+CH. Increased cell death possibly in
combination with increased proliferation is likely responsible for the relative
overgrowth of chondrocytes after 4 weeks of co-culture particularly in the SVF co-
culture group compared to the ASC co-culture group. This was confirmed by STR

anaysis.

Based on our results, SVF cells could be a very good source of cells used for
cartilage regeneration. In previous studies, Jurgens et al reported that SVF cells showed
stem cell characterigtics that are very similar to cultured ASC, and SVF cells even
appeared to be dightly better than cultured ASC in chondrogenic differentiation as
indicated by GAG quantification [14]. In comparison with bone marrow derived MSCs,
SVF cedls aso differentiate into osteogenic, adipogenic and chondrogenic lineages, but
have a much higher Colony Form Unit (CFU) frequency[37]. It’s also been reported
that SVF cells could quickly attach to poly (L-lactide-co-caprolactone) and collagen
type I/111 scaffolds which are both suitable for cartilage tissue engineering [38]. Here we
show data to suport that co-culture pellets of SVF cdlls and chondrocytes deposit more
cartilage matrix than co-culture pellets of ASC and chondrocytes aswell as monoculture
of chondrocytes. Even after co-implantation of SVF or ASC cells in an adginate gel,
more ectopic cartilage matrix formation is observed in the combination of SVF with
chondrocytes after subcutaneous implantation in a nude mouse modd. Since SVF can
be relatively easy and fast isolated out of a liposuction, it is possible to isolate SVF and
reimplant the cells into the patient in one-step surgery.

In marked contrast to ASCs, SVF contains a heterogeneous cell population
[39]. It isbdieved that ASCs have a more homogeneous composition of cell types, even
though ASC and SVF share some common features like multi-lineage differentiation. In
addition to this, our data from FACs and Microarray indicated that ASC are more prior
to mesenchymal cell lineages than SVF. Thisis in agreement with literature that SVF
contains cell population of endothelial cell and hematopoietic cells besides
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mesenchymals stem cdlls [37]. With unknown mechanism, these non-mesenchymal
cells enhanced the trophic effects of MSCs at least in co-culture with chondrocytes.
There could be two hypotheses to explain this mechanism: 1) one or more of the non-
MSCs populations is actually better trophic mediators than MSCs that enhance matrix
formation of chondrocytes; 2) some of the non-M SC cells preserves/increase the trophic
effects of MSCs. So far, we don’t have enough data to exclude one of the above
possibilities. However, pre-existing dada seems to support the second. It has been
reported that ASCs resided in the adventitia of blood vessds as a group of
CD34+/CD31-/a-smooth muscle actin— (smA) cells [40-42]. There are debates about
the CD markers of these cells [43-44]; nevertheless, all these studies pointed that ASCs
reside in a perivascular niche in situ. This niche or local microenvironment dominantly
made of endothelia cells is of course important in maintaining ASC’s phenotype as
stem cells; meanwhile it may be also crucial for keeping their function as trophic
mediators. It was believed that ASCs could stabilize endothelial networks in vitro and
help vessdl formation in vivo [45]. As a feedback, it’s also possible that endothdlial cells
may better preserve some of ASC’s characterigtics which are lost during in vitro

expansion, such astrophic effects.

In conclusion, our data demonstrated that chondrocytes form better cartilage
tissue when co-cultured or co-implanted with SVF of adipose tissue than with ASC.
Heterogeneous populations of SVF shows higher level of trophic effects in cartilage
formation. These results support the clinical potential of one step therapy for cartilage
repair, in which SVF from adipose tissue and chondrocytes from non-weight bearing
joint surface are isolated, mixed and implanted back into the patient during the same

surgical procedure.
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Figure S1 (A) Overview of

co-culture pellets
(SVF+CH and ASC+CH)
and mono-culture  péellets
(CH) from one

representative donor pair.
Pellets were cultured in
chondrogenic medium (as
described in Materials and
Methods) for 4 weeks
before
histology. Images of Alcian

processng  for

blue, Toluidine blue and
immunohi stochemi cal
(antibody against COL2)
daining were  shown.
Bar=500 um. CH sands
for monoculture of
chondrocytes. (B) Possible
interaction  networks  of
genedproteéins  of  up-
regulated genes.  The
predicted interaction
networks of the 128
up/down-regulated
genes/proteins were studied
by the Search Toal for the
Retrieval of Interacting
Genes/Proteins as described
in materials and methods.
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Genetic Disorder
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Supplementary Table T1. Forward (F) and Reverse (R) primers used for PCR
validation of microarray data. bp=base pair.

. Product Gene Bank
Gene Name Primer Sequence sze (bp) N
F.5 CGCTCTCTGCTCCTCCTGTT 3
GAPDH & 5 CCATGGTGTCTGAGCGATGT 3 82 NM_002046
F. 5 ATGTATGTGAAGGCCCATCC 3
NFKBL R 5 TTGCTGGTCCCACATAGTTG 3 105 NM_003998
F: 5 TGGGGAGCGTTCTCCATCACCA 3
SIPALLZ o5 CAGGTGCTGCACTTCTGCTTGGA 3 130 NM_020808
F. 5 CTCCGGTGCAGGAGAATTT 3
APOD B 5 CAGCGTCCATTCTCAAAGGT 3 ol NM_001647
conpz  F5 AGCGGGAGAAGCTGTCTCTGATCC 3 11 NM_001759
R: 5 TGCTCCCACACTTCCAGTTGCG 3
F: 5 TGTCTGCAGAGATGGCTCC 3
UBD R 5 TCATATGGGTTGGCATCAAA 3 94 NM_006398
DKK3 F: 5 TCACATCTGTGGGAGACGAA 3 106 NM_013253
R 5 CAGGTGTACTGGAAGCTGGC 3'
F: 5 CCAAAGGAAAATCTGTGGCA 3'
TGFBl R & TTGAGAGTGGTAGGGCTGCT 3 107 NM_000358
F: 5 GTCACACTCAACTGCCCTGA 3
GREM1 R 5 GGTGAGGTGGGTTTCTGGTA 3 375 NM_013372
oRrpy | F5 CGACATAATGGAAACGCTTTG 3 110
R 5 TCTTGCTCTTGGTCTCCAGG 3 NM_003013
coL|  F5 GTCACCCACCGACCAAGAAACC 3 1
R 5 AAGTCCAGGCTGTCCAGGGATG 3 NM_000088
spaRc 5 CTTCAGACTGCCCGGAGA 3 %
R 5 GAAAGAAGATCCAGGCCCTC 3 NM_003118
POSTN F: 5 TTTGGGCACCAAAAAGAAAT 3 110
R: 5 TTCTCATATAACCAGGGCAACA 3 NM_OO6475

Supplementary Table T2 List of all up-regulated and down-regulated genes with a>2-

fold change

Fold change
Symbol Accession (ASC vs SVF)
Up-regulated in SVF
UBD NM_006398.2 -7.711138
ITGB2 NM_000211.1 -6.563432
APOD NM_001647.2 -6.434554
HAND1 NM_004821.1 -6.031195
PLA2G7 NM_005084.2 -5.715994
CLICc2 NM_001289.4 -5.602651
FOSB NM_006732.1 -5.366914
SALL3 NM_171999.2 -5.024266
EFNB2 NM_004093.2 -4.924205
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CXCL5
ACRC
GCA
FLJ27255
ITGAX
AGPAT9
IRX6
LPCAT2
ARHGDIB

ANKRD38///[KANK4

EFCAB7
FABP4
FOSL1
RPRM
NCKAP1L
LCP1
CCND2
SIPA1L2
LTB
CD36
CD300LB
TCEALY
IFRD1
CCNL1
C7orf53
CFD
THBD
IL32

IRF1
TRIML2
IRF8
CRY1
RTTN
LITAF
FOS
SLC25A33
FAM21A
EGR2
MTHFD2L
FABP3
UNQ6975
LINCR

152

NM_002994.3
NM_052957.3
NM_012198.2
NM_207501.1
NM_000887.3
NM_032717.3
NM_024335.2
NM_017839.3
NM_001175.4
NM_181712.4
NM_032437.1
NM_001442.1
NM_005438.2
NM_019845.2
NM_005337.4
NM_002298.2
NM_001759.2
NM_020808.3
NM_002341.1

NM_001001548.1

NM_174892.2
NM_152278.2
NM_001550.2
NM_020307.2
NM_182597.1
NM_001928.2
NM_000361.2

NM_001012636.1

NM_002198.1
NM_173553.1
NM_002163.2
NM_004075.2
NM_173630.2
NM_004862.2
NM_005252.2
NM_032315.2

NM_001005751.1

NM_000399.2

NM_001004346.2

NM_004102.3
XM_941319.1

NM_001080535.1

-4.327044
-4.261363
-4.188751
-3.790181
-3.743045
-3.734431
-3.715168
-3.693823
-3.600235
-3.410388
-3.322631
-3.322481
-3.275004
-3.194814
-3.142205
-3.003938
-2.894052
-2.881543
-2.798827
-2.777695
-2.751698
-2.739101
-2.733833
-2.648373
-2.611317
-2.559145
-2.554253
-2.486456
-2.464025
-2.446561
-2.437274
-2.418118
-2.39272
-2.372638
-2.362312
-2.360883
-2.316277
-2.299985
-2.295357
-2.286895
-2.283566
-2.26661



Clorfl62
ZIC2
NFKBIE
NSMAF
ZBTB2
NID1
NFKB1
RPF2
LOC390557
SLC9A3R1
DNTTIP2
APOC1
LTA

ATF3
FRG1
PLA2G4C
RSRC2
ATP6V1B2
PIK3CG
CYLD
ANKRD10
TAF4B
ARID4B
MITD1

Down-regulated in SVF

IGFBP7
PLOD1
ENTPD4
DPYSL2
CD99

TPM2
P4HA1
PPIC
QSOX1
LOC652815
SCRN1
FNDC1
HIST2H2AC
TRIB2
B4GALT1
FKBPIOL
BGN

NM_174896.2
NM_007129.2
NM_004556.2
NM_003580.2
NM_020861.1
NM_002508.2
NM_003998.2
NM_032194.1

XM_001726973.1

NM_004252.2
NM_014597.3
NM_001645.3
NM_000595.2

NM_001040619.1

NM_004477.2
NM_003706.1
NM_023012.4
NM_001693.3
NM_002649.2
NM_015247.2
NM_017664.2
NM_005640.1
NM_016374.5
NM_138798.1

NM_001553.1
NM_000302.2
NM_004901.2
NM_001386.4
NM_002414.3
NM_213674.1

NM_001017962.1

NM_000943.4

NM_001004128.2

XM_942488.1
NM_014766.3
NM_032532.1
NM_003517.2
NM_021643.1
NM_001497.2
NM_182827.1
NM_001711.3

-2.266048
-2.228865
-2.21538
-2.208211
-2.20302
-2.19089
-2.18274
-2.17338
-2.159429
-2.156407
-2.155031
-2.154229
-2.144689
-2.130384
-2.127951
-2.111807
-2.093348
-2.091477
-2.08022
-2.073035
-2.061638
-2.017993
-2.015602
-2.00058

2.019207
2.026151
2.031088
2.041851
2.048218
2.062492
2.06408
2.07825
2.100773
2.104445
2.10685
2.112626
2.125947
2.127267
2.16613
2.166701
2.20144
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XG
WDR54
Clorf54
IGFBP6
PLOD2
FSTL1
ADAM19
MXD4
LAMB2
FBLN1
FAM46A
LOC100132535
F3

EHD2
VKORC1
COL11A1
SERPINF1
LOC100129667
FBLN2
SH3PXD2A
P4HA2
EFEMP2
RNY3
LOXL3
FN1
SFRP2
COL5A2
COL1A2
SLC16A3
CDH2
COL1A1
TGFBI
SNORD46
POSTN
DKK3
COLb5AlL
SPARC
GREM1
MFGES8
COL3Al1
LOX

NM_175569.1
NM_032118.2
NM_024579.2
NM_002178.2
NM_182943.2
NM_007085.3
NM_033274.2
NM_006454.2
NM_002292.3
NM_006487.2
NM_017633.2
XR_038625.1
NM_001993.2
NM_014601.2
NM_024006.4
NM_080629.2
NM_002615.4
XR_037840.1
NM_001998.2
NM_014631.2

NM_001017973.1

NM_016938.2
NR_004392.1
NM_032603.2
NM_212474.1
NM_003013.2
NM_000393.3
NM_000089.3
NM_004207.2
NM_001792.2
NM_000088.3
NM_000358.1
NR_000024.2
NM_006475.1
NM_013253.4
NM_000093.3
NM_003118.2
NM_013372.5
NM_005928.1
NM_000090.3
NM_002317.3

2.211911
2.213135
2.246802
2.260575
2.292895
2.318603
2.343654
2.365293
2.387693
2.418595
2.433945
2.439969
2.446623
2.480436
2.494336
2.50218
2.655044
2.769492
2.798432
2.824625
2.832366
2.833782
2.948212
3.072924
3.253216
3.32327
3.63136
3.631591
3.949788
4.082883
4.273946
4.396439
4.458385
5.025622
5.166207
5.221677
5.568203
5.671927
5.955669
6.279095
7.003025
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Genera Discussion*

This chapter is an overall discussion of the entire thesis, with future

perspectives.

*Manuscript in preparation.



Chapter 7

General discussion

Autologous Chondrocyte Implantation (ACI) is one of the most popular
treatments for cartilage defects. However, several drawbacks especially the two step
procedure and the mandatory in vitro expansion of chondrocytes, increase its costs and
prevent it from broader application [1]. Partia replacement of chondrocytes by
mesenchymal gem cells (MSCs) can potentially simplify the two step procedure to a
single step surgery by excluding thein vitro cell expansion. In vitro studies showed that
the amount of cartilage produced in co-culture of MSCs and chondrocytes equals or is
even higher than that formed by pure chondrocyte or MSCs [2-5]. Unknown
mechanisms in the cross-talk between chondrocytes and MSCs are driving the cartilage
formation in the co-cultures to a higher level than in mono-culture. Studying this
mechanism may help to redlize the idea of one step surgery in clinical application for
cartilage repair. Therefore, in this thesis, we tried to uncover the mechanism of cdlular
interactions between M SCs and chondrocytes in a co-culture or co-implantation system.
To achieve this goal, several questions were formulated which need to be answered: 1)
which mechanism is responsble for the extracelluar matrix deposition in co-culture
pellets of chondrocytes and MSCs; 2) which molecules are involved in these
interactions; and 3) how can this knowledge about cellular interactions be trandated into
clinical practice.
Trophic effects of M SCsin cartilage regeneration

Hendriks et al., reported that cartilage matrix deposition could be enhanced by
co-culturing primary chondrocytes with a variety of cdl types, including human
expanded chondrocytes, human dermal fibroblasts, mouse embryonic stem cells
mouse-3T3 feeder cells, or human mesenchymal stem cellsin cell pellets[6]. Their data
showed that co-culture pellets seeded with approximately 20% of chondrocytes
produced comparable amount of GAGs to mono-culture of chondrocytes after a 3 to 4-
weeks of culture Such synergistic effect of matrix deposition in co-cultures of
chondrocytes with other cell types was defined as chondro-induction [7]. Two
hypotheses have been proposed to explain chondro-induction in co-cultures of MSCs
and primary chondrocytes. Fird, chondrocytes produce factors which stimulate MSCs

to actively undergo chondrogenic differentiation, thereby increasing cartilage formation.

156



Chapter 7

Such factors produced by chondrocytes could be secreted into the surrounding
environment or delivered by direct cell-cell contact. Second, MSCs create a better
microenvironment for chondrocytes, so that more cartilage matrix is produced by
chondrocytes. Limited scientific evidence is available for supporting both hypotheses,
predominantly due to the insufficient tracking of the individual role of each cell typein
cartilage formation in co-cultures.

Bone marrow give rise to one group of multi-potent progenitors named
mesenchymal stromal or stem cells (MSCs) [8]. It has been well demongtrated that these
cells are able to differentiate into osteoblasts [9], chondrocytes [10], myoblasts [11],
tendon and ligament [12], adipocytes [13], and cells of other connective tissues [14].
Like bone marrow, adipose tissues also give rise to mesenchymal stem cells which can
be isolated from the stromal vascular fraction (SVF) [15]. These adipose tissue-derived
MSCs are also called adipose stem cells (ASCs). They are capable of forming tissues
like fat, bone, cartilage and muscles under specific culture conditions [16]. MSCs could
also be isolated from many other adult tissues, such as but not limited to muscle[17],
synovium [18], and dental pulp [19]. Traditionally, it was believed that MSCs repair
damaged tissue by differentiating into tissue specific cells to replace lost cells [20].
However, recent reports suggests that the beneficial effects of transplanted MSCs in
restoring damaged tissue is not completely due to differentiation into tissue specific
cells [21-23]. A role of MSCs has been proposed in tissue repair by acting as trophic
mediators secreting factors that promote local cells to regenerate the damaged tissue
[24-25]. Besides describing the process in which MSCs secrete factors that stimulate
nearby cells to release functionally bioactive moleculeg 26], the term trophic aso refers
to the effect of MSCs on viahility, proliferation, and matrix production of neighboring
cells. This effect is also mediated by soluble factors. This concept provides us with a
new angle of looking at the function of MSCs in tissue repair. Nowadays the trophic
role of the MSC in tissue repair is considered even more important than the traditional
thought of M SCs differentiating into tissue-specific cdls [27].

In this thesis, our data demonstrated that enhanced cartilage matrix in co-
culture or co-implantation is due to proliferation and matrix production of chondrocytes
stimulated by MSCs’ trophic effects, which can be further dissected into 4 distinct
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actions; 1) MSCs increase GAG formation and extracellular matrix production of
chondrocytes in co-culture pellets by stimulating chondrocyte proliferation; 2) During
cartilage formation in co-culture pellets MSCs preferentially die 3) the trophic effects of
MSCs in co-culture are general observations that are not influenced by cell culture
conditions and cell sources of MSCs; 4) MSCs induce proliferation of chondrocytes in
co-culture pellets by secreting FGF-1; 5) Uncultured SVF has a stronger trophic effect
than in vitro expanded ASC. These evidences favoring the second hypothesis for
explanation of chondro-induction were further supported by independent studies
performed by Acharya et al., [28] and Meretgja et al.[29]. Although we cannot
completely exclude the possibility that a small group of MSCs differentiated into
chondrocytes and directly deposit cartilage matrix, data from others’ and our studies
suggest that thisthis effect appearsto be minor.
Secreted factorsin theinteraction between M SCs and chondrocytes
In this thesis, we aso investigated the molecular mechanism underlying the
cellular interactions of MSCs and chondrocytes with regards of the trophic effects of
MSCs on chondrocytes. We provide evidence to support the hypothesis that FGF-1 is
responsible for MSCs induced chondrocyte praliferation in co-culture pellets (Chapter
5). But there are more questions regarding the molecular mechanism of MSC’s trophic
role which remain to be answered. One of these interesting questions we haven’t |ooked
into isthe reason why MSCs die in the co-culture pellets. In other studies regarding cell
therapies, MSCs were injected into diseased animals, either systemically or directly into
tissues of interest [30-31]. One major issuein these studiesis low cell viahility after cell
transplantation, despite the fact that beneficial effects are reported in most of these
transplantation studies. Especially, massive cdll death of transplanted MSCsis observed
when they are injected directly into the tissue of interest [32], where they have direct
contacts with cells at sites of injury. Several hypotheses have been proposed to explain
the low survival rates of transplanted MSCs. Hypoxia, nutrition limitation and
inflammation are all considered as possible reasons for the death of MSCs in vivo.
Somehow, these conditions could also exist in our pellet co-culture system. For example,
cell aggregation might prevent oxygen and nutrients diffusion into the middle of the
pellets. This may explain the presence of apoptotic cells in pellet monocultures of
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MSCs at week 1 and week 2 of culture (Chapter 3). Nutrient or oxygen deprivation is
unlikely to explain the increased apoptosis of MSCs in co-culture pellets with
chondrocytes, since apoptotic cells are mainly found in the periphery of the cell pelletin
close contact with chondrocytes and not in the center. This finding suggests that signals
from the chondrocytes are involved in inducing cell death of the MSCs. Chondrocytes
isolated from late stages of osteoarthritis may release a number of inflammatory factors
which may induce apoptosis of MSCs co-cultured with chondrocytes. This may
contribute to the increased apoptotic rate of MSCs in co-culture pellets compared to
pellet monocultures of MSCs (Chapter 3 and 6). So, the effects of the up-mentioned
cell death inducersin our study obviously are amplified by the presence of chondrocytes.
However, increased death of MSC is also observed in co-cultures with hedlthy bovine
primary chondrocytes. This suggests that communication of chondrocytes, either
derived from diseased or healthy tissue, with MSCs per se is responsible for the
increased cell death. Besides inflammatory factors, it’s therefore likely that
chondrocytes may produce as yet unknown factors which may actively kill MSCs in
order to make space for their extracellular matrix which is gradually expanding. It is
well-known that chondrocytes are tolerant to stressful environment, and that
environmental stresses are important for their matrix deposition. For example,
chondrocytes cultured in hypoxic chamber produced more GAGs [33] and depletion of
serum from culture medium also has positive effects on matrix formation of
chondrocytes [34]. It is very likely that chondrocytes are able to secrete stress related
factors and cytokines into the surrounding environment when they aggregate to form 3-
dimentional constructs. These factors eventually help matrix deposition of chondrocytes,
meanwhile unknown mechanisms prevent these factors from doing harm to
chondrocytes.

The death of MSCs is clearly an indication that MSCs are under stress when
co-cultured with chondrocytes probably due to some factors produced by chondrocyte
as we discussed above. From literature, it is known that FGF-1 can be secreted by cells
under stresses like heat shock [35], hypoxia [36], serum starvation [37], and low-density
lipoproteins (LDLS) [38]. It was documented that endogenous FGF-1 could function as

neurotrophic factors for PC12 cells, acdl line derived from a pheochromocytoma of the
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rat adrenal medulla[39]. This neurotrophic effects increase the viability of PC12 cellsin
low serum cultivation. Results from another study indicated that p53-dependent
apoptosis of PC12 cells can be reduced by adding FGF-1 in culture medium [40]. Based
on these data from literature, we may hypothesize that MSCs are trying to respond to
stresses coming from chondrocytes by up-regulating and secreting FGF-1. FGF-1 may
partly protect MSCs from apoptosis but simultaneously also increase proliferation of
chondrocytes. Eventually, the stress from chondrocyte is too strong to be protected by
FGF-1. Even though FGF-1 expression increases in co-culture, most of the MSCs still
died if they did not differentiate into chondrocytes. These MSC derived chondrocytes
may have some unknown mechanisms to neutralize the stress in the co-culture
environment.

Our data from co-culture models indicated that chondrocytes induce FGF-1
expression/secretion by MSCs via an unknown mechanism (chapter 5). It has been
revealed that treatment of chondrocytes with FGF family members may increase the
expression of Collagen 1, thus promoting the formation of fibrocartilage [41-42].
Meanwhile, results from xenogenic co-cultures of bovine chondrocytes and human
MSCs showed that expression of BMP-2 in chondrocytes was increased by co-culture
with MSCs (Chapter 5). It was reported that overexpression of BMP-2 in mesenchymal
cells eventually lead to hypertrophy of chondrocytes [43]. From the classica interactive
model of epithelium and mesenchyme during vertebrate limb devel opment, we know
that FGF signaling from the epithelium induces expression of Sonic Hedgehog (SHH)
in the mesenchyme. As a feedback, SHH maintains the expression of Gremlinl, which
antagonizes the activity of BMPs. A balance in BMP and Gremlinl regulates the
activation of FGF signaling [44]. From more recent studies, we noticed that FGF and
BMP signaling act in an antagonistic manner regulating chondrocyte proliferation, thus
a balance of the two signaling pathways is essential for the transition of chondrocytes
from a more differentiated status to a proliferative status [45]. It was also reported that
BMP signaling was counterbalanced by FGF-signaling and other MAP kinase activators
in many processes of vertebrate development such as neurogenesis and bone formation
[46]. This counterbalance of FGF and BMP signaling may lead to compensation of
FGF’sfibrotic effects and BMP’s hypertrophic effects. Interestingly, neither fibrosis nor
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hypertrophy is observed in our co-culture pdlets but it is unclear whether these
observations are casualy related. The crosstalk of MSCs and chondrocytes mediated by
FGF1 and BMP2 is summarized in figure 1.

Environmental stress

chondrocyte

b : roliferation
‘ i iati “ Y0 BMP-2 P
apoptos differentiation -
i 'MSC-deri
chondmg chondrocyte
. - '/ /.'

Figurel Schematics of crosstalking between chondrocytes and M SCs mediated by FGF-
1 and BMP-2.

chondrocyte

The death of MSCs may explain another interesting observation which is why
GAGI/DNA isincreased in co-culture pellets. Irrespective of the source of MSCs, we
observed more GAG/DNA in co-culture pellets with chondrocyte as well as more cell
death in these pellets. The observation could be explained by a hypothesis that only
cells which make cartilage matrix can survive in these co-culture pellets. So, if we find
out the underlying mechanism of increased death of MSCs in co-culture pellets with
MSCs and chondrocytes, we could explain why more GAG/DNA can be observed in
SVF co-cultured with chondrocytes, because cells don’t produce GAGs disappear. This
hypothesis could be supported by the fact that higher GAG/DNA, more cell death, as

well as higher fina proportion of chondrocytes are all found in co-culture of SVF and
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chondrocytes when compared to co-culture of ASC and chondrocytes. However, thereis
gtill a possibility that MSCs produce a factor(s) that up-regulate chondrogenic genesin
chondrocytes and eventually increase matrix formation in co-culture pellets.
Alternatively MSCs may facilitate chondrocytes in producing growth factors which
stimulate cartilage matrix formation. For example, increased expression of BMP-2 by
chondrocytes in co-culture pellets could be the driving force for higher GAG/DNA
(Chapter 5).
Applications of trophic effectsin translational medicine

Trandational medicine integrates research from fundamental sciences, socia
sciences and political sciencesto optimize patient care that may extend healthcare
services for human beings [47]. Its ultimate goal is to turn appropriate biological
findings into treatments or medical devices that eventually improve the management of
patients. Scientific findings presented in this thesis point out new functions of MSCs in
tissue repair in particular during cartilage repair. This knowledge could potentially be
trandated into stem-cell based therapies.
One-step surgical therapy

A one-step surgical therapy has been proposed to improve the performance of
ACI. In the scheme of One-Step ACI, stem cdlls are obtained and co-implanted into the
patient together with chondrocytes isolated from the non-weight bearing part of the
diseased joint in one surgical procedure. In a One-Step procedure the necessity of in
vitro cell expansion, which would subject the patients to a second procedure and would
cause dedifferentiation of chondrocytes is avoided [48]. To be applicable in a One-Step
surgical procedure, stem cells sources should be 1) easily isolated in 2) high yield and
these cells should have 3) beneficial effects on cartilage formation when co-implanted
with chondrocytes. Results in Chapter 6 and other studies indicated that SVF from
adipose tissue could be one of the best cells source to fulfill these requirements for one-
step therapy. First of all, when compared to other cell sources like the bone marrow
mononuclear fraction, SVF is more abundant and easier to be isolated with relatively
low morbidity and pain [15]. Secondly, SVF can be easily isolated from the patients in
large quantities by a simple liposuction. Thirdly, our data demonstrated that SVF
increase cartilage matrix formation of chondrocytes both in vitro and in vivo. Animal

162



Chapter 7

studies are necessary to provide information about practical operation and safety issues.
Interactions of cells and scaffold materials are also important in terms of biosafety and
therapeutic efficacy. The studies in this thesis pave the way to the clinical sudies of
testing the feasibility of one-step therapy using SVF in combination with primary
chondrocytes which could eventually lead to new regenerative therapies for cartilage
defects.
Osteoarthritis

Osteoarthritis (OA) is known as a heterogeneous disease leading to gradual
degradation of joint tissues. It involves both articular cartilage and subchondral bone
[49]. It is considered as the most common joint disease that is highly associated with
age. Its treatment includes combinations of exercise, lifestyle modification, and
anagesics. Since there is no way to stop its progression, patients eventually undergo
total joint replacement surgery [49]. As our understanding about MSCs accumulates,
people start thinking of using MSCs ingtead of chondrocytes to regenerate and maintain
the function of articular cartilage in OA. Since M SCs can regulate the immune response
and adjust internal microenvironment in joints, MSCs may initiate endogenous repair
mechanisms in the OA joint through direct cell- cell interaction or the secretion of
various factors [50]. In both animal models and clinical studies, implanted MSCs
delayed the progression of OA [51-52]. The underlying mechanism is not clear so far.
However, it has been clearly demonstrated that implanted MSCs were integrated into
the defect site and contributed to tissue repair. Combined with the knowledge presented
in thisthesis, we propose the hypothesis that M SCs influence the local environment and
activate endogenous precursors or stem cells to exert a beneficial effect on tissue repair
in delaying the progression of OA. Generally, such beneficial effects could also be
classified as atrophic effect of MSCs. It would be interesting to explore whether thereis
arole of MSC secreted FGF-1 in the proposed beneficial role of MSCs in osteoarthritis.
In this respect it is noteworthy to mention that a family member of FGF-2, FGF-18 is
currently explored for treatment of osteoarthritis in clinica trials ([53-54]) Although
many experimental and clinical studies are needed before MSCs can be applied in the
clinic for OA patients; we believe that findings from thisthesis may offer great potential
in developing new M SC-based therapeutics relieving degenerative joint diseases.
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Summary

Partial replacement of chondrocytes with sem cells in autologous chondrocyte
implantation (ACI) has been proposed as an effective strategy to avoid the in vitro
expansion phase of chondrocytes. This expansion phase is necessary to obtain sufficient
cells for implantation after harvesting of the cartilage biopsy from the diseased joint.
The partia replacement of chondrocytes with stem cells has the potential to bring back
the current 2-step surgical procedure to 1-step surgery. Preliminary studies showed that
co-culture of primary chondrocytes with various sources of multipotent stem cells
increases the relative amount of cartilage matrix formation compared to monocultures
of chondrocytes. The molecular mechanism of this chondro-inductive effect is not
known. Theaim of thisthesisisto provide answers to this question.

In chapter 3 we used human mesenchymal stem cells (hnMSCs) in co-culture
with human primary chondrocytes (hPCs) or bovine primary chondrocytes (bPCs) and
studied the destination and the matrix formation of the individual cell populationsin a
pellet co-culture system. Enhanced cartilage matrix formation was confirmed by
histology and a total glycosaminoglycan (GAG) assay. Species specific quantitative
PCR (gPCR) demonstrated that chondrogenic genes were mainly expressed by
chondrocytes. Short tandem repeat (STR) anaysis combined with species specific
gPCR andysis of genomic DNA showed an increase in the ratio of
chondrocytesshMSCs compared to the initid seeding ratio over time. Chondrocyte
proliferation in particular, but not hMSC proliferation was increased in co-culture
pellets. This effect was partly mimicked by conditioned medium of MSCs culturein 2D.
Based on the data from Chapter 3 we concluded that M SCs disappear over timein pellet
co-cultures of MSCs and PCs and that increased cartilage formation in these co-cultures
pellets was mainly due to a trophic role of the MSCs. In these co-culture pellets MSCs
preferentially stimulate chondrocyte proliferation and matrix deposition rather than
actively undergoing chondrogenic differentiation themsel ves.

Since the studies in Chapter 3 were performed in culture medium that was not
chondrogenic inductive, in chapter 4 we next tested whether the trophic role of the

MSCs was dependent on culturing co-culture pellets in medium compatible with
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chondrogenic differentiation of MSCs. Human MSCs derived from bone marrow and
bPCs were co-cultured in chondrogenic medium. Enhanced matrix production was
confirmed by GAG quantification. Species specific gqPCR demonstrated that cartilage
matrix was mainly derived from bovine origin, indicating that very few MSCs
underwent chondrogenic differentiation. In addition we showed that co-culture pellets
were overgrown by bovine cells over time. To test the influence of cell sources on this
trophic effect, MSCs isolated from two other sources, adipose tissue and synovial
membrane, were co-cultured with hPCs and their effect on chondrogenic differentiation
was compared with hMSCs from bone marrow. GAG assay again confirmed increased
cartilage matrix production in co-culture pellets irrespective of the source of the MSCs.
Proliferation studies revealed increased chondrocytes proliferation in each condition.
STR analysis of genomic DNA showed a decrease in MSCs in all co-culture pellets.
Results from this chapter supported our conclusion that the trophic effects of M SCs that
gimulated cartilage formation in co-culture pellets were independent of culture
conditions or the origin of the MSCs.

In Chapter 3 we showed that MSCs in co-culture with PC secreted soluble
factors that increased chondrocyte proliferation. In Chapter 5, we set up experimentsto
identify these soluble factors. Human MSCs and PCs were co-cultured in chondrocyte
proliferation medium and then microarray experiments were performed to identify
differentially expressed genes between co-cultures and mono-cultures. Several genes
were sorted out as candidate genes for these soluble factors, and validated by gPCR. Of
these, Fibroblast growth factor-1 (FGF-1) was considered as one of the most promising
candidates to be responsible for chondrocyte praliferation in co-culture pellets.
Immuno-fluorescent staining and ELISA were performed to confirm the expression and
secretion of FGF-1. These experiments confirmed increased expression of FGF-1 in the
co-cultures predominantly in the MSCs. Small chemical inhibitors of the FGF-signaling
pathway or specific inhibitors of the FGF receptors decreased chondrocyte proliferation
in co-culture. ELISA detected a considerable level of secreted FGF-1 in the conditioned
medium of MSCs (CM), which was increased in co-cultures. When FGF-1 activity was
neutralized in CM by anti-FGF-1 antibodies, the inductive effect of CM on chondrocyte
proliferation was completely blocked, indicating that FGF-1 is the active component in
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CM. Based on the data from Chapter 5 we concluded that MSCs increase FGF-1
secretion in response to co-culture with chondrocytes, which in turn respond by
increasing their proliferation.

With the hope of finding a more easily accessible cell source to replace bone
marrow MSCs in cartilage repair, we studied the trophic effects of stromal vascular
fraction cells (SVF) of adipose tissue in chapter 6. SVF or expanded ASCs, respectively
were co-cultured with chondrocytes to evaluate their trophic effect on cartilage
formation. Surface marker profiles were determined by FACs, and gene expression
profiles were compared by microarray experiments. Then both cell sources were mixed
with chondrocytes in a 4.1 ration and incorporated into an alginate gel. These constructs
were subsequently implanted into nude mice subcutaneously. GAG quantification
indicated that co-culture pellets of SVF and chondrocytes had more GAG deposition
than pellets of ASC and chondrocytes. The increase of the chondrocytes proportion in
the co-culture pellets was al so more pronounced in the SVF co-culture group than in the
ASC co-culture group. Data from FACs and microarray indicated that SVF and ASC
had different characterigtics in cell surface markers and gene expression profile. Based
on the results from chapter 6, we concluded that SVF is possibly a better cell source for
regenerating cartilage tissue than cultured ASCs.

In the general discussion (chapter 8), the main conclusions of this thesis are
discussed. A few unsolved questions were brought up and new research directions were
also pointed out. Regarding the applications in trandational medicine, the findings
presented in this thesis could possibly contribute to the development of new therapeutic
strategies for osteoarthritis and other joint diseases.

Taken together, the core value of this thesis is the identification of
mesenchymal sem cells as trophic mediators in cartilage regeneration. Based on our
data, we concluded that mesenchymal stem cells either isolated from bone marrow or
adipose tissue or synovium can help in regenerating cartilage by increasing chondrocyte
proliferation and matrix formation. Increased proliferation is mediated by MSCs
secreted factors, one of which is FGF-1. Freshly isolated MSCs isolated out of the
stromal vascular fraction of adipose tissue are more trophic than in vitro expanded

MSCs. Thisthesis provides us with anew angle of looking at the functions of MSCsin
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tissue repair prossesses, and potentially leads to the development of a new paradigm on

tissue repair especially for new therapeutics of cartilage defects.
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Samenvatting

Gededtelijke vervanging van de chondrocyte populatie met stam cellen in
autologe chondrocyte implantatie (ACI) wordt beschouwd als een effectieve strategie
voor het vermijden of verkorten van de in vitro expange fase. Normaliter is een eerste
operatie nodig om een zo klein mogelijk biopsie te verkrijgen waaruit chondrocyten
worden geisoleerd. Deze cellen worden dan geéxpandeerd en gedurende een tweede
operatie terug ingebracht om het aangedane gewricht te repareren. De gededtelijke
vervanging van chondrocyten door stamcellen heeft dus het potentieel om het aantal
benodigde operaties te reduceren. Voorlopige studies hebben aangetoond dat een co-
kweek van primaire chondrocyten met verschillende typen stamcellen de relatieve
hoeveelheid aangemaakte kraakbeen matrix vergroot ten opzichte van een monokweek
met daarin aleen primaire chondrocyten. Het hiervoor verantwoordelijke moleculaire
mechanisme is tot op heden nog niet bekend. Het doel van deze thesis is het ontrafelen
van dit mechanisme.

In hoofdstuk 3 hebben we humane mesenchymale stamcellen (hMSCs)
gekweekt in de aanwezigheid van humane primaire chondrocyten (hPCs) of bovine
primaire chondrocyten (bPCs). Vervolgens hebben we het lot en de hoeveelheid matrix
formatie van elke individuele cd populatie bepaald. Verhoogde mate van kraakbeen
formatie was bevestigd met histologie en een kwantitatieve glycosaminoglycaan
detectie test. Species specifieke kwantitatieve polymerase kettingreactie (QPCR) toonde
aan dat de verhoging van expressie van kraakbeen matrix genen vooral plaats vond in de
chondrocyten. Korte tandem herhaling (STR) analyse in combinatie met species
specifieke gPCR analyse van genomisch DNA toonde een verhoogde ratio van
chondrocyten/hM SCs aan in vergelijking met de initiéle verhouding in het begin van de
kweek. We konden dit verklaren doordat de chondrocyten, maar niet de hMSCs, meer
celdelingen ondergingen in de co-kweken. Dit effect kon gededtelijk worden
nagebootst door het blootstellen van chondrocyten aan kweekmedium waar avorens
hMSCs in waren gekweekt. Gebaseerd op de data van hoofdstuk 3 konden we
concluderen dat over tijd de hMSCs verdwenen uit de originele co-kweek van hMSCs
en PCs en dat de verhoogde kraakbeen formatie in deze co-kweken voornamelijk
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veroorzaakt worden door de ‘trofische’ rol van de hMSCs. Samengevat, de hMSCs
stimuleerde celddling en kraakbeen matrix depositie van chondrocyten zonder in grote
mate zelf te differentiéren in kraakbeen makende cellen.

Aangezien de experimenten in hoofdstuk 3 werden uitgevoerd in
kweekmedium dat niet chondrogene differentiatie stimuleert hebben we in hoofdstuk 4
getest of de trofische rol van de MSCs afhankelijk was van de chondrogene stimulatie,
of het gebrek daarvan, vanuit het kweekmedium. Om dit te testen hebben we hMSCs
afkomstig uit het beenmerg en bPCs een co-kweek laten ondergaan in chondrogeen
kweekmedium. Verhoogde mate van kraakbeen matrix aanmaak was bevestigd met een
kwantitatieve glycosaminoglycaan detectie test. Species specifieke gPCR toonde aan dat
de kraakbeen matrix voornamelijk afkomstig was van een bovine afkomst. Dit wekte de
suggestie dat erg weinig MSCs chondrogene differentiatie ondergingen. Daarnaast
konden we aantonen dat de co-kweken over tijd werden overwoekerd door bovine
cellen. Om te testen wat de invloed van de afkomst van de MSCs was op dit trofische
effect hebben we ook MSCs werden geisoleerd vanuit vetweefsel en het synoviale
membraan. Deze cellen werden in co-kweek gebracht met hPCs en getest op hun effect
op chondrogene differentiatie ten opzichte van het effect van MSCs afkomstig uit het
beenmerg. Kwantitatieve glycosaminoglycaan detectie bevestigde verhoogde kraakbeen
formatie in alle co-kweken onafhankelijk van de afkomst van de MSCs. Celdeling
studies onthul de verhoogde chondrocyte celdeling in elke conditie. STR analyse van het
genomische DNA toonde aan dat het relatieve aantal MSCs sterk was verlaagd in alle
co-kweken. Samengevat, dit hoofdstuk bewijst dat de trofische effecten van de MSCs
op verhoogde mate van kraakbeen formatie in co-kweken met chondrocyten
onafhankelijk is van de kweekconditie en de afkomst van de MSCs.

In hoofdstuk 3 toonde we aan dat MSCs, in co-kweken met PCs, factoren
uitscheiden die de cedding van chondrocyte verhoogde. In hoofdstuk 5 hebben we
experimenten ontworpen en uitgevoerd om deze factoren te identificeren. hMSCs and
PCs werden zowel apart als samen gekweekt en de expressie van alle genen van alle
conditie werd getest met behulp van een microarray analyse. Enkele genen werden
geselecteerd als kandidaat genen voor de gezochte uitgescheiden factoren en
gevalideerd gebruikende gPCR. Van alle kandidaten werd Fibroblast groei factor 1
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(FGF-1) beschouwd als een van de meest belovende kandidaten die verantwoordelijk
kon zjn voor de chondrocyte proliferatie in de co-kweken. Immunofluorescentie
kleuringen en ELISA testen werden uitgevoerd om expressie en secretie van FGF-1 te
valideren op het eiwit niveau. Deze experimenten bevestigden de expressie of FGF-1 in
de co-kweken en dat het voornamelijk afkomstig was van de MSCs. Kleine chemische
remmers van de FGF-signalerings route of specifieke remmers van de FGF receptoren
verlaagde de chondrocyte celdeling in co-kweken. ELISA testen toonde detecteerbare
hoeveelheden van FGF-1 in kweekmedium waar MSCsin gekweekt waren en veel hoge
concentraties van FGF -1 in kweekmedium waar MSCs en chondrocyten co-kweken
waren uitgevoerd. Wanneer in de co-kweken FGF-1 werd geneutraliseerd door middel
van anti-FGF-1 antilichamen werd de versnelde celdeling van de chondrocyte volledig
geblokkeerd. In het kort, in hoofdstuk 5 laten we zien dat het co-kweken van MSCs met
chondrocytes de FGF-1 productie van MSCs verhoogd wat leidt tot versnelde celdeling
van chondrocyten.

In het licht van het vinden van cel soorten die gemakkelijker te verkrijgen zijn,
dan MSCs uit het beenmerg, voor het repareren van kraakbeen hebben we de trofische
effecten van de stromae vasculaire fractie cellen (SVF) van het vetweefsel onderzocht
in hoofdstuk 6. SVF of geéxpandeerde vetweefsel stamcellen (ASCs) werden
respectievelijk in co-kweek gebracht met chondrocyten om hun trofische effecten om de
aanmaak van kraakbeen te evalueren. Oppervlakte marker profielen werden bepaald met
behulp van FACS en gene expressie profielen werden bepaald met behulp van
microarray experimenten. Beide cel soorten werden gemengd met chondrocyten in een
4:1 verhouding en ingebracht in een alginaat hydrogel. Deze constructen werden
vervolgens onderhuids geimplanteerd in naakte muizen. Glycosaminoglycaan
kwantificatie suggereerde dat co-kweken van SVF met chondrocyten meer kraakbeen
matrix produceerde dan co-kweken van ASCs met chondrocyten. De relatieve
hoeveelheid chondrocyten nam ook sneller toe in co-kweken met SVF dan ASCs. FACS
en microarray analyse gaven aan dat SVF en ASCs verschillende opperviakte marker
profielen en gene expressie profielen bezaten. Gebaseerd op de resultaten van hoofdstuk
6 concluderen we dat SVF wellicht een betere cel soort is voor het repareren van
kraakbeen weefsel dan gekweekte ASCs.
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In de hoofdstuk 8 wordt een algemene discussie gegeven waarin de
belangrijkste conclusies van dit proefschrift worden besproken en onbeantwoorde
onderzoeksvragen en onderzoeksmogelijkheden verder worden toegelicht. Aangaande
de toepassingen in trandationele geneeskunde, de bevindingen van dit proefschrift
kunnen bijdragen aan de ontwikkeling van nieuwe therapeutische strategieén voor het
behandelen van artrose en andere gewrichtsaandoeningen.

Samengevat, de belangrijkste vooruitgang die dit proefschrift biedt is de
identificatie van mesenchymale stamcellen as trofische mediatoren voor krask
regeneratie. Gebaseerd op onze data, concluderen we dat mesenchymale stamcellen
geisoleerd uit beenmerg, vetweefsel of synovium kunnen bijdragen aan het regenereren
van gewrichtskraakbeen door de celdeling en kraakbeen matrix aanmaak van
chondrocyten te bevorderen. Deze versnelde celdding wordt bewerkstelligd door
factoren die worden uitgescheiden door de stamcellen, waarvan FGF-1 in ieder geval
een belangrijk rol speelt. MSCs die vers geisoleerd zijn uit de stromale vasculaire fractie
van het vetweefsel vervullen deze trofische rol in hogere mate dan MSCs die in vitro
zijn opgekweekt. Dit proefschrift voorziet ons met een nieuw licht met betrekking to de
functies van MSCs in weefsel reparatie en heeft de potentie om te leiden tot een nieuw
paradigma van weefsdl reparatie, waarvan de ontwikkeling van deze mogelijkheid voor
de reparatie van kraakbeen defecten in dit proefschrift centraal stond.
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