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Summary

Prevention of hypertrophic differentiation is essential for successful cartilage repair
strategies. Although this process is essential for longitudinal growth, it also is part of
degenerative cartilage diseases such as osteoarthritis. Moreover, it limits the use of
cell types prone to this process for articular cartilage repair; cartilage that becomes
hypertrophic can be transformed into endochondral bone. Therefore, fundamental
knowledge on hypertrophic differentiation might prove crucial for cartilage repair
strategies.

In this thesis we have focused on: i) revealing the mechanism that prevents healthy
articular chondrocytes from undergoing hypertrophic differentiation, ii) exploring
whether this mechanisms is disturbed in joint disease (model), iii) investigating the
effect of cartilage’s environmental factors on this mechanism and iv) pioneering novel
cartilage repair strategies that are not confounded by hypertrophic differentiation.

To set the stage, we provided a literature review in chapter 2 that focuses on
existing and emerging cartilage repair strategies and emphasized the cellular behavior
in cell-based therapies in chapter 3 by offering an overview of all cell sources that have
been studied for cartilage repair.

In Chapter 4 we revealed that the unknown molecular mechanism preventing hy-
pertrophic differentiation of healthy mature articular cartilage is at least partially
based on expression of the secreted antagonists GREM1, FRZB and DKK1. In chap-
ter 5 we demonstrated that GREM1, FRZB and DKK1 protein levels are affected
by sterile inflammation. In chapter 6 we proved that factors related to hypertrophic
differentiation can influence the mRNA expression of GREM1, FRZB and DKK1.

In chapter 7 we revealed that oxygen levels regulate longitudinal growth by regu-
lating the speed of hypertrophic differentiation. Moreover, we showed that GREM1,
FRZB and DKK1 expression levels were inversely correlated with hypertrophic dif-
ferentiation. In chapter 8, we reported that lowered oxygen levels during in vitro
chondrogenic differentiation of mesenchymal stromal cells induced GREM1, FRZB
and DKK1 expression.

In chapter 9 we capitalized on the chondrocyte’s ability to prevent hypertrophic
differentiation by mixing low amounts of chondrocytes with larger amounts of mes-
enchymal stromal cells, which if used alone become hypertrophic. We demonstrated
that the MSCs improved cartilage formation by stimulating chondrocytes to prolifer-
ation and deposit matrix. In chapter 10 we designed a cost-effective approach that
enhanced the cartilage formation by forming micro-aggregates of chondrocytes on a
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novel high throughput platform.
Finally, chapter 11 reflects on the overall results presented in this thesis and pro-

vides an outlook for a future directive for the utilization of fundamental cartilage
knowledge in cartilage repair strategies.
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Chapter 1

General introduction and thesis
outline

When a distinguished but elderly scientist states that something is possible, he is almost
certainly right. When he states that something is impossible, he is very probably wrong.

Arthur C. Clarke, Clarke’s first law

1
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2 CHAPTER 1. GENERAL INTRODUCTION

Figure 1.1: Schematic overview of the anatomical locations of different car-
tilages. Reproduced from (1).

1.1 Cartilage

Cartilage is a connective tissue that is located at a variety of anatomical sites. In
general, cartilage can be divided in three types: hyaline cartilage, fibrocartilage and
elastic cartilage (figure 1.1) [1]. In this thesis we will primarily focus on hyaline
cartilage as articular cartilage belongs to this family of cartilage. Regardless of its
subtype, cartilage predominantly consists of extracellular matrix. This matrix is
typically composed of a collagen and proteoglycans [2]. Collagen is the backbone
of cartilage in which proteoglycans are woven. The proteoglycans are comprised
of multiple proteoglycan monomers that are attached end-on-end to a molecule of
hyaluronan. This effectively forms a brush-shaped proteoglycan aggregate (figure
1.2). These aggregates are able to retain high amounts of water.

When pressure is exerted, by for example joint movement, the negatively charged
proteoglycan aggregates are pushed closer together, which adds to the compressive
stiffness of the cartilage. Moreover, the deformation of cartilage by mechanical stresses
drive interstitial fluid away from the compressed cartilaginous matrix [3]. Although
these mechanisms are able to absorb most of the mechanical stress, the collagenous
network slowly accumulates. This results in a progressive decline of the compressive
stiffness, as the aggregated proteoglycans are less efficiently contained by the collages.
Within the extracellular matrix rests a sparse population of native cells: the chondro-
cytes. Despite their low metabolic activity in adults, these cells maintain the cartilage
by delicately regulating extracellular matrix remodeling [4]. The fragile balance be-
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Figure 1.2: Schematic overview of cartilage’s extracellular matrix. Repro-
duced from (15).

tween anabolism (i.e. matrix formation) and catabolism (i.e. matrix degradation) of
the cartilage matrix is referred to as homeostasis.

1.2 Development of hyaline cartilage

When cartilage is irreparably damaged external intervention in the form of carti-
lage repair is desired. Most cartilage repair strategies are designed for the hyaline
cartilage of the limbs. Therefore, it is of importance to understand how the limbs
are formed. In human embryogenesis the limb buds are formed of a core of somatic
mesoderm and an outer layer of ectodermal cells during the 4th week of gestation [5].
The outgrowth of the limb bud is a high-paced process that can be divided in three
phases: initiation, propagation and termination. All of these phases are regulated by
a tightly orchestrated molecular network of growth factors that includes members of
the wingless/int (Wnt), bone morphogenetic proteins (BMP) and fibroblast growth
factor (FGF) families, as well as SHH, GREM1 and DKK1 [5] (figure 1.3).

Chondrogenic differentiation starts with compaction of mesenchymal stromal cells
within the center of the outgrown limb bud forming a prechondrogenic condensation.
Subsequently the joints are formed via apoptosis in the middle layer of an area called
the interzone (figure 1.4A) [5]. This efficiently separates the future stylopod, zeugo-
pod and autopod. Cells in the mesenchymal condensates differentiate in immature
hyaline chondrocytes and give rise to the developing long bones. During the matura-
tion process, hyaline chondrocytes in the middle of the bone proliferate in a columnar
fashion, become hypertrophic, undergo apoptosis and leave a mineralized cartilagi-
nous template that is transformed in endochondral bone in which the bone marrow
will be formed [6]. Postnatally, secondary centers of ossification are formed in both
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Figure 1.3: Schematic overview of limb bud formation. This process is reg-
ulated by a complex time-dependent interplay between gremlin1 (GREM1),
bone morphogenetic protein 4 (BMP4), apical ectodermal ridge-derived fi-
broblast growth factor (AER)-FGF). Limb bud formation is initiated by the
BMP4 driven up regulation of GREM1 (A). This allows the establishment of a
signaling network that controls the distal progression of the limb bud (B). As
the gap between SHH and GREM1 widens, together with the onset of AER-
FGF-mediated inhibition of GREM1, it terminates the signaling network that
drives limb bud formation (C). Broken lines indicate inactive signals, solid
lines indicate active signals. Reproduced from [18].

cartilaginous heads of the long bone, which separates the articular cartilage from the
growth plate cartilage (figure 1.4B) [6]. The growth plate continuous to undergo the
process of hypertrophic differentiation and endochondral ossification that drives the
longitudinal growth of an individual. Around puberty the growth plate disappears;
the remaining part of the growth plate cartilage is transformed in endochondral bone
[7]. In contrast, healthy mature articular cartilage is highly resistant to hypertrophic
differentiation and lasts throughout life. Articular cartilage can be divided in three
zones: the superficial zone, the mid-zone and the deep zone (figure 1.4C). The collagen
fibers have a distinct orientation, which supports the absorption of mechanical shocks
[8]. Additionally, the superficial zone provides lubrication that allows near-frictionless
and painless joint movement [9].

1.3 Hyaline cartilage repair

Articular cartilage is avascular and aneural and has consequently a limited repair
capacity. Accordingly, severe damage to articular cartilage can only be repaired by
external intervention. Severe articular cartilage damage can be inflicted acutely e.g.
focal defects due to a sport injuries or chronically via degenerative diseases e.g. os-
teoarthritis [10]. Young and active patients with focal cartilage defects can be consid-
ered for regenerative procedures such as autologous chondrocyte implantation. This
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Figure 1.4: Schematic overview of joint formation and long bone develop-
ment. Joint formation is regulated by indian hedgehog (IHH), parathyroid
hormone-like hormone (PTHLH) and growth differentiation factor 5 (GDF5).
Ihh induces Pthlh at a distance, which regulates the distance to the developing
joint space. Although Gdf5 is first expressed around the condensing cells of
the cartilaginous anlage , it is later expressed in the future joint space, where
it regulates cell recruitment and proliferation (A). The (pre)chondrogenic con-
densation of mesenchymal cells ultimately results in the development of long
bones via hypertrophic differentiation and subsequent endochondral ossifica-
tion. The growing long bones are composed of articular cartilage, secondary
ossification center, growth plate consisting of resting zone, proliferative zone
and hypertrophic zone, trabecular endochondral bone and bone marrow (B).
Articular cartilage is comprised of superficial zone, mid-zone and the deep
zone (C). Adapted from [6] and [19].

procedure is based on a two-step surgery [11]. In the first surgery a small cartilage
biopsy is taken, from which the residing chondrocytes are isolated. However, to obtain
sufficient amounts chondrocytes in vitro culture expansion is essential. Unfortunately,
this expansion diminishes the chondrogenic potential of the isolated chondrocytes [12].

To circumvent this clinical problem, the use of the multipotent mesenchymal stro-
mal cells for cartilage repair strategies was ventured. Although mesenchymal stromal
cells demonstrated to possess several advantages over expanded chondrocytes, their
use as cartilage forming cells is hindered by their proneness to undergo hypertrophic
differentiation and subsequent endochondral ossification [13-15].

1.4 Aims and outline of this thesis:

Fundamental knowledge on the process of hypertrophic differentiation might prove
crucial for cartilage repair strategies. In particular, it might result in methods to
prevent this process from occurring. In consequence, such developments pave the way
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for the use of non-chondrocyte cell sources, which are prone to undergo hypertrophic
differentiation, for cartilage repair. Additionally, it might allow for the restoration
of joint homeostasis as it has been postulated that, in at least a subset of patients,
hypertrophic differentiation is an essential step in the progression of several cartilage
diseases including osteoarthritis [16].

This thesis focuses on: i) acquisition of fundamental knowledge regarding how
healthy articular chondrocytes are able to prevent hypertrophic differentiation, ii)
determine whether such mechanisms are affected when joint homeostasis is perturbed
and iii) pioneer novel approaches to improve upon cartilage regeneration strategies
that are not confounded by hypertrophic differentiation. The current chapter gives a
general introduction that allows the reader to understand the scope and aims of the
thesis. Chapter two summarizes the history of cartilage repair and how the funda-
mental understanding of cartilage can drive the development of improved cartilage
repair strategies.

Chapter three reviews all cell sources that have been studied for cartilage repair
with a special focus on their advantages and disadvantages. Chapter four describes
an alternative approach using a novel platform to elucidate the unknown molecular
mechanism that is responsible for the difference in propensity to undergo hypertrophic
differentiation between human articular and growth plate cartilage. We postulate that
the secreted antagonists GREM1, FRZB and DKK1 are key elements in the prevention
of hypertrophic differentiation in articular cartilage. In chapter five the effect of joint
homeostasis perturbation on GREM1, FRZB and DKK1 protein levels was studied.
In chapter six we explored the effect of factors related to hypertrophic differentiation
on the mRNA expression of GREM1, FRZB and DKK1.

In chapter seven we revealed that oxygen levels have profound effects on lon-
gitudinal growth, which is driven by hypertrophic differentiation and endochondral
ossification. Moreover, it demonstrated that GREM1, FRZB and DKK1 expression
levels were inversely correlated with hypertrophic differentiation. In chapter eight, we
reported that GREM1, FRZB and DKK1 expression is regulated by oxygen tension
during chondrogenic differentiation.

In chapter nine we capitalized on the chondrocyte’s ability to prevent hyper-
trophic differentiation via these secrete factors by pursuing a co-culture strategy.
Low amounts of chondrocytes were mixed with a larger amount of mesenchymal stro-
mal cells. Remarkably, this dilution of chondrocytes resulted in an improved cartilage
formation that was based on enhanced matrix deposition by and proliferation of chon-
drocytes. In chapter ten we designed an alternative cost-effective approach to enhance
cartilage formation without the use of additional cell sources or exogenous recombi-
nant proteins. Moreover, this bio-inspired cartilage repair strategy is not confounded
by hypertrophic differentiation. Our methodology was based on high throughput for-
mation of chondrocyte aggregates. We demonstrated that this bio-inspired approach
improved cartilage formation compared to the standard use of an identical amount
of single cell chondrocytes. In chapter eleven the current thesis is reflected with re-
gards to its relevance to the current state-of-the-art in cartilage repair and provides
an outlook for future directives for the utilization of fundamental cartilage knowledge
in cartilage repair strategies.
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I am always doing that which I cannot do, in order that I may learn how to do it.
Pablo Picasso
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Abstract

Cartilage tissue engineering is the art aimed at repairing defects in the articular
cartilage which covers the bony ends in the joints. Since its introduction in the early
90’ties of the past century, cartilage tissue engineering using autologous chondrocyte
implantation (ACI) has been used in thousands of patients to repair articular cartilage
defects. This review focuses on emerging strategies to improve cartilage repair by
incorporating fundamental knowledge of developmental and cell biology in the design
of optimized strategies for cell delivery at the defect site and to locally stimulate
cartilage repair responses.
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2.1 Introduction

Tissue engineering is the art of utilizing (biological) material to generate a new tissue
that will replace worn out or lost native tissue that mimics its original function.
Mature joint cartilage is unable to repair itself sufficiently when damaged. This results
in degeneration of the cartilage and inevitably to joint failure. The need to intervene in
this progressive degeneration and to restore or replace the affected cartilage effectively
has created the field of cartilage tissue engineering. The main aim of cartilage tissue
engineering is to repair joint or articular cartilage. Like epiphyseal growth plate
cartilage, articular cartilage is a hyaline cartilage of which the extracellular matrix is
rich in glycosaminoglycans and collagen type 2 as the most abundant protein. Unlike
for articular cartilage, there is no clear clinical need for epiphyseal cartilage tissue
engineering. Thus if one speaks about cartilage tissue engineering, we are specifically
talking about articular cartilage.

This review first discusses the development of cartilage focusing on the develop-
ment of long bones, the growth plate and in particular articular cartilage. Many of
the molecular mechanisms identified in the developing long bones can be applied in
tissue engineering strategies. In addition to the biological knowledge, it is important
to understand the history of clinical applications of articular cartilage repair and how
this led to presently used tissue engineering strategies. Another essential element for
the creation of an optimal and effective therapy is, in case cells are used, the cell
source. For this the focus will be on historically used cell sources, the current trend
and options for future therapy. The use of currently available commercial biomateri-
als and their use in cartilage tissue engineering, as well as emerging smart materials
that are adapted to certain selected requirements are highlighted. Finally this review
gives a perspective on the future of cartilage tissue engineering.

2.2 Development of cartilage

2.2.1 Joint formation

The main purpose of tissue engineering is to generate new tissue that can mimic the
original functions to replace worn out or lost native tissues. Fundamental knowledge
on the tissue of interest, as well as its natural development, is therefore of paramount
importance. Chondrogenesis is heralded from three different origins: the cranial
neural crest that forms craniofacial cartilage, the somites leading to the axial skeleton
and the lateral plate mesoderm resulting in the formation of limbs. From here on we
will focus on the latter, since cartilage tissue engineering mostly focuses on the joints
of the limbs [1].

Secretion of fibroblast growth factor (FGF) 7 from the lateral plate mesoderm
initiates the formation of the limb organizing apical ectodermal ridge (AER). Sub-
sequently a signalling loop between FGF 10 in the limb mesoderm and FGF 8 in
the AER directs the proximal distal outgrowth of the limb buds. Cartilage for-
mation starts with the mesenchymal condensations in these developing limb buds
and is formed from a seemingly heterogeneous cell population. The up-regulation of
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TGFB, a member of the BMP superfamily, leads to enhanced expression of numerous
molecules including N-cadherin, N-CAM, fibronectin and Tenascin-C, which are all
implicated in the condensation of the mesenchymal cells [2].

Initiation of the expression of the cartilage master regulator SOX9 instigates chon-
drogenesis and is associated with the expression of collagen type IIA and at a later
stage its splice variant collagen type IIB. Under the influence of a growth factor cock-
tail, including amongst others insulin growth factor 1, FGF2 and BMPs 2/4/7/14,
the mesenchymal condensation develops into a cartilage anlage.

The determination of the location of the joint is dependent on a site called the
interzone. Although the mechanism behind this phenomenon is largely unknown,
the involvement of several molecules such as WNT14, growth differentiation factor 5
and chordin has been implicated. The cells in the interzone start producing lubricin,
which is suggested to play a role in the cavitation and separation of the original
cartilage anlage resulting in the formation of the joint itself [3]. When fully formed,
the articulated ends of the joints are still lined with lubricin producing cells that will
allow almost frictionless movement. In the mid-section of the remaining cartilage
anlage the primary centre starts to mineralize and is eventually replaced by bone in
a process called endochondral ossification. Postnatally, a second centre of ossification
appears in the primary growth plate that effectively separates the articular cartilage
covering the distal ends of the long bone from the epiphyseal growth plate cartilage
entrapped between the epiphysis and metaphysis. Unlike epiphyseal growth plate
cartilage which disappears at the end of puberty by growth plate fusion, healthy
articular cartilage is resistant to endochondral ossification and does not disappear
after puberty.

2.2.2 Growth plate cartilage

Being primarily responsible for longitudinal growth, the activity of the epiphyseal
growth plate is tightly orchestrated by multiple autocrine, paracrine and endocrine
factors. After the initial mesenchymal condensation and chondrogenic differentiation,
the chondrocytes in the centre of the cartilage anlage start to undergo hypertrophic
differentiation. This terminal differentiation allows for the formation of a mineralized
matrix, in growth of blood vessels and eventually chondrocyte death, most likely via
apoptosis. On the remaining cartilage anlage, osteoblasts start producing bone, form-
ing the primary spongiosa. At the opposing end of the hypertrophic chondrocytes,
chondrocyte proliferation continues in vertical columns further lengthening the long
bones. These proliferating chondrocytes are recruited from the resting zone which
covers the distal ends of the long bones. After the formation of the secondary ossi-
fication center the resting zone is located directly adjacent to the epiphysis [4] and
contains the growth plate stem cells. The continuous cycle of stem cell recruitment,
proliferation, hypertrophic differentiation and chondrocyte death is tightly regulated
by a plethora of signalling molecules. The feedback loop between Indian Hedgehog
and Parathyroid Hormone-related Protein is demonstrated to be one of the key regu-
lators of endochondral ossification. Additionally, many other factors have been shown
to play (major) roles in endochondral ossification including paracrine factors like Fi-
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broblast Growth Factors (FGFs), Bone Morphogenetic Proteins (BMPs), WNTs, and
endocrine regulators such as Thyroid Hormone, Growth Hormone, Insulin-like Growth
Factor 1, testosterone and estrogens [5]. Many of these factors are currently explored
for application in tissue engineering strategies for cartilage repair.

2.2.3 Articular cartilage

As already indicated, the main focus of cartilage tissue engineering is on restoration of
the articulated surface of the joint, the articular cartilage. In its healthy mature form
the tissue has an extremely high matrix/cell ratio: only 2-3 percent of its mass con-
sists of chondrocytes, the only residing cells in articular cartilage. For the remaining it
consists out of 65-80 percent of water, 12-21 percent of collagens being predominantly
collagen type II, 6-10 percent of proteoglycans and approximately 2-3.5 percent other
proteins. The arch-like orientation of collagen type II fibrils, being almost horizontal
in the superficial zone and almost fully vertical in the deep zone, gives the articular
cartilage its anisotropic nature and allows it to transduce mechanical forces through-
out the entire tissue. Additionally, the different zones do not contain the same (ratio
of) molecules, having different (levels of) glycosaminoglycans and collagens as well
as other more characteristic features such as the calcification of the cartilage near
the subchondral bone and the production of lubricin in the superficial zone [6]. An
important characteristic of healthy articular cartilage is that they are resistant to
endochondral ossification. In joint degenerative diseases such as osteoarthritis, this
resistance disappears and it is described that the degeneration is, at least in part,
caused by endochondral ossification [7]. Articular and epiphyseal chondrocytes have
many features in common and it has been long believed that they have a common
progenitor. In the past years, however, preliminary proof has been provided that ar-
ticular and epiphyseal growth plate chondrocytes arise from distinct cell populations.
At present, the mechanisms by which articular chondrocytes are formed and by which
they are able to resist hypertrophic differentiation and subsequent endochondral os-
sification remains unknown.

2.3 History of clinical applications in cartilage repair

The clinical and biological need to develop new cartilage repair strategies arises from
the fact that cartilage has a low capacity of self repair. When damaged by either
trauma or degenerative diseases it will progressively degrade and thereby destabilizing
the joint. The majority of cartilage engineering strategies focus on the repair of
cartilage lesions induced by trauma, since progressively diseased cartilage, such as
seen in osteoarthritis needs different repair approach.

If left untreated, acute trauma will inevitably result in joint degeneration nesces-
sitating unicompartmental or total joint replacement as the only possible solution to
treat the degenerated joint. To avoid total joint replacement the surgeon has a number
of treatment options all with inherent drawbacks. The most popular clinical carti-
lage repair approaches of the last 20 years are osteochondral transplantation (OT),
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marrow stimulation techniques e.g. microfracture (MF) and autologous chondrocyte
implantation (ACI).

OT can be divided into autologous mosaicplasty and allograft osteochondral trans-
plantation. In the more recently developed mosaicplasty, [8] cylindrical osteochondral
grafts are harvested from a non-load bearing site of the donor and will then be press
fitted in pre-drilled osteochondral holes of the defect area. During the healing process,
space between the grafts will be filled with fibrocartilaginous tissue. This strategy
carries the risk of bone collapse at the donor and recipient site but shows acceptable
results in long term follow up. Since mosaicplasty can only be applied to smaller le-
sions, allograft osteochondral transplantation with matching fresh or frozen cartilage
pieces from organ donors is an alternative option.

During MF the subchondral bone of the affected cartilage is perforated leading to
blood clot formation at the defect site and, after the invasion of progenitor cells, to
cartilage matrix formation. This cost saving and fast technique, based on the self-
healing capacity of invading bone marrow cells, was first introduced by Steadman et
al [9] in the early 90s. The procedure of MF leads to satisfactory outcome, but has
been reported to induce fibrous cartilage formation with poor mechanical properties
in some cases, questioning the long term performance of the de novo formed tissue.
Next to MF, ACI gained popularity after its introduction by Brittberg et al in 1994.
ACI is the first cell based therapeutic cartilage tissue engineering strategy [10]. This
two step surgical procedure requires donor cartilage harvest from a non-load bearing
site for chondrocyte isolation, followed by upto 6 weeks of cell expansion ex vivo and fi-
nally re-implantation of the expanded cells at the defect site. During re-implantation,
the cartilage defect is first covered with a periosteal flap sealed with fibrin glue before
injecting the cultured chondrocytes underneath the periosteal flap (Figure 2.1). This
time consuming and costly technique has been shown to promote the formation of
hyaline like cartilage with functional improvement in most patients, whereas other
studies provide evidence for the abundance of substantial amounts of fibrous cartilage
[11]. In the last decade, various studies compared microfracture to ACI with conflict-
ing results. The findings indicate that ACI and MF lead to similar outcomes in the
repair of small lesions, but the repair of large defects might have a superior outcome
after ACI. In 2008, Saris et al [12] introduced characterised chondrocyte implanta-
tion (CCI) to overcome existing problems with the quality of the engineered cartilage
obtained by ACI. The strategy of this CCI relies on the pre-assessment of chondro-
cyte populations with a greater potential to form hyaline cartilage. Compared with
MF, this technique was shown to result in noticeably better clinical outcome after 36
months [13].

Although all these described cartilage repair strategies support enhanced joint
function and pain relief for the patient, they do not succeed in restoring the natural
cartilage structure with its associated biomechanical properties. Recent cartilage
tissue engineering approaches include established methods in combination with the
delivery of cells and/or bioactive molecules via a biomaterial scaffold. Bartlett et
al described two variations of the traditional ACI. In the first variation, periosteal
flap is replaced with a porcine-derived type I/type III collagen (ACI-C) matrix. In
the second variation, before implantation chondrocytes were first seeded in a collagen
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bilayer (matrix-induced ACI-MACI). Both methods resulted in an improvement of
ACI based on the Cincinnati knee score and International Cartilage Repair Society
score, which provide both a measure for cartilage and joint quality.

2.4 Cell sources for cartilage engineering

Presently, cartilage tissue engineering is primarily based on the use of two cell types:
chondrocytes or mesenchymal stromal cells (MSCs). As the most intuitive cell source
for cartilage regeneration, autologous chondrocytes, have been successfully used in
many studies of cartilage repair with or without the use of a scaffold [10]. However,
using chondrocytes in cartilage repair applications obviously has some disadvantages.
One problem could be injury of healthy cartilage from which chondrocytes are har-
vested. Although donor cartilage is taken from low weight bearing sites of joint, this
procedure often results in morbidity at donor sites. Another problem of using autol-
ogous chondrocytes in cartilage engineering is that they can only be harvested from
small biopsies of articular cartilage. To obtain sufficient chondrocytes for cartilage
repair, in vitro expansion is necessary. Culture expansion of chondrocytes results in a
gradual loss of the chondrocyte phenotype with increasing passage number, a process
known as chondrocyte dedifferentiation.

After several passages of expansion in two-dimensional culture environment, chon-
drocytes lose their initial characteristics and become fibroblast-like cells [14]. Expand-
ing chondrocytes on microcarriers instead of tissue culture plastic can omit subculture
steps in flask, thus can prevent dedifferentiation of chondrocytes. It is also believed
that dedifferentiated chondrocytes may regain the ability to produce cartilage matrix
when cultured in a 3D environment (e.g., suspension in hydrogel), or in chondro-
genic differentiation medium containing transforming growth factor β (TFGB). This
growth factor plays an important role in cartilage formation during organogenesis in
the embryo. However, the cartilage phenotypes obtained by these treatments are sig-
nificantly inferior when compared to native cartilage [15]. Yet the complex molecular
events occurring in the induction and maintenance of the chondrogenic phenotype
should still be enlightened for further identification of the bioactive levels and ki-
netics of the key factors involved in cartilage repair. Moreover, integration of repair
cartilage with the native tissue and reestablishment of the zonal organization of artic-
ular cartilage are still challenging and only partly resolved. To improve the quantity
of regenerated cartilage, mesenchymal stromal cells (MSC) are considered to be a
promising alternative cell source. MSCs are adult stem cells isolated from somatic
tissue. They have been found to be multipotent, showing the ability to differentiate
into chondrocyte, osteoblast, adipocytes and endothelial cells. MSCs isolated from
different origins like bone marrow, fat tissue, synovium and muscles all show potency
of chondrogenic differentiation and may have possible applications in cartilage tissue
engineering [16]. Most clinical studies use autologous MSCs, though allograft MSCs
may be used in some cases. Traditionally, ex vivo chondrogenic differentiation of
MSCs is induced by culturing high-density cell pellets in serum-free medium contain-
ing TGFB. High-density pellets mimics the first step of cartilage formation in the
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embryo, namely the condensation of mesenchymal cells. For MSCs isolated from fat
tissue, bone morphogenetic protein 6 (BMP6) is often added to the differentiation
medium. In recent years, it has been reported that culturing MSCs in gel-like bioma-
terials made of collagen or fibrin increases chondrogenic differentiation of MSCs when
compared with pellet culture [17]. When using MSCs for cartilage engineering, the
greatest challenge is not the differentiation of the cells into chondrocytes per se but
to prevent the chondrogenically differentiated MSCs from undergoing endochondral
ossification. Substantial evidence indicates that the chondrogenically differentiated
MSCs acquire an epiphyseal growth plate phenotype rather than an articular pheno-
type [18]. To direct differentiation of MSCs in the articular cartilage lineage instead
of a growth plate lineage is an active area of research.

To reduce the number of chondrocytes needed for cartilage engineering, MSCs
started to be co-cultured with chondrocytes. Interestingly, it was reported that co-
cultures of bone marrow MSCs with articular chondrocytes produced more matrix
compared to chondrocytes alone [19]. This phenomenon of increased cartilage for-
mation was not only observed in differentiation medium containing TGFB, but also
in medium without any growth factors. Enhancement of cartilage matrix formation
was also found in co-culture of articular chondrocytes with other sources of MSCs
[20]. This effect has been attributed to the chondrogenic differentiation of MSCs
stimulated by the chondroctyes. In recent years, it has been suggested that lineage
commitment of MSCs, however, cannot fully explain their benefits on tissue remod-
elling and repair. Many studies have suggested a role for MSCs in secreting trophic
mediators that stimulate local tissue repair mechanisms. These factors promote tissue
specific cells to restore the damaged or lost tissue. A combination of MSCs and au-
tologous chondrocytes may be a promising strategy for cartilage engineering in which
the trophic effects of MSCs support and facilitate the chondrocytes to repair carti-
lage defects. The strategy also reveals possibility of omitting in vitro expansion of
chondrocytes in traditional ACI procedures. The mixture of chondrocyte and MSCs
may lead to a single step surgery for cartilage treatment, in which chondrocytes are
isolated, mixed with bone marrow cells from the same patient, loaded on a scaffold
and directly re-implanted into the patient.

Many aspects of ACI still need further optimization. For example, the integra-
tion of the neo tissue is still far from optimal. It can be hindered by cell loss, either
by apoptosis or necrosis caused by, for example inflammatory cytokines or mechan-
ical stress, or due to leakage of the cells. The relatively limited ECM production
by the implanted cells, and the dissimilarities in structure and/or composition com-
pared to native cartilage can also lead to integration failure. Thus, strategies that
circumvent these complex molecular events, such as the delivery of anti-apoptotic or
anti-dedifferentiating factors, combined with a structural orchestration of cells and
soluble factors is thought to play an essential role in future therapies.
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2.5 Biomaterials for cartilage repair

The commonly used strategy of tissue engineering is, in general terms, to seed cells
in a scaffold that can be implanted into the damaged site, as illustrated in figure
2.1. Initially, the main purpose of the scaffold is to provide structural support and
allow attachment, proliferation and differentiation of cells in a 3D environment. The
mechanical support provided by the scaffold would lead to a decrease in the rehabili-
tation time for the patient. Nowadays, tissue engineered scaffolds may be developed
to trigger, interact and instruct cells by mimicry of key molecular features of the na-
tive extracellular matrix (ECM), conferred by both macromolecules (proteoglycans,
collagens, fibronectin and laminins) and sequestered growth factors [21].

2.5.1 Chondro-conducting scaffolds: natural and synthetic
biomaterials

A myriad of biomaterials has been used as scaffolds for 3D culture of chondrocytes
in vitro and in vivo, as well as for medical applications. Scaffolds can vary depend-
ing on material chemistry, 3D geometry, structure, mechanical properties and speed
of degradation. The structure, mainly described in terms of pore distribution, ori-
entation and connectivity, should maximize exchange of nutrients, metabolites and
regulatory factors, as well as limit oxygen gradients and influence cell-cell interactions.
The chemistry can play an instructional role and, overall, the scaffold should be bio-
compatible and biodegrade at a similar rate as ECM deposition, to ensure continuity
and stability of the neo-tissue [22]. Additionally, the scaffolds’ mechanical integrity
and integration should not only be sufficient to support or match the native tissue,
but also mediate mechanical stimulus to the cells during loading [23].

Scaffold materials for cartilage repair can be distinguished according to their
source: natural or synthetic, as shown in table 2.1. Natural biomaterials can also
be divided in of two types: protein- and polysaccharide-based. Many of these natural
materials can be degraded by human enzymes, with non-toxic degradation products.
Yet these materials have some drawbacks, mainly related to batch variation, process-
ing and potential pathogen transfer. The main natural materials used for cartilage
tissue engineering are collagen, hyaluronic acid, chitosan, agarose, alginate and fibrin
glue [24]. These materials can be used either as temporary scaffolds and/or vehicles
for cell and drug delivery or can be directly implanted or injected into the defect site.

Synthetic polymers are widely used in tissue engineering due to their flexibility in
design and absence of the possibility of disease transmission; yet the disadvantages are
related to their relatively poor biocompatibility for example of degradation products,
which can lead to severe inflammatory responses. Synthetic materials, such as poly-
lactide, polyglicolide and polyuretane, have been explored as suitable candidates for
cartilage repair [24]. Figure 2.2 shows some protein-based membranes and gels which
are currently explored in ACI procedures. Scaffolds developed for cartilage tissue
engineering can be either solid, like foams meshes or sponges, or gel-like, also termed
as hydrogels. Hydrogels have been largely explored for cartilage repair strategies,
because they consist of 3D hydrophilic networks and their high water content mimics
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Figure 2.1: The tissue engineering approach. Adapted from: C.A. v Blitter-
swijk, Tissue Engineering. Academic Press Series in Biomedical Engineering [
Elsevier / Academic press, Amsterdam; London, 2008] pp. xvi, 740 p.
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Table 2.1: Scaffold materials for cartilage repair.

native cartilage, unlike solid-type materials. Additionally, due to high diffusion rates,
hydrogels allow efficient transport of nutrients and waste products. Hydrogels can be
composed of natural and/or synthetic polymers that form a gellified network by phys-
ical, ionic or covalent crosslinking. Some hydrogels can be thermo-reversible (liquid
at approximately 25 degrees Celsius or below, only solidifying at body temperature,
around 37 degrees Celsius), be chemically crosslinked (for example by enzymes), or
by photo-polymerization (using visible or ultraviolet light). in situ forming hydrogels
allow for replacement of open surgeries by a minimal invasive procedure that offers
great advantages in integration with native tissue and limits the trauma caused by
surgery.
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Figure 2.2: Protein-based membranes and gels already available for autolo-
gous chondrocyte implantation.

2.5.2 Emerging ”smart” biomaterials

Novel scaffolds based on modification of natural polymers, such as dextran, silk, hep-
arin and cellulose, or of synthetic polymers, such as polycaprolactone or co-polymers
of polyether-esthers have been studied to support cartilage regeneration. Several of
these studies have focused on the optimization of these materials and have shown that
the combination of different materials may improve properties [24]. Hybrid materials
can be designed to mimic ECM structure, for example by adding hyaluronic acid or
chondroitin-6-sulfate, and, therefore, providing direct interaction with the chondro-
cytes by the enabling necessary signals to trigger tissue repair. The communication
between the cells and ECM can also be mediated by integrins, surface-specific recep-
tors that react with proteins, such as collagens, fibronectin and laminin, which affect
cell survival, proliferation and differentiation. To facilitate these type of interactions,
short synthetic peptides such as the Arg-Gly-Asp (RGD) sequence, can be incorpo-
rated into scaffolds to increase the interaction between biomaterials and cells. These
recognition sequences have proven to be of great value in the case of synthetic mate-
rials that lack cell-attachment signals. Yet the involvement of the RGD sequence in
inducing or supporting chondrogenic differentiation of MSCs is still controversial. In
addition to these peptides, the controlled local delivery of growth and differentiation
factors, including Insulin-like Growth Factor 1 (IGF1), Transforming Growth Factor
β (TGFB1 and TGFB3) or Bone Morphogenic Proteins (BMP2 and BMP6), have
been successfully combined with scaffolds. These growth factors have been selected
based on their proven role during cartilogenesis in the developing embryo. Hybrid
scaffolds can either be designed to locally release the bioactive factors or produced in
such a way that they mimic properties of the ECM. The release of growth factors by
synthetic polymers is still highly dependent on the diffusion and degradation rates of
the polymers.

Recently, surface-eroding scaffolds and materials of which the release occurs by
cellular demand have been developed to allow a better and more effective control of
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the release profiles. By incorporation in the scaffold of peptide sequences which can
be recognized by e.g. matrix metalloproteinases (MMPs), release of growth factors
can be locally controlled [25]. This responsive feature of the scaffold can be of great
interest as the release of the growth factor in these cases can be tailored to depend
on the disease-activity. For example, MMP13 is a factor that is significantly elevated
in osteoarthritis and can be used as a trigger to release scaffold bound drugs [24].

Other strategies to improve scaffold design include the development of biphasic
scaffolds. Such scaffolds can also be used in vitro for tissue formation prior to implan-
tation, where the design prevents cell migration between regions of the scaffold [23].
Like the growth plate, articular cartilage has a zonal organization. Strategies have
been developed that use predefined geometries (for example by using rapid prototyp-
ing technologies), or have incorporated physical and chemical gradients in the scaffold
to recreate the zonal organization in tissue engineered constructs [26]. Using these
strategies, the mimicry of the native cartilage-tissue anisotropy can be achieved. Gene
therapy approaches can also be taken into account in scaffold design. In recent years
promising results for cartilage repair strategies have been obtained by transfecting
chondro-generative growth factor genes and/or chondro-protective cartilage catabolic
inhibitor genes [23].
Starting from structural variations from nano to macroscale, the new generation of
scaffolds often with a bioinspired design, aim at creating the optimal microenviron-
ment for the formation of a de novo extracellular cartilaginous matrix by either chon-
drocytes, MSCs or a combination of both cell types.

2.6 Future of cartilage tissue engineering

Although a wide range of possible cartilage repair strategies have been described,
none of them successfully restores the function and organisation of cartilage in long
term studies. At the moment, numerous possible novel repair strategies arise. In
general, the optimal approach will be determined by three major components: cells,
biomaterials and bioactive compounds.

Cellular and molecular studies including improved cell culture, co-culture, cell
tracking, gene therapy, gene arrays and proteomics will provide further cues for possi-
ble strategies in joint surface regeneration. The complex molecular events occurring in
the induction and maintenance of the chondrogenic phenotype during embryogenesis
may lead to the identification of novel mechanisms involved in cartilage formation. It
seems promising to translate the findings from developmental biology into strategies
for cartilage tissue formation. Beside optimised allogenic and autologous cartilage or
cell transplants, progenitor cells, like autologous bone marrow derived stromal cells
(MSCs), are likely to play an important role in future strategies for cartilage tissue
repair being an alternative or supplementary cell source. Until now, however, the
fate of these cells, the choice of cell fraction and optimal culture parameters are not
determined and additional research is needed to clarify their applicability to articular
cartilage engineering.

As indicated above, growth factors may play an important role in further opti-
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mization of cartilage tissue engineering. Presently, application of growth factors in
cartilage tissue engineering is controversial and more robust studies are needed to
demonstrate their applicability. The choice of the optimal combination of growth fac-
tor and method of delivery will very likely depend on the used cell type. For example
different growth factors may be needed when MSCs or expanded primary chondrocytes
are used for cartilage repair. Improvements in growth factor delivery should reflect
an extended release profile, with protection of the proteins against fast degradation
and must aim at targeting specific cell types. Multistep release, as a poly-therapy
approach instead of single delivery systems, could be an additional improvement for
cartilage repair strategies.

The third pillar of cartilage tissue engineering is formed by biomaterials. At the
moment evermore biomaterials are being developed that show better bioaffinity and
manage to mimic the native environment of cartilage. An example of these new gen-
erations of biomaterials are in situ gelating hydrogels, which mimic the natural ECM
and can perfectly fill up irregular defect sites. Importantly, in situ gelating hydrogels
can be used in minimal invasive strategies, which will significantly reduce the bur-
den for the individual patient. Smart” hydrogels sensitive to external stimuli such
as temperature, pH or certain biomolecules, that can trigger swelling or degradation,
have been developed. Recently, dynamic hydrogels have been investigated, offering
the ability to precisely control temporal and spatial behaviour of the cells, by creating
a tissue-like hierarchical organization. This strategy can be combined with tailored
delivery of bioactive signals that stimulate tissue repair.

Translating fundamental knowledge in chondrogenesis and articular cartilage home-
ostasis into the design of novel smart materials is an active field of research, which
undoubtedly will result in the development of improved strategies for cartilage repair
in the near future.
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Abstract

The repair of articular cartilage is challenging due to the sparse native cell population
combined with the avascular and aneural nature of the tissue. In recent years cartilage
tissue engineering has shown great promise. As with all tissue engineering strategies,
the possible therapeutic outcome is intimately linked with the used combination of
cells, growth factors and biomaterials. However, the optimal combination has re-
mained a controversial topic and no consensus has been reached. In consequence,
much effort has been dedicated to further design, investigate and optimize cartilage
repair strategies.

This review will give a comprehensible overview on the cell sources that have been
investigated for articular cartilage repair strategies with emphasis on the advantages
of combining multiple cell types.
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3.1 Introduction

Mature articular cartilage is composed of an abundant extracellular matrix that is
sparsely populated by chondrocytes. Articular cartilage is avascular and aneural and
the native chondrocytes are largely in cell cycle arrest. As a consequence, it is chal-
lenging for this tissue to suitably respond to traumatic injury. Injury inevitably results
in altered biomechanics of the joint and joint instability, which shift joint homeostasis
towards catabolism [1, 2]. If left unchallenged, this may ultimately lead to joint fail-
ure. As a result, the recalcitrant capacity of articular cartilage to self-heal acquired
injuries drives research focused on (novel) cartilage reparative and regenerative treat-
ments.

Current treatments of traumatic cartilage defects include osteochondral grafting,
bone marrow stimulation techniques and more recently cell based therapies [3-6]. Os-
teochondral autografting is particularly suitable for smaller lesions, but is associated
with donor-site morbidity [7]. Osteochondral allografting can be considered for larger
defects, but is associated with graft failure [8]. Bone marrow stimulation techniques
such as micro-fracturing and micro-drilling are used for defects smaller than 2-4 cm2

with little or no bone loss and are associated with the formation of fibrocartilage
[9]. The most common form of cell based therapies is autologous chondrocyte im-
plantation (ACI). This treatment is based on the implantation of in vitro expanded
autologous chondrocytes, which were isolated from a biopsy that was obtained in a
first surgery. ACI is typically used with defects larger than 2-4 cm2, but recent evi-
dence suggest that it also yields superior results in smaller defects compared to a bone
marrow stimulation technique [10]. Since ACI is dependent on the violation of intact
cartilage for the isolation of chondrocytes, it is associated with donor-site morbidity
[4].

Consequently, a myriad of alternative cell sources other than culture expanded
articular chondrocytes has been investigated to circumvent this side-effect and to
improve the therapeutic outcome of cartilage repair strategies. In addition to several
types of chondrocytes derived from a number of hyaline cartilage subtypes, the use of
multi-potent cells with chondrogenic potential derived from various sources has been
proposed.

This review will discuss the different cell sources dominating the field of cartilage
tissue engineering and highlights recent advances of co-culture approaches.

3.2 Autologous articular chondrocytes: cell number versus
dedifferentiation

Conventional cell-based cartilage repair therapies characteristically use autologous ar-
ticular chondrocytes. These cells are harvested from biopsies of macroscopically intact
cartilage derived from a non-weight bearing part of the joint [11]. Removal of a biopsy
from healthy articular cartilage can potentially lead to secondary osteoarthritis. How-
ever, to understand the full extent of the consequences more thorough studies with
longer follow up are required [12]. To minimize the chance of developing secondary
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osteoarthritis the biopsy size is limited. In consequence, the biopsy yields insufficient
amounts of chondrocytes to allow for direct reimplantation. Therefore, chondrocytes
are expanded in vitro before reimplantation. Unfortunately, expansion is associated
with progressive loss of the chondrogenic phenotype and results in dedifferentiated
fibroblast-like chondrocytes [13]. We recently demonstrated that articular chondro-
cyte dedifferentiation is a continuous, progressive and multi-signaling-pathway-based
process. Moreover, the potential to redifferentiate is also gradually lost and might
be in part caused by epigenetic regulation such as DNA methylation. The loss of
chondrocyte phenotype during mono layer expansion is suggested to be depended on
the matrix elasticity of the culture environment [14]. Indeed, integrin vβ5 is sug-
gested to play an important role in the dedifferentiation of chondrocytes [15]. As
this process can impede the therapeutic outcome, the prevention of dedifferentiation
or the induction of redifferentiation has been intensively investigated. Investigated
strategies include exposure to optimized environmental properties like oxygen levels
[16] and tonicity of the culture medium [17], dynamic non-adherent culturing [18],
three dimensional expansion of cells using e.g. microcarriers [19], varying the elastic-
ity [14] or pore-size of expansion material [20], culture on predeposited extracellular
matrices of e.g. synovium-derived stem cells [21], the use of medium preconditioned
by culturing e.g. primary chondrocytes or mesenchymal stromal cells (MSCs) [22-24]
and supplementation of the expansion medium with exogenous recombinant growth
factors [25].

Dedifferentiation can also be limited or prevented by reducing or omitting the
expansion phase. This idea is based on implanting fewer chondrocytes that are less
expanded and have therefore a higher cell performance [26-28]. Although this ap-
proach indeed demonstrated to be able to regenerate cartilage, it as of yet results
in mechanically weaker cartilage when compared to implantation of higher densities
of further expanded chondrocytes in the same defect size. However, it provides the
opportunity to reduce the tediousness of currently used protocols. By reducing or
omitting the amount of dedicated cell culture time, it might be possible to improve
the costs-effectiveness of chondrocyte-based cell therapy.

3.3 Non-autologous articular chondrocytes: morbidity versus
immune response

Allogenic, or even xenogenic, articular chondrocytes can be considered as an alter-
native cell source of which the isolation does not inflict additional damage to the
afflicted joint. Advantageously, a larger number of chondrocytes can be obtained by
taking larger biopsies and/or pooling different donors. This might limit or obsolete
the expansion phase and could potentially reduce inter-patient variation of the ther-
apeutic outcome. Naturally, serious consideration should be given to drawbacks such
as disease transmission and immune rejection [29]. Indeed, chondrocytes constitu-
tively express histocompatibility complex class I at their cell surface and demonstrate
cytokine inducible expression of histocompatibility complex class II [30]. Moreover,
it has been shown that chondrocytes can interact with immune cells [31]. Several
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reports have described serious immune responses after allogenic chondrocyte implan-
tation in full thickness defects where the access to the bone marrow increases the risk
for immunological reactions [32-34]. Consequently, the clinical feasibility of allogenic
chondrocytes implantation is severely hindered. In contrast, osteochondral allograft
demonstrated only minor immunogenic signs in human clinical trials [35, 36]. This
might at least be partially explained by the protective environment of the native car-
tilage. The avascular and highly dense nature of the extra cellular matrix might be
able to limit or prevent the invasion of immune cells from the joint. Indeed, isolated
chondrocytes appear to be protected from an immune response when encapsulated in
biocompatible biomaterials or when allowed to form a new extracellular matrix in vitro
[37, 38]. Therefore, non-autologous articular chondrocytes can be still considered as
a potentially interesting cell source for matrix assisted chondrocyte transplantations.

3.4 Non-articular chondrocytes: morbidity versus phenotype

Next to articular chondrocytes, several alternative chondrocyte sources have been in-
vestigated to design cartilage repair strategies that do not impose additional damage
to the articular cartilage. In adults, other sources of (non-articular) hyaline cartilage
are located in the nose, ribs, larynx, trachea and bronchi. In particular, costal and na-
soseptal chondrocytes have been extensively investigated [29, 39-41]. Both costal and
nasoseptal cartilage biopsies grant a higher cell yield of chondrocytes. The prolifera-
tion rate of these chondrocytes is increased compared to articular chondrocytes [42].
Although they both undergo dedifferentiation during expansion they appear more sen-
sitive to redifferentiation [43, 44]. Moreover, transplantation of costal chondrocytes
in full thickness defects results in the production of neocartilage [45]. Unfortunately,
both costal and nasoseptal chondrocytes are known for their ability to ossify when
reimplanted [40, 46, 47].

Auricular chondrocytes derived from elastocartilage of the ear are as well consid-
ered as a possibly interesting cell source for cartilage repair strategies. Native and
freshly isolated auricular chondrocytes typically express elastin. Although, upon in
vitro culture the expression of elastin is gradually lost [41, 48], it has been reported
that the elastin expression can be regained when implanted in vivo [49]. Whether the
expression of elastin will negatively influence the mechanical properties of neocarti-
lage in an articular cartilage defect remains to be clarified. Like nasoseptal and costal
chondrocytes, isolated auricular cartilage provide a higher cell yield per gram of biop-
sied tissue and have a higher proliferation rate compared to articular chondrocytes.
Auricular chondrocytes are prone to dedifferentiation and are susceptible to rediffer-
entiation [42, 50]. Mild forms of ossification have been observed after reimplantation
[40]. Interestingly, it has been found that auricular chondrocytes express lubricin,
a mucinous glycoprotein essential to lubrication of the joint [41]. Therefore, auricu-
lar chondrocytes are a cell source of considerable interest, in particular for repair or
reconstruction of the articular cartilaginous superficial zone.

Meniscal chondrocytes derived from the meniscal fibrocartilage as well express lu-
bricin and have been investigated in cartilage repair strategies [41, 51]. However,
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meniscal chondrocytes scarcely express collagen II, and have limited potential to
secrete glycosaminoglycans. Consequently they generate neocartilage with inferior
mechanical properties as compared to articular cartilage or other chondrocyte cell
sources [52]. Like ACI, the use of meniscus chondrocytes is based on cells isolated
from a biopsy and may predispose to secondary OA, as it can induce joint instability
[53]. Additionally, the meniscus is partially exposed to the same catabolic environ-
ment as the articular cartilage, which deteriorates the chondrogenic behavior of the
meniscal chondrocyte [54]. As meniscal chondrocytes have similar disadvantage com-
pared to articular chondrocytes and produce inferior neocartilage compared to these
cells, they are an unlikely cell source for articular cartilage repair strategies.

3.5 Non-chondrocyte cell sources: morbidity versus
differentiation control

In recent years much research has been dedicated to cell sources other than chon-
drocytes for articular cartilage repair strategies. These cell sources include amongst
others synovial fibroblasts, periosteocytes and multipotent progenitor cells.

Synovial fibroblasts are a part of the natural repair response to articular defects, as
these cells tend to fill up non-treated defects with a fibrous matrix [55]. Unfortunately,
this matrix is, like the matrix produced by meniscal chondrocytes, mechanically weak
[56].

Periosteocytes, depending on their isolation site, contain a chondrogenic potential
that allows the formation of neocartilage [57]. However, it has been suggested that
this potential is inversely correlated with age. [58].

Pluripotent cells such as embryonic stem cells and induced-pluripotent stem cells
are able to form de novo articular-like cartilage and can in theory be considered for
cartilage repair strategies [59, 60]. However, gaining absolute control on the preven-
tion of teratoma formation is paramount when using these cells [61, 62]. Until such
control is acquired, it is unlikely that these cell sources will be clinically approved for
treatment of non-lethal diseases such as articular cartilage repair.

The best characterized progenitor cell sources for articular cartilage repair include
mesenchymal stromal cells (MSCs) derived from amongst others bone marrow, pe-
riosteum, synovium, synovial fluid, adipose tissue, bucal fat pad, infrapatellar fat pad
and osteoarthritic cartilage [63-67]. Many other MSCs sources have remained largely
uninvestigated for cartilage repair strategies and include umbilical cord blood, men-
strual blood, muscles, ligaments, wartons jelly, amnion, chorion, breast milk, tonsil,
etc [68-75]. Important factors deciding on the applicability of this plethora of MSCs
should not only be based on chondrogenic potential and phenotype, but also on cell
yield, accessibility, availability, age-related function decline, donor-site morbidity and
acquisition costs.

Large inter-donor variation is a general complication encountered in all multipo-
tent cell sources [76, 77]. This is exacerbated by the influence of temporal culture
conditions, methods of harvest and disputably age of the donor [57, 78-81]. It has
been suggested that distinct gene expression profiles might reflect their (chondrogenic)
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differentiation potential [82]. However, the highly desired markers for chondrogenic
differentiation potential of undifferentiated MSCs have so far remained undiscovered.
Additionally, expansion of multipotent cells negatively affects chondrogenesis and
might thereby possibly further confound therapeutic outcome [83, 84].

Both the maintenance of multipotency and chondrogenic potential of MSCs are
greatly influence by culture conditions in the expansion phase and optionally the
differentiation phase. The classical view on optimizing the culture of mammalian cells
is based on medium composition; much research has been focused on medium type and
medium supplements [85-90]. Non-autologous medium supplements might hamper
the clinical applicability of tissue engineering strategies. Presently much attention is
paid towards optimizing physiological factors, which influence cell behavior and thus
therapy outcome, such as mechanical stress, substrate stiffness, substrate coating or
chemistry and incubator gas composition in particular oxygen levels [91-99]. Other
physiological variables such as tonicity have remained largely uninvestigated.

Rather than using MSCs for chondrogenic differentiation and direct production
of neocartilage, one can also take advantage of the immunomodulatory or trophic
properties of MSCs [100]. It is suggested that after reimplantation differentiated MSCs
continue to modulate the immune response [101]. This may be of high importance for
allogeneic treatments [102]. However, whether this modulation proves to be sufficient
in tissues that are scarce in cells and rich in matrix, such as articular cartilage, remains
to be further studied. Nonetheless, using allogeneic strategies allows for a potential
decease in the therapeutic inter-donor variation via the use of pools of multiple donors
or selection of well performing donors.

Intra-articular injection of MSCs in a degenerating joint improves joint function
and retards the development of osteoarthritis compared to untreated controls [103].
However, tracking experiments have shown that only a fraction of the injected MSCs
are integrated in or located near the affected cartilage [104]. In fact, most MSCs are
located in the joint capsule or migrated from the joint to seemingly unrelated tissues
such as thymus, tongue, stomach, duodenum, jejunum and colon [105]. Together this
suggests that the MSC at least partially act via an indirect mechanism, most likely via
the secretion of trophic factors. Indeed, in vitro co-culture experiments demonstrated
the anabolic effects of MSCs-derived trophic factors on chondrocytes [23]. However,
whether the same trophic factors are responsible for the anabolic effects observed in
vivo remains to be proven.

Although MSCs can be differentiated in many different cell types, it remains to be
noted that their differentiation process cannot be fully controlled in vivo. Spontaneous
sarcoma formation has been observed in long term expanded MSCs and after injection
in mice [106, 107]. Although this has not yet been reported in humans, the lack of
full control over the behavioral phenotype of the MSCs remains a potential concern.
For example, injections of MSCs in cancer therapy has both been described to restrict
tumor growth by decreasing the division rate of benign cells as well as augment tumor
growth by stimulating the angiogenesis [108]. These types of contradictions are not
uncommon and underline the lack of deep understanding of the in vivo behavior of
MSCs. Absolute control of the differentiation process of MSCs is essential if MSCs
are to be used routinely for cell therapy such as articular cartilage repair. It can be
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conceived that more stringent selection criteria for the isolation of MSCs will result
in a more homogenous and controllable cell source. However, this would also result a
more prolonged expansion phase as many cell will be discarded, which might lead to
(partial) loss of multipotency.

Chondrogenic differentiation of multipotent cells such as MSCs typically results in
the formation of neocartilage that is dissimilar to mature articular cartilage. However,
it bears striking phenotypical resemblance to fetal cartilage [109, 110]. Moreover, dif-
ferentiation of MSCs results in a gene expression profile that more resembles growth
plate chondrocytes, which can differentiate into hypertrophic cartilage, rather than
articular cartilage [Chapter 4]. Indeed, the newly formed cartilage displays typical
signs of hypertrophic differentiation [111-113]. In line with this, standard differentia-
tion protocols currently used for chondrogenic differentiation of MSCs in vitro, are not
able to induce the expression of genes that are enriched in articular chondrocytes and
are able to prevent hypertrophic differentiation [Chapter 8]. Consequently, chondro-
genically differentiated multipotent and pluripotent cells undergo endochondral ossi-
fication upon subcutaneous implantation [60, 114, 115]. Although this phenomenon
is of notable interest for bone repair strategies, it is highly undesirable for cartilage
repair strategies. Moreover, it demonstrates that current differentiation protocols, at
least in vitro, are insufficient to yield articular-like cartilage and require improvement
for reproducible cartilage repair strategies.

3.6 Co-cultures: combinatorial advantages versus current
knowledge

Performance of the used cell sources can be augmented by making use of co-culture
strategies. Co-cultures of different cell sources is based on the idea that the multi-
signal events in vivo cannot be perfectly mimicked by adding a limited variety of
growth factors to a mono-culture of which the optimal cocktail remains largely elusive.
This problem can be circumvented by the introduction of another cell source in the
culture. In this way, cells are exposed to wider variety of stimuli. Moreover, the
stimuli are based on autologous non-recombinant (secreted soluble) factors. As such,
they should be considered as a preferred way of stimulation, as it omits the remaining
issues regarding the use of non-autologous recombinant factors in clinical settings.

Three decades ago, the first co-culture experiments for cartilage tissue engineering
were performed. These experiments mainly focused on revealing the pathological
mechanisms of cartilage destruction by mixing chondrocytes with cell types that are
potentially involved in cartilage catabolism [116, 117]. More recently, co-cultures that
include chondrocytes have been investigated for their potential to boost neocartilage
formation. In general three (partially overlapping) categories can be identified: i) co-
cultures with unilateral beneficial effect for one cell type on neocartilage formation; ii)
co-cultures with mutually beneficial effects on neocartilage formation; iii) co-cultures
based on cell types with unique features that do not (directly) affect the behavior of
the other cell type.

Expansion of isolated autologous chondrocytes is commonly required to obtain
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sufficient amount of cells for reimplantation. This expansion induces dedifferentiation
of the chondrocytes. Interestingly, co-culturing expanded dedifferentiated chondro-
cytes with (previously frozen) primary chondrocytes can (partially) reverse their loss
of phenotype [118, 119]. This redifferentiation appears to induce a stable phenotype;
withdrawal of the exposure to primary chondrocytes does not lead to reversal of the
effect [120]. Alternatively, articular chondrocytes have been co-cultured with non-
articular chondrocytes [121]. However, so far little attention has been focused on
these types of chondrocyte-chondrocyte co-cultures. In consequence, many questions
still linger before an in-depth understanding of their actual therapeutic value can be
obtained.

Presently, the most common co-cultures experiments investigate the influence on
the differentiation state of employed cell types, as well as in improving the tissue for-
mation of engineered constructs. In 1999 Jikko et al. showed that co-culturing growth
plate chondrocytes with articular chondrocytes inhibited the terminal differentiation
of growth plate chondrocytes [122]. In line with this, it has been demonstrated that
addition of articular chondrocytes to MSCs inhibits hypertrophic differentiation of the
latter. Although the mechanism behind this phenomenon remains largely unknown,
it is suggested that this effect is mediated via parathyroid hormone-related protein
[123]. However, alternative explanations such articular cartilage enriched secreted sol-
uble factors negatively involved in hypertrophic chondrocyte differentiation in both
articular chondrocytes and MSCs cultures have remained uninvestigated [Chapter 4].

The first studies in which MSCs were combined with different cell sources to pro-
vide a distinct effect e.g. vascularisation of bone tissue engineered constructs [124,
125] and improvement of matrix deposition in degenerative discs (MSCs and degen-
erative disc cells [126]. In contrast, in cartilage repair strategies MSCs were initially
used to reduce the amount of chondrocytes needed or to omit their use all together.
Fascinatingly, chondro-induction was observed in these experiments; superior neocar-
tilage formation was formed by the combination of two different cell-types as com-
pared to either cell type alone [23, 127]. In this context, the co-culture of articular
chondrocytes and MSCs is most commonly studied in the present. It is claimed that
this phenomenon can be explained by the induction of chondrogenic differentiation
of MSCs by articular chondrocytes [65, 128-130]. Indeed, the addition of articular
chondrocyte-conditioned medium is able to instigate chondrogenic differentiation of
MSCs [131]. However, recent findings demonstrate that chondrocyte proliferation is
enhanced by the presence of MSCs [23, 130]. The MSCs accomplish this effect by
acting as a trophic mediator. Moreover, while chondrogenic differentiation of MSCs
can be triggered by chondrocytes, it also induces apoptosis in the MSCs [23]. This
results in a progressive disappearance of the MCSs from the original co-culture. Fur-
ther investigation has to demonstrate if MSCs eventually completely vanish from the
co-culture. If indeed this holds true, it might be a beneficial factor for the use of
(pools of) allogeneic MSCs as an immune response, if it occurs at all, could be of
a temporal nature. Moreover, if MSCs indeed predominantly stimulate neocartilage
formation indirectly by acting as a source of trophic factors, one might consider MSC
implantation sites within the joint other than the cartilage defect as the secreted
factors diffuse to the cartilage via the synovial fluid. Regardless, in light of these
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novel findings the direct contribution of the MSCs to cartilage matrix deposition has
become unclear. In addition, the question whether chondro-induction is induced due
to exposure of factors normally produced by the opposite cell type or whether the
co-culturing induces the expression of factors otherwise not expressed in either cell
type remains to be answered.

Alternative strategies to improve neocartilage formation using co-cultures include
the generation of articular cartilage’s zonal architecture. In recent years novel carti-
lage repair strategies have been designed that aim at mimicking this anisotropic or-
ganization [132, 133]. Co-cultures in combination with multilayer three-dimensional
printing or layer-by-layer methodology using hydrogels that are able to covalently link
by residual reactive residues e.g. dextran-tyramine gels [134-136] can further enhance
these strategies. Calcifying cells can be used for the deep zone, intensive extracellular
matrix producing calcification resistant cells for the middle zone, and less intensive
extracellular matrix producing and lubricin secreting cells for the superficial zone.
Furthermore, For example, osteoblasts and chondrocytes can be co-cultured in differ-
ent regions of a construct to allow the formation of an osteochondral interface [137,
138]. However, as only a scarce number of studies have been reported on such an
approach, the feasibility remains to be determined.

3.7 Discussion

The therapeutic outcome of cell based therapies does not solely rely on the perfor-
mance of the implanted cells. It also heavily relies on the expansion conditions, exoge-
nous stimuli and (functionalized) biomaterials in case the cells are co-implanted with
a scaffold. All these factors greatly influence therapeutic outcome. Moreover, they
can result in dissimilar responses in different cell sources. Moreover, much research
remains to be performed in order to identify the combinations leading to optimal
clinical results. The wide range of cell sources available to cartilage tissue engineers
grants an optimal starting point for future improvement of cartilage repair strategies.
Specifically, the combination of different cell sources currently holds great promise as
it is able to grants combinatorial advantages by combining the benefits while mitigat-
ing the disadvantages of unique cell types.
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Abstract

Osteoarthritis (OA) is the most common form of arthritis and a leading cause of
mobility associated disability. Recent evidence has shown that development of OA
may be caused by activation of hypertrophic differentiation of articular chondrocytes.
Healthy articular cartilage (AC) is highly resistant to undergo hypertrophic differen-
tiation, in contrast to other types of hyaline cartilage such as growth-plate cartilage
(GP). The natural mechanism that restricts healthy AC from undergoing hypertrophic
differentiation is still unknown.

In this study, we set out to elucidate the underlying molecular mechanism that
is responsible for the difference in propensity to undergo hypertrophic differentiation
between human articular and growth plate cartilage. This approach identified the
BMP- and Wnt-antagonists GREM1, FRZB and DKK1, which are highly enriched
at the mRNA and protein level in AC. Supplementation of these antagonists, either
individually or combined, to explant cultures of fetal tibiae or to chondrogenically
differentiated MSCs prevented terminal hypertrophic differentiation and subsequent
endochondral ossification without affecting chondrogenesis. Furthermore, GREM1,
FRZB and DKK1 were less transcribed in osteoarthritic cartilage compared to rel-
atively preserved cartilage from the same osteoarthritic-joint. Additionally, we show
that SNP-rs12593365, located in a genomic control region of GREM1, significantly as-
sociates with a 20% reduced risk for radiographic hip-osteoarthritis in two population-
based cohorts.

Taken together, our data identifies GREM1, FRZB and DKK1 as natural brakes of
hypertrophic differentiation in articular cartilage. As hypertrophic differentiation is
essential to development of osteoarthritis, these natural brakes of hypertrophy might
open new avenues for therapeutic intervention.
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4.1 Introduction

Arthritis is the leading cause of mobility associated disability. Of the more than
100 forms of arthritis, osteoarthritis (OA) is most common. OA is diagnosed in
approximately 50 million people in the US alone and in 2007 health care costs raise up
to 128 billion USD. Due to the aging of the population and increased life expectancy,
these numbers are expected to raise substantial over the next two decades. The current
management of OA is symptomatic, aimed at pain relief and coping with the disease
and at the end stage joint replacement surgery as a successful treatment option. At
present, there is no treatment that can intervene early in the disease process aiming
at curing the disease. The pathophysiology of OA is complex, still largely unknown
and has likely a multifactorial onset. Various risk factors for the development of OA
including age, gender, overweight, trauma, sports and genetics have been identified
[1].

Healthy articular cartilage is largely resistant to undergo hypertrophic differentia-
tion in contrast to other forms of hyaline cartilage such as growth plate cartilage, which
is responsible for bone elongation by hypertrophic differentiation of chondrocytes and
their subsequent replacement by bone. The molecular mechanism underlying this dis-
crepancy between these two types of hyaline cartilage is largely unknown. It has been
postulated that articular cartilage secretes (a) factor(s) that inhibit(s) chondrocyte
hypertrophy. This is based on the observation that articular cartilage explants effi-
ciently block hypertrophic differentiation of growth plate cartilage explants in tran-
swell co-culture experiments [2]. Interestingly, recent data obtained in transgenic
mouse models has provided evidence that deregulated hypertrophic differentiation of
articular chondrocytes may be a driving factor in the onset and progression of OA.
A number of signaling pathways have been identified that can stimulate hypertrophic
differentiation of chondrocytes including the Wnt/βcatenin [3], Bone Morphogenetic
Protein (BMP) [4], Indian Hedgehog [5] and hypoxia induced signaling [6] pathways
in growth plate cartilage. Interestingly, forced activation or conditional inactivation
of these pathways in articular chondrocytes results in a relief in the break of hyper-
trophic differentiation and induces features of OA in mice [7-10]. Whether the same
pathways are also involved in the pathogenesis of OA in man is still largely unclear.
In this study, we set out to elucidate the underlying molecular mechanism that is re-
sponsible for the difference in the propensity to undergo hypertrophic differentiation
between human articular and growth plate cartilage by making a detailed compari-
son of gene expression profiles of both types of cartilage. We hypothesized that this
approach could reveal the identity of the articular cartilage secreted factor(s) that in-
hibit chondrocyte hypertrophy. We expected that this factor(s) should act up-stream
of known pathways involved in the regulation of chondrocyte hypertrophy. Further-
more, since such (a) factor(s) would be of paramount importance for joint cartilage
homeostasis, we anticipated that its expression should be disturbed in OA.
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4.2 Materials and methods

4.2.1 Origin samples

The use of patient material was approved by the local hospital ethical committees and
for all samples informed written consent was obtained. Samples were directly frozen
in Cryomatrix (Cryomatrix, Shandon) or fixated, decalcified and embedded in paraf-
fin. From some donors with primary OA undergoing total joint replacement surgery,
cartilage specimens from areas visibly affected by the OA process (OA cartilage) and
areas which appeared macroscopically intact (preserved cartilage) were taken for total
RNA isolation.

4.2.2 Total RNA extraction

After removal of the bone, growth plate and articular snap frozen cartilage-samples
were cut into 8 µm sections. Every fifth slide was stained with Haematoxylin to ensure
that no bone contamination was present. Subsequently, from each slide cartilage was
collected and homogenized in a 4M guanidine thiocyanate solution (Sigma). Total
RNA isolation was performed by a method previously described [24].

4.2.3 Cell isolation and cultivation

After written consent was obtained, MSCs were isolated from fresh bone marrow
samples and cultured as described previously [25]. MSCs pellets of 2.5x105 cells were
cultured up to 35 days in a previously described chondrogenic culture medium [14].
On day 0, 11, 21 and 35 eight pellets were pooled for RNA isolation and two pellets
for histological analysis. Chondrocytes were isolated from human articular cartilage,
obtained after total joint replacement surgery, by collagenase digestion as previously
described [26]. Isolated chondrocytes were seeded at 3000 cells per cm2 and expanded
in chondrocyte expansion medium as previously described [26]. Chondrocytes were
expanded up to passage eight, isolating RNA from every second passage.

4.2.4 Organ cultures

All animal procedures were reviewed and approved by the animal care committee of
the University of Utrecht. Tibiae were isolated from E17.5 fetal FVB mice (Harlan)
and cultured in medium consisting of α-MEM supplemented with 10% heat inacti-
vated fetal bovine serum (Biowhittaker) and 100 U/ml penicillin with 100 mg/ml
streptomycin (Gibco). Medium was supplemented with 0, 50 or 500 ng/ml of murine
Grem1, Frzb or Dkk1 recombinant proteins. After 7 days of culture, tibiae were
fixated for histological analysis.

4.2.5 Histology and immunohistochemistry

Paraffin embedded samples were cut into 5 µm sections and stained either with haema-
toxylin and eosin, toluidine blue, toluidine blue combined with Von Kossa or Alcian
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blue combined with Nuclear fast red solutions according to standard procedures. For
immunohistochemistry, sections were incubated with 1:100 diluted primary antibodies
against either GREM1, FRZB or DKK1 (sc-28873, sc-13941 and sc-25516 respectively;
Santa Cruz) and further developed using the rabbit ABC staining system (sc-2018;
Santa Cruz) according to manufacturer’s protocol. For image analysis ImageJ soft-
ware was used.

4.2.6 Microarray processing and Quantitative real-time reverse
transcriptase-polymerase chain reaction

Thirteen specimens, derived from eight articular and five growth plate specimens were
analyzed on whole genome gene expression using Affymetrix HG-U133Plus2-type mi-
croarrays. Principal Component Analysis (PCA) with Pearson product-moment cor-
relation was performed to compute correlations between gene expression of growth
plates and articular cartilages. Changes of gene expression in pathways were analyzed
using Genmapp2.0 [27]. Changes in gene ontology were investigated using PANTHER
[28]. For gene expression analysis, cDNA was synthesized using 1 µg total RNA (Bio-
Rad) in accordance with the manufacturer’s instructions. 20 ng cDNA was amplified
using iQ SYBR Green Supermix (BioRad, Hercules, CA, USA) on a MyIQ single
color Real-time PCR detection system (BioRad) and analyzed using iQtm5 optical
system software (Biorad). Primer sequences are available on request.

4.2.7 Genetic Study population

The Rotterdam Study is a population-based prospective cohort study that is com-
prised of men and women aged 55 years and older. A detailed description of the study
design has been described previously [29]. The medical ethics committee of Erasmus
University Medical School approved the study and written informed consent was ob-
tained from each participant. The Rotterdam Study I (RSI) (N=5193) and RSII
(N=1949) were investigated on associations between single nucleotide polymorphisms
(SNPs) of GREM1 and DKK1and radiographic OA. All SNPs from that were either
in the coding region of or in 100Kb upstream or downstream of the two selected genes
were used. The total number of SNPs that were analyzed was 116. Associations with
OA phenotypes were tested using an allelic chi-square test (1 df) assuming an additive
effect for each SNP tested. Analyses were carried out using MACH and GRIMP [30]
and were adjusted for age, gender and BMI.

4.3 Results

4.3.1 Differential gene expression between articular and growth
plate cartilage

Macroscopical and histological examination of growth plate and articular cartilage
specimens from the same donor did not reveal indications for cartilage disease (figure
4.1A). From 4 donors, pairs of growth plate and articular cartilage tissue specimens
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were collected and RNA was isolated. Samples were subjected to whole-genome gene
expression profiling. In total, 2915 genes were found to be significantly differentially
expressed of which 1321 were articular cartilage enriched and 1594 growth plate carti-
lage enriched. Of these, the fold change of only 418 genes was higher than two-fold and
as few as 35 genes were expressed with a more than five-fold difference (figure 4.1B).
Differential gene expression of 10 genes of interest was verified using RT-qPCR (figure
4.1C). Examination of the list of differentially expressed genes identified several BMP-
related molecules including GREM1, CHRDL2,LTBP1, LTBP2, ID2, ID3, GDF10,
SMAD3, and TGFB3 that were significantly higher expressed in articular chondro-
cytes. Furthermore, the expression of a number of extracellular matrix molecules was
as well dissimilar with COL3A1, COL5A2, KAL1, COL6A3, FBN1 and COL14A1
being higher expressed in articular chondrocytes and MATN1, COL12A1, COL4A5,
MFAP3, FBN3 and COL4A6 being higher expressed in growth plate chondrocytes.
Growth plate and articular cartilage are both hyaline cartilage subtypes; traditional
hyaline cartilage markers such as COL2A1, COL9A1, and ACAN were not found to
be differentially expressed at the mRNA level.

4.3.2 Wnt signaling and cell cycle pathways are less active in
articular cartilage

Pathway analysis, based on gene ontology, identified differential expression of the cell
cycle pathway (P<0.001) followed by the Wnt pathway (p=0.04). Detailed analysis
of the cell cycle pathway showed that the expression of the vast majority of the cell
cycle related genes was higher in growth plate cartilage (figure 4.1D). Only four cell
cycle related genes were more abundantly expressed in articular cartilage, of which
three have an inhibitory role in cell proliferation. The higher activity of the cell cycle
pathway is in line with the role of the growth plate cartilage in bone elongation. The
changes in Wnt signalling suggested a higher activity in growth plate cartilage. This
is based on i) higher expression of the Wnt agonists WNT4, WNT5A and WNT11
in growth plate cartilage, ii) increased expression of the established Wnt target genes
CCND1, MMP2, PTTG1, LEF1, MYC, RUNX2, TIAM1, FST and WISP3 in growth
plate cartilage, iii) the enriched expression of TLE2, an established transcriptional in-
hibitor of canonical Wnt-signaling in articular cartilage, and iv) the higher expression
of the direct and indirect antagonists of Wnt-signaling FRZB, DKK1 and GREM1
in articular cartilage (figure 2). Furthermore, these three antagonists were the three
most differentially expressed genes between growth plate and articular cartilage with
an average fold change of 539, 205 and 97 respectively as determined by RT-qPCR.
Notably, the BMP antagonist GREM1 inhibits Wnt indirectly in contrast to FRZB
and DKK1 which are direct Wnt inhibitors. Protein expression of GREM1, FRZB
and DKK1 is predominantly present in articular cartilage and the resting zone of
growth plate cartilage We next performed immunohistochemistry to study protein
expression of the BMP and Wnt antagonists in articular and growth plate cartilage
specimens. Staining of all three antagonists was more intense in articular cartilage
compared to growth plate cartilage, corroborating the mRNA expression patterns (fig-
ure 4.3). These antagonists were detected in all zones of articular cartilage in contrast
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Figure 4.1: Gene expression analysis of healthy human growth plate and ar-
ticular cartilage. (A) Representative histological sections of growth plate and
articular cartilage from the same patient stained with either toluidine blue or
haematoxylin and eosin confirm the healthy nature of both specimens. (B)
Volcano plot depicting all 2915 differentially expressed genes between growth
plate and articular cartilage of all donors as measured with whole genome gene
expression analysis. The y-axis indicates the significance level, while the fold
change after log2 transformation is plotted on the x-axis. (C) 10 differentially
expressed genes were selected for validation of the microarray data by using
quantitative real-time PCR in all donor pairs. Data are expressed as mean
+/- SEM. (D) Pathway analysis using the significantly differentially expressed
genes between growth plate and articular cartilage demonstrated higher ex-
pression of many cell cycle genes in growth plate cartilage (red) compared to
articular cartilage (green).
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Figure 4.2: Differential expression of Wnt signaling related genes between
growth plate and articular cartilage. Detailed pathway analysis of the Wnt
pathway using the Genmapp2 software and the significantly differentially
expressed genes as input, demonstrated differential expression of the Wnt-
signaling pathway between growth plate and articular cartilage (p=0.04).
*GREM1 indirectly inhibits Wnt signaling.

to growth plate cartilage. In the latter tissue, GREM1, FRZB and DKK1 staining
was only witnessed in the resting zone and to a lesser extent in the late hypertrophic
zone of growth plate cartilage, albeit at lower levels than in articular cartilage. To
determine whether the differential expression of GREM1, FRZB and DKK1 was al-
ready present before the formation of the second centre of ossification, we investigated
human femurs of two 20-week old fetal donors. The healthy and unaffected nature
of the fetal femurs was confirmed by macroscopical and histological analysis (figure
4.4A). Immunohistochemistry revealed that GREM1 and DKK1 expression predom-
inantly resided at the proximal resting zone, which is the region destined to become
the articular cartilage (figure 4.4B). Although some GREM1 and DKK1 could still
be detected in the distal resting zone, the staining was less intense. Moreover, no
staining was detected in the proliferative and hypertrophic zones. FRZB was readily
detected in the proximal resting zone and became progressively less intense in more
distal zones.

RNA isolated from seven different regions of the fetal femur was subjected to qPCR
gene expression analysis (figure 4.4C). Gene expression of FRZB steadily declined
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Figure 4.3: GREM1, FRZB and DKK1 expression in growth plate and artic-
ular cartilage. Immunohistochemistry of articular and growth plate cartilage
sections derived from the same patients with antibodies against GREM, FRZB
and DKK1. More staining was witnessed for all three proteins in the articu-
lar cartilage compared to growth plate cartilage. (n=4 pairs or articular and
growth plate cartilage specimens). Lower panel denotes a semi-quantitative
scoring of the staining ranging from strong positive (+++) to undetectable
levels (-). AC, articular cartilage. GP, growth plate cartilage. SZ, superficial
zone. MZ, mid zone. DZ, deep zone. RZ, resting zone. PZ, proliferating zone.
PHZ, prehypertrophic zone. HZ, hypertrophic zone. (Scale bar, 200 µm.)

between the proximal resting zone and the hypertrophic zone. Although the gene
expression of GREM1 and DKK1 also progressively declined, there was a stronger
regional decline around the mid resting zone and the proliferative zone. Immuno-
histochemical analysis corroborated with the gene expression analysis as assessed by
qPCR. Both analyses suggested the presence of a gradient in GREM1, FZRB and
DKK1 expression, with highest expression in the region of the future articular carti-
lage and became progressively weaker towards the subchondral bone.

4.3.3 Chondrogenically differentiating MSCs resemble growth
plate chondrocytes

We used the list of differentially expressed genes between growth plate and artic-
ular cartilage to determine whether differentiating MSCs acquire a gene expression
fingerprint more characteristic of growth plate than articular chondrocytes. To in-
vestigate this, we performed a 3-dimensional principal component analysis, which
involved expression profiles of growth plate and cartilage specimen as well as a previ-
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Figure 4.4: Figure 4. Expression of GREM1, FRZB and DKK1 in fetal
cartilage. (A) Representative haematoxylin and eosin stained section of 20
weeks old human fetal distal femoral cartilage. Black boxes indicate respec-
tive locations of depicted immunohistochemical stainings. Lines denote the
borders of the manually dissected zones of the primary growth plate from the
proximal resting zone (RZ) to the distal hypertrophic zone (HZ) (B) Immuno-
histochemistry of fetal distal femoral cartilage sections with antibodies against
GREM, FRZB and DKK1. All stainings showed positive cells near the joint-
side. Staining became gradually less intense towards the subchondral bone.
(C) Quantitative real-time PCR on cDNA belonging to seven manually dis-
sected zones of the primary fetal growth plate demonstrated a gradual decrease
in GREM1, FRZB and DKK1 mRNA expression from the proximal resting
zone towards the hypertrophic zone. Data are mean of n=3 donors +/- SEM.
Abbreviations: Prox, proximal. Mid, middle. Dist, distal. RZ, resting zone.
PZ, proliferative zone. HZ, hypertrophic zone. All pictures in panel B are
taken using the same magnification. (Scale bar, 200 µm).



4

4.3. RESULTS 53

ously established profile of chondrogenically differentiating fetal bone marrow derived
MSCs (Van Gool et al, in preparation) (figure 4.5A). Growth plate and articular car-
tilage grouped distinctly from each other as well as from undifferentiated MSCs. Over
time, chondrogenically differentiating MSCs gradually, but progressively, acquired a
gene expression fingerprint more closely resembling growth plate rather than articular
chondrocytes.

We then selected a panel of the differentially expressed genes and used this panel
to assess cartilage lineage formation in chondrogenically differentiating adult bone
marrow MSCs in pellet cultures in the presence of TGFB3 and BMP6. None of the
AC specific genes were induced during 5 weeks of differentiation despite histological
evidence of cartilage formation. More strikingly, both GREM1 and ABI3BP were
significantly down-regulated to levels normally found in GP-cartilage (figure 4.5B).
In sharp contrast, growth plate enriched genes, such as LEF1 and PANX3, were up-
regulated almost matching the level of expression in the growth plate (figure 4.5C).
Similar findings were made in MSCs cultured in pellets, discs or encapsulated in
agarose hydrogels. This indicated that bone marrow derived MSCs in the presence of
TGFB3 and BMP6 preferentially differentiate into a growth plate-like hyaline carti-
lage irrespective of the culture method.

4.3.4 Grem1, Frzb and Dkk1 inhibit longitudinal growth of
explanted fetal tibiae dose dependently

To investigate whether GREM1, FRZB and DKK1 play a role in endochondral ossifi-
cation and therefore in the longitudinal growth of long bones, we cultured explanted
mouse fetal tibiae in the presence or absence of 50 or 500 ng/ml of recombinant Grem1,
Frzb and Dkk1. Histological analysis showed no gross abnormalities in the metaphysis
and diaphysis (figure 4.6A) nor in the epiphyseal cartilaginous heads (figure 4.6B) of
all tibiae. Image analysis demonstrated that all tibiae grew over time.

Tibiae cultured in the presence of a single antagonist or a combination of all three
antagonists grew more slowly compared to untreated controls in a dose-dependent
manner, resulting in a lower total tibiae length at the end of culture. This was due
to a decrease in length of the metaphysis and diaphysis with increasing dosages of
Grem1, Frzb and Dkk1. In contrast, the combined length of the epiphyseal cartilagi-
nous heads showed no difference (figure 4.6C). A more detailed analysis of the zonal
distribution in the cartilage showed a significant decrease in length of the chondro-
cyte columns (proliferative zone), a modest but significant decrease in the height of
the hypertrophic zone and a significant strong increase in length of the non-columnar
(resting) zone (p<0.001, p=0.013, p=0.010 respectively when comparing non-treated
with treated explants (500 ng/ml)) (figure 4.6D). Taken together, these results sug-
gest that the addition of recombinant Grem1, Frzb and Dkk1 inhibits endochondral
ossification and thus longitudinal growth of explanted tibiae by retarding the progres-
sive differentiation of resting zone chondrocytes towards a terminally differentiated
hypertrophic chondrocyte.
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Figure 4.5: Chondrogenically differentiated MSCs resemble growth plate
chondrocytes. (A) Three-dimensional principal component analysis based on
whole genome gene expression analysis of articular cartilage (red spheres),
growth plate cartilage (green spheres) and weekly time points of chondrogeni-
cally differentiating human fetal bone marrow MSCs up to five weeks (blue
spheres). MSCs were differentiated in pellet cultures in the presence of TGFB3
and BMP6. Over time MSC derived cartilage progressively resembled more
growth plate than articular cartilage. (B) Quantitative real-time PCR anal-
ysis of chondrogenically differentiating adult bone marrow MSCs (n=3) on
articular enriched genes. Data are expressed as mean +/- SEM. Expression
of none of these genes was induced during chondrogenic differentiation of the
MSCs. (C) In marked contrast, gene expression of two growth plate chondro-
cyte enriched genes was induced. AC, articular cartilage. GP, growth plate
cartilage.

4.3.5 Addition of GREM1, FRZB or DKK1 during chondrogenic
differentiation of MSCs inhibits terminal hypertrophic
differentiation

Since chondrogenically differentiated MSCs did not express GREM1, FRZB or DKK1,
we reasoned that their addition during the differentiation period might steer the rather
growth plate-like phenotype towards a more articular cartilage phenotype. To inves-
tigate this, chondrogenically differentiating MSCs were treated with 20 or 200 ng/ml
recombinant human GREM1, FRZB and DKK1 from day 7 onwards. Histological
analysis showed that after at least 3 weeks of culture all pellets stained positive for
glycosaminoglycans (figure 4.7A). In line with previous observations, mineralization
was first observed in the control cultures around week three, progressed over time and
was almost exclusively present in the periphery of the pellets.

Addition of the antagonists at a concentration of 20 ng/ml resulted in slightly less
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Figure 4.6: Grem1, Frzb and Dkk1 slow down longitudinal growth by in-
hibiting terminal differentiation. Explanted E17.5 mouse tibiae were cultured
in the presence or absence of 50 or 500 ng/ml exogenous Grem1, Frzb and
Dkk1. After 7 days of culture, midsagittal 5 µm paraffin sections were stained
with (A) alcian blue and nuclear fast red or (B) haematoxylin and eosin. Using
image analysis software the lengths of (C) the whole organ, the cartilaginous
primary growth plates and bone shaft, and (D) the resting zone, proliferative
zone and hypertrophic zone of the cartilage were determined. Yellow bars in-
dicate the resting zone. Purple bars represent the proliferative zone and blue
bars indicate the hypertrophic zone. Data represent the mean of 6 tibiae +/-
SEM. (Scale bar, 200 µm).

intense toluidine blue staining after 5 weeks of differentiation (Figure 4.7A). Addition
of 200 ng/ml of FRZB or DKK1 showed increased glycosaminoglycan staining, pre-
dominantly in the periphery of the pellet. This was not observed in GREM1 treated
pellets. Importantly, addition of all three antagonists reduced matrix mineralization
to undetectable levels (figure 4.7A). In line with this, treatment with the antagonists
significantly down regulated the expression of genes traditionally linked to chondro-
cyte hypertrophy such as ALP and COL10 (figure 4.7B).

Supplementation of 20 or 200 ng/ml recombinant GREM1, FRZB or DKK1 did
not result in an increase in expression of the articular cartilage enriched genes GREM1,
FRZB and DKK1 and ABI3BP and only modestly decreased the expression of growth
plate enriched genes such as WNT5A, WNT11, EPYC and PANX3, but this did not
reach significance (figure 4.7C). Absence of a strong effect was not due to loss of
biological activity as the expression of the Wnt-target gene AXIN2 was significantly
down-regulated. Taken together, these results demonstrated that exogenous GREM1,
FRZB and DKK1 were able to inhibit hypertrophic differentiation and mineralization
of chondrogenically differentiating MSCs, but were not able to steer the differentiation
itself towards an articular cartilage phenotype.
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Figure 4.7: GREM1, FRZB and DKK1 inhibit matrix mineralization of chon-
drogenically differentiating MSCs. (A) Representative histological sections
(n=6) of chondrogenically differentiated adult bone marrow MSCs stained with
toluidine blue and Von Kossa cultured for either 3 weeks (i) or 5 weeks (a-h,
j-l). Cells were supplemented with PBS (a,e,i), 20 ng/ml (b,f) or 200 ng/ml (j)
of GREM1, 20 ng/ml (c,g) or 200 ng/ml (k) of FRZB or 20 ng/ml (d,h) or 200
ng/ml (l) of DKK1. After three weeks of chondrogenic differentiation low lev-
els of mineralization are visible, while after five weeks mineralization is readily
detected. Addition of GREM1, FRZB or DKK1 did not inhibit chondrogene-
sis, but did prevent mineralization. Arrows indicate nodules of mineralization.
(B and C) Quantitative real-time PCR analysis was performed on MSCs chon-
drogenically differentiated for 5 weeks in the presence or absence of GREM1,
FRZB or DKK1 (20 ng/ml). Investigated genes are enriched in hypertrophic
differentiation (B) or the growth plate (C). Data are expressed as mean (n=3
donors) +/- SEM. (* = P<0.05). (Large scale, 100 µm; short scale bar, 200
µm).

4.3.6 Preserved antagonist expression in expanded articular
chondrocytes

Expanded articular chondrocytes retain their ability to resist endochondral ossifica-
tion [11]. To study whether this correlates with persistent expression of GREM1,
FRZB and DKK1, we investigated the expression levels of these genes during ex-
tensive expansion. The expression of GREM1 increased slightly over time. FRZB
expression decreased progressively during expansion. However, this was counterbal-
anced by an almost equal increase in DKK1 expression. Based on the steady decrease
in expression levels of the direct Wnt target gene AXIN2, these data suggest that,
canonical Wnt signalling slightly but progressively decreased during chondrocyte ex-
pansion (figure 4.8).
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Figure 4.8: Continued Wnt inhibition during extensive expansion. Quanti-
tative real-time PCR analysis of GREM1, FRZB, DKK1, LEF1 AXIN2 and
ABI3BP mRNA levels of human chondrocytes cultured up to passage eight.
Data are the mean of n=6 observations after logarithmic transformation +/-
SEM. Values of cells in passage 0 are set to 1.

4.3.7 GREM1 transcription decreased in degenerating
osteoarthritic cartilage

Osteoarthritic cartilage is characterized by evidence of increased hypertrophic differ-
entiation [12]. Given the proposed role of the antagonists FRZB, GREM1 and DKK1
in preventing hypertrophic differentiation, we hypothesized that the expression of
these genes was decreased in osteoarthritic cartilage. To investigate this, paired spec-
imens of macroscopically relatively preserved and degenerating osteoarthritic cartilage
were collected from a single osteoarthritic joint of 17 patients who had undergone a to-
tal knee arthroplasty. The mRNA was isolated and subjected to qRT-PCR analysis.
In preserved cartilage, GREM1, FRZB and DKK1 mRNA were expressed signifi-
cantly higher compared to osteoarthritic cartilage, respectively 2.3, 3.0 and 2.7-fold
change with corresponding P-values of <0.001, 0.004 and 0.002 (figure 4.9). Moreover,
the expression levels of GREM1, FRZB and DKK1 were all significantly positively
correlated with each other.
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Figure 4.9: Correlation GREM1, FRZB and DKK1 with OA. (A) Gene
expression of GREM1, FRZB and DKK1 was determined in preserved and
degenerated cartilage from the same joint. All three antagonists are signifi-
cantly less expressed in degenerated cartilage compared to preserved cartilage
of the same joint. Dashed lines represent individual donors (n=17). Solid line
represents the mean +/- SEM. (B).

4.3.8 SNP rs12593365 is associated with radiographic
osteoarthritis

We next reasoned that articular cartilage enriched genes may be prime candidates
for association with the development and progression of OA. To test this hypothesis,
we selected 2 genes of interest, namely: GREM1 and DKK1 for which most common
genetic variants were tagged by a total of 116 SNPs located in the annotated gene or
within 100Kb up-stream or down-stream of the genes. These SNPs were analyzed for
an association with radiographic knee or hip OA in the Rotterdam Study I, a large
population cohort study. The study population comprised of in total 3243 controls,
and 771 hip OA cases, and 1492 knee OA cases. We found a total of 12 SNPs
nominally significant associated with hip OA, and 3 SNPs associated with knee OA
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Figure 4.10: Genetic association study. (A) Baseline characteristics of the
study population RSI and RSII used in the genetic association study. (B)
Genetic association study of GREM1 and DKK1 in two populations (RSI and
RSII) for hip OA. RS, Rotterdam Study; OA, osteoarthritis, nr, number; BMI,
body mass index; SNP, single nucleotide polymorphism.

(Figure 9.10).

We then tried to replicate these initial findings in a second population based
cohort, the Rotterdam Study II, with in total 1466 controls, 158 hip OA cases and
369 knee OA cases. We observed that 11 of the 12 SNPs originally associated with
hip OA in RSI were also associated with hip OA in RSII in the same direction (Figure
9.10), of which 2 SNPs reached nominal significance in RSII. A combined analysis of
RSI and RSII for the top SNP rs12593365 showed that the C-allele was associated
with 20% decreased risk for hip OA (OR:0.80 (95% CI: 0,71-0,92; p=0.001). SNP
rs12593365 is located 80 KB downstream of the GREM1 gene within a region that is
known to be involved in its regulation of expression [13].

4.4 Discussion

In this study, we have reported on i) transcriptional markers distinctly present in
either human growth plate or articular cartilage; ii) the identification of 3 antagonists
GREM1, FRZB and DKK1 which are enriched in articular cartilage and can mitigate
hypertrophic differentiation and endochondral ossification; and iii) that the mRNA
expression of these antagonists is decreased in severely affected osteoarthritic regions
of joint cartilage.

The whole genome gene expressions analysis comparing donor paired articular
cartilage and growth plate cartilage showed remarkably few genes expressed at a
more than 2-fold difference. Only 35 genes were expressed with more than five-fold
difference, which represents just 1.6% of all genes that were detected to be significantly
differently expressed. This underlines the fact that both tissues, despite their distinct
functions and fates, are both hyaline cartilage.

It should be noted that although our initial findings were made in hyaline cartilage
specimens from preadolescent donors without macroscopic evidence of disease. Our
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major findings were reproduced in healthy fetal hyaline cartilage. Although we cannot
exclude that the gene expression patterns in growing donors might be different from
that of adult donors, the gene expression analysis of articular cartilage of adult donors
showed persistent expression of articular cartilage enriched genes while the expression
of typical growth plate genes was invariably low.

It is well established that in vitro generated MSC derived cartilage is prone to
undergo endochondral ossification when subcutaneously implanted in a suitable ani-
mal model [14]. Using our data set, we confirmed and at least partly explained this
observation at the genetic level. We demonstrate that chondrogenically differentiat-
ing MSCs acquire a gene expression fingerprint more characteristic of a growth plate
rather than an articular cartilage chondrocyte. We furthermore provide evidence that
measuring the gene expression of four markers profoundly expressed in articular carti-
lage (GREM1, FRZB, DKK1 and ABI3BP) and four markers enriched in growth plate
cartilage (PANX3, MATN1, EPYC and LEF1 ) are sufficient to identify the hyaline
cartilage subtype. This marker set can be used to develop and optimize differen-
tiation protocols to help in obtaining articular-like cartilage from chondrogenically
differentiating MSCs.

In contrast to osteoarthritic cartilage, healthy articular cartilage is largely resistant
to undergo hypertrophic differentiation. It has been postulated that articular cartilage
expresses one or more secreted factors that can prevent hypertrophic differentiation
of growth plate cartilage or chondrogenically differentiating MSCs in co-cultures [2].
Moreover, this characteristic is retained over time in primary cultures of articular
chondrocytes. Therefore, it is intuitive to assume that secreted molecules able to an-
tagonize pathways known to be involved in hypertrophic differentiation would be of
paramount importance in controlling the fate of hyaline cartilage and might be natural
breaks preventing hypertrophic differentiation of normal articular cartilage. Indeed,
the three most up-regulated genes in articular cartilage in comparison to growth plate
cartilage were the secreted BMP- and Wnt antagonists GREM1, FRZB and DKK1.
The Wnt- and BMP signaling pathways play both a stimulatory role in the tightly
orchestrated process of hypertrophic differentiation [3, 15]. Indeed, inhibition of these
pathways via supplementation of culture medium with recombinant GREM1, FRZB
and DKK1 led to an inhibition of hypertrophic chondrocyte differentiation and sub-
sequent matrix mineralization in chondrogenically differentiated MSCs. In cultured
mouse fetal explanted tibiae, they retarded endochondral ossification by keeping the
chondrocytes in the resting zone. Additionally, the expression of these antagonists
is preserved in expanded primary chondrocytes over time and these cells retain the
propensity to inhibit hypertrophic differentiation of co-cultured MSCs. Therefore,
GREM1, FRZB and DKK1 are strong candidates for the above-mentioned secreted
factors. We hypothesize that these articular cartilage enriched secreted factors act
as a natural brake on terminal hypertrophic differentiation in healthy joint cartilage.
Accumulating evidence suggests that activation of hypertrophic differentiation of ar-
ticular chondrocytes is one of the underlying pathophysiological mechanisms of OA
[7, 16]. This process is mediated amongst others via a shift in the balance between
hypoxia inducible factor (HIF)1A and HIF2A, favoring the latter. Not only does this
lead to up-regulation of catabolic genes such as MMP3, MMP9 and MMP13, but also
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Figure 4.11: Schematic model of the role of GREM1, FRZB and DKK1 in ar-
ticular cartilage homeostasis. Healthy articular chondrocytes express GREM1,
FRZB and DKK1. By counteracting canonical Wnt signaling and / or BMP
signaling they prevent hypertrophic differentiation of articular chondrocytes.
Loss or dysregulation of these antagonists may relief this natural break, which
then may contribute to the pathogenesis of osteoarthritis by allowing hyper-
trophic chondrocyte differentiation.

genes that are involved in the stimulation of chondrocyte hypertrophy such as Indian
hedgehog and runt-related transcription factor 2 [8, 17]. Additionally, Wnt/β-catenin
is able to alter HIF and IHH signaling [18, 19]. Moreover, induced conditional ac-
tivation of Wnt/β-catenin leads to the development of an osteoarthritic phenotype
in mice via hypertrophic differentiation [20]. We postulate that GREM1, FRZB and
DKK1 act as the natural brakes on hypertrophic differentiation of articular cartilage
by directly or indirectly antagonizing the Wnt-signaling. Consequently, deregulation
of their expression is likely to be associated with development of OA (figure 9.11).
Indeed, we observed a significant decrease in expression of all three antagonists in
severely affected osteoarthritic cartilage compared to relatively preserved cartilage
from the same joint. Osteoarthritic cartilage show clear signs of increased chondro-
cyte hypertrophy, suggesting an association between decreased antagonist expression
and signs of hypertrophy. More importantly, the expressions of these three secreted
molecules are highly correlated. Previously it has been shown that DKK1 expression
decreases in OA [9, 21]. FRZB has also been associated with OA; FRZB -/- mice have
a mild phenotype, but show accelerated cartilage destruction following exposure to
OA inducing triggers [22]. Given the compensatory potential of other Wnt antagonists
in articular cartilage, in particularly DKK1 and to a lesser extent GREM1, it seems
feasible that they can compensate for the lack of FRZB under normal conditions.
The compensatory roles may be unmasked by generating double or triple knock-out
animals. The above mentioned lines of evidence are consistent with our hypothesis.

A possible important role for the identified genes in the etiology of OA is further
corroborated by the results of the genetic association study. We demonstrated a
significant association of polymorphisms near the GREM1 gene with radiographic
hip OA. Interestingly, these SNPs are located downstream of the GREM1 gene in
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a region that is known to regulate GREM1 expression [13]. However, confirmation
in additional study cohorts is necessary. FRZB polymorphisms have previously been
described to be associated with osteoarthritis in some studies, but have not been
replicated in others and a recently published meta-analysis found no overall effect
of FRZB genetic variants on hip or knee OA [23]. Taken together, multiple lines
of evidence support a role for GREM1, FRZB and DKK1 in OA, and based on our
data we postulate that they act as natural inhibitors of hypertrophic differentiation
in healthy articular cartilage.

In summary, we used whole genome expression micro-array analysis to discrimi-
nate between two subtypes of hyaline cartilage, which are either resistant or prone to
undergoing endochondral ossification. Using this dataset, we designed a panel of ge-
netic expression markers able to distinguish between these two hyaline cartilages. We
showed that the BMP antagonist GREM1 and the Wnt antagonists FRZB and DKK1
are highly enriched in articular cartilage and are likely to act as a natural mechanism
in preventing terminal hypertrophic differentiation of chondrocytes and subsequent
endochondral ossification of articular cartilage. Deregulation of this mechanism may
disturb articular cartilage homeostasis by enabling hypertrophic chondrocyte differ-
entiation, which may ultimately contribute to the pathogenesis of OA.
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Abstract

There is an unmet need of biomarkers that can detect degenerative joint diseases
with great sensitivity and specificity in an early stage of the disease. Recently, we
hypothesized that the secreted BMP- and Wnt-antagonists Grem1, Frzb and Dkk1
are master regulators of joint homeostasis. Such regulators are prime candidates for
biomarkers detecting cartilage disease.

In this study we investigated the effect of inflammation on the expression of Grem1,
Frzb and Dkk1 in synovial fluid and in serum using an established horse model. Sterile
inflammation was induced in the intercarpal joint by injecting 0.5 ng of lipopolysac-
charide. Synovial fluid and serum were collected for analysis at several time points.
Grem1, Frzb and Dkk1 were measured with ELISA. All three antagonists were signifi-
cantly elevated in the synovial fluid of LPS injected intercarpal joints at 24 hours post
injection. Values returned towards baseline at 168 hours post injection. Moreover, the
protein levels of Grem1, Frzb and Dkk1 correlated with each other. In serum, Grem1
and Frzb, but not Dkk1, protein levels were affected. However, only the increase of
Grem1 protein levels was statistically significant.

Taken together, our study reveals Grem1, Frzb and Dkk1 as informative biomark-
ers for inflammation of the synovial joint.
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5.1 Introduction

The cartilage micro-environment is closely linked with joint homeostasis. Inflam-
mation of the joint perturbs this homeostasis and induces cartilage catabolism [1].
Inflammation of the synovial membrane is common in several joint diseases including
rheumatoid arthritis and osteoarthritis [2, 3].

We and others have identified the secreted Wnt- and BMP-antagonists Grem1,
Frzb and Dkk1 as important regulators of cartilage homeostasis [4-6]. As Grem1,
Frzb and Dkk1 are secreted soluble proteins, deregulation of cartilage homeostasis can
result in detectable changes in synovial fluid or serum protein levels. In consequence,
Grem1, Frzb and Dkk1 can be considered as interesting potential biomarkers for
cartilage homeostasis. However, the effect of joint inflammation on the expression of
these biomarkers is still largely unknown.

Injection of lipopolysaccharides in intercarpal horse joints is an established model
to induce experimental synovitis [7, 8]. Advantageously, this model allows for collec-
tion of synovial fluid and blood for subsequent biomarker analysis. In addition, this
model is highly suitable for the analysis of therapeutic intervention. For example, it
has been demonstrated that intra-articular use of opioids effectively reduces pain and
inflammation in this model [9].

The present study was designed to answer two intimately linked questions. Firstly,
we examined whether the induction of experimental synovitis would affect the synovial
fluid and serum protein levels of Grem1, Frzb and Dkk1. Secondly, we investigated
whether intra-articular treatment with an opioid influences the expression of Grem1,
Frzb and Dkk1 in synovial fluid.

5.2 Materials and methods

5.2.1 Experimental animals

All experimental procedures and protocols were previously approved by the Utrecht
University Committee on the Care and Use of Experimental Animals in compliance
with Dutch legislation on animal experiments. Two separate animal experiments were
performed. Horses were stall-rested in separate box stalls of 3.6 m x 3.6 m on woodchip
bedding and were fed silage ad libitum and one kg of maintenance concentrates b.i.d.
with hay.

The first experiment was performed as previously described [7]. In short, sterile
synovitis was induced in a randomly chosen intercarpal joint of six healthy skeletally
mature Dutch Warmblood mares of ages between 5 and 8 years with no history of
orthopedic disease. Blood and synovial fluid were collected 0, 8, 24 and 168 hours
post injection.

The second experiment was a two-period randomized placebo-controlled crossover
experiment, in which sterile synovitis was induced in a randomly chosen talocrural
joint of eight Dutch Warmblood mares as previously described [9]. Horses were ran-
domly assigned to receive morphine (n = 4) or placebo (n = 4) treatment. After a
washout period of three weeks, the sterile synovitis was induced in the other joint
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which received the opposite treatment. One hour after induction of synovitis, 20
ml of saline with or without 120 mg of morphine was administered intra-articularly.
Synovial fluid was collected 0, 4, 8, 28, 52 and 168 hours post injection.

5.2.2 Induction of sterile synovitis

To induce sterile synovitis, the left or right tarsus of each horse was clipped and
surgically prepared for dorsomedial arthrocentesis of the talocrural joint. Sterile LPS
from Escherichia coli O55:B5 (Sigma-Aldrich) was diluted to a final concentration of
0.625 ng/ml. Horses were twitched and arthrocentesis was performed with a 21 gauge
x 40 mm needle. After withdrawal of the baseline synovial fluid sample (T=0), 0.8
ml LPS solution (containing 0.5 ng LPS) was delivered aseptically into the talocrural
joint.

5.2.3 Collection of blood and synovial fluid

Serum was isolated from EDTA treated blood from the left jugular vein before se-
dation for arthrocentesis at appointed time points. Serum was aliquoted and stored
at -80◦C until use. Synovial fluid was centrifuged in plain tubes at 10,000 g for 15
minutes, aliquoted and stored at -80◦C until further analysis.

5.2.4 Quantification of Grem1, Frzb and Dkk1 protein levels

Grem1 (USCN Life Science), Frzb and Dkk1 (R&D Systems) protein levels in the col-
lected serum and synovial fluid samples were measured by Enzyme-linked immunosor-
bent assay (ELISA) following manufacturer’s instructions.

5.2.5 Statistical analysis

Statistical differences between two groups were analyzed by use of one-way analysis
of variance on repeated measures. When a significant time effect was observed, levels
at individual time points were compared with Tukey’s post hoc tests. The level of
significance was set at P<0.05. Time points that compared to 0 hours post injection
reached significance are indicated with an asterisk. Correlations between the expres-
sion levels of synovial fluid of Grem1, Frzb and Dkk1 during experimental synovitis
were assessed using Pearson’s correlation analysis.

5.3 Results

5.3.1 Synovial fluid protein levels of Grem1, Frzb and Dkk1
during sterile synovitis

Averaged Grem1, Frzb and Dkk1 concentrations in synovial fluid were 55 ng/ml, 41730
ng/ml and 425 ng/ml respectively (figure 5.1). Upon induction of sterile synovitis,
Grem1, Frzb and Dkk1 protein levels increased in all tested horses. The induction of
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Figure 5.1: Synovial fluid protein levels of Grem1, Frzb and Dkk1 over time
as measured in an intercarpal horse joint in which experimental synovitis is
induced.

Table 5.1: Correlations between Grem1, Frzb and Dkk1 synovial protein
levels.

Frzb reached significance at 8 and 24 hours post induction. The increase in Grem1
and Dkk1 reached significance 24 hours post induction. The highest expression levels
of all three proteins were measured at 24 hours post induction with an averaged
protein level of 232 ng/ml, 275253 ng/ml and 3854 ng/ml for Grem1, Frzb and Dkk1
respectively. After 168 hours, the expression of the 3 antagonists returned towards
baseline levels. Moreover, the expression levels of all three proteins correlated with
each other (table 5.1).

5.3.2 Serum protein levels of Grem1, Frzb and Dkk1 during
sterile synovitis

Grem1, Frzb and Dkk1 protein levels were detected in the serum with average con-
centrations of 83 ng/ml, 6786 ng/ml and 488 ng/ml respectively (figure 5.2). Upon
induction of sterile synovitis, Grem1 protein levels in serum were statistically signif-
icant elevated compared to baseline levels after 8 hours with an increase of 102 %
(+/- 173 ng/ml). Afterwards, Grem1 protein levels gradually returned to baseline
levels, but even after 168 hours Grem1 levels were still 44.5 % (+/- ng/ml) increased
compared to the baseline. Frzb protein levels were mildly decreased at 8 and 24 hours
(+/- 6404 ng/ml and +/- 5985 ng/ml respectively) and slightly increased 168 hours
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Figure 5.2: Serum protein levels of Grem1, Frzb and Dkk1 over time in a
horse in which experimental synovitis is induced in one of its intercarpal joints.

post induction (+/- 7463 ng/ml). The average protein levels of Dkk1 in serum did
not change significantly.

5.3.3 Effect of morphine treatment on synovial fluid protein
levels of Frzb and Dkk1 during sterile synovitis

The induction of sterile synovitis resulted in the elevation of Frzb and Dkk1 levels in
synovial fluid. Opioid treatment of sterile synovitis reduced pain, clinical lameness and
inflammation [9]. Therefore, we investigated whether treatment of sterile synovitis
with opioids mitigated the elevation of Frzb and Dkk1 protein levels in synovial fluid.
Induction of sterile inflammation, increased Frzb and Dkk1 protein levels in synovial
fluid, which was in agreement with experiment 1. Treatment with morphine did not
affect LPS’ effect on Frzb and Dkk1 protein levels compared to placebo treated joints
(figure 5.3).

5.4 Discussion

Identification and characterization of joint homeostasis biomarkers is crucial for im-
proving the accuracy of diagnosis and prognosis of joint diseases at an early stage [10].
The currently most frequently used biomarkers are derived from breakdown products
of the extracellular cartilaginous matrix [11]. Although such biomarkers have proven
to be reliable in advanced stages of joint disease, they lack the sensitivity and speci-
ficity in an early stage of disease. We postulated that secreted molecules that play a
role in the maintenance of articular cartilage homeostasis may yield biomarkers that
allow the detection of degenerative events in an early phase of the disease process. This
potentially allows for preventive therapy, rather than symptomatic treatment at a late
stage when joint function is already severely impaired. Previously, we and others have
shown that GREM1, FRZB and DKK1 are potential candidates for such biomarkers
[Chapter 4]. GREM1, FRZB and DKK1 are secreted soluble proteins able to inhibit
BMP- or Wnt-signaling either directly or indirectly [12]. Circulating DKK1 protein
levels have previously been reported to be increased in rheumatoid arthritis and de-
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Figure 5.3: Effect of intra-articular morphine treatment on synovial fluid
protein levels of Frzb and Dkk1 during experimental synovitis. Averaged pro-
tein level of each time point was normalized to protein levels of placebo treated
intercarpal horse joints with experimental synovitis.

creased in osteoarthritis [4, 13]. Moreover, Dkk1 has been suggested to correlate with
the severity of knee osteoarthritis [14]. Loss of Frzb expression in mice was associated
with exacerbated cartilage destruction in experimental models for osteoarthritis [5].
Circulating FRZB protein levels were detected to be increased in early rheumatoid
arthritis and decreased in response to disease-modifying antirheumatic drugs [15].
Furthermore, circulating FRZB protein levels were slightly increased in a FRZB hap-
lotype variant that is associated with hip osteoarthritis [16]. FRZB protein levels in
synovial fluid have remained largely uninvestigated. GREM1 was demonstrated to
be differentially expressed between healthy and osteoarthritic human chondrocytes
and synovial fibroblasts [6]. Moreover GREM1 protein levels are detectable in human
serum (508 ng/ml) [17], which is considerably higher than serum values in horses (83
ng/ml in this study). However, Grem1 protein level in synovial fluid and the influence
of cartilage related pathologies on Grem1’s protein level in serum and synovial fluid
have remained uninvestigated.

In the present study we demonstrated that the protein expression of Grem1, Frzb
and Dkk1 in synovial fluid rapidly and transiently increased after induction of acute
synovitis in equine joints. In addition, we showed that Grem1 protein levels were
also increased in serum and were still elevated 168 hours after injection of LPS com-
pared to baseline. At 8 and 24 hours after LPS injection Frzb expression in serum
was slightly decreased and at 168 hours post injection slightly increased compared
to baseline. Although articular cartilage produces and secretes Grem1, Frzb and
Dkk1, it cannot be excluded that the measured differences in the synovial fluid and
serum originated from other tissues. In particular, several other joint tissues such
as bone and synovium express and secrete Grem1, FRZB and/or DKK1 [4, 5, 18].
Regardless, experimental synovitis elevated the level of all three proteins in the syn-
ovial fluid. As this increase in protein level is already detectable after eight hours, it
might be speculated that this is due to a direct effect. In line with this, a previous
study with an identical experimental set-up for the induction of experimental syn-
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ovitis reported that the inflammation is most intense around 8 hours post injection
as witnessed by lameness, joint effusion, carpal circumference and a sharp increase of
prostaglandin E2, bradykinin and substance P in the synovial fluid. In contrast, col-
lagen II turnover markers, collagenase-cleavage neoepitope of type II collagen (C2C)
and carboxypropeptide of type II collagen epitope (CPII), only increased after 24
hours [19]. This suggests that the protein levels of the cartilage homeostasis markers
Grem1, Frzb and Dkk1 are altered before collagen II degradation occurs.

Intra articular morphine injections results in analgesic effects via decreased cAMP
formation, which lowers the neuronal excitability of the peripheral nerve endings [20].
Moreover, it also exerts an anti-inflammatory function via the inhibition of calcium-
dependent release of proinflammatory mediators [21]. As a result, intra-articular
injection of opioids strongly decreased the clinical lameness of horses caused by ster-
ile inflammations of synovial joints [9]. However, of morphine have not been proven to
inhibit cartilage degeneration. Moreover, intra-articular injection of morphine did not
detectably influence Frzb and Dkk1 protein levels upon induction of sterile inflamma-
tion in synovial fluid. This suggests that the response in Frzb and Dkk1 protein levels,
by the disturbance of joint homeostasis, is not influenced by symptomatic analgesic
treatment and temporary mechanical unloading of the joint.

Secreted proteins that antagonize the same signaling pathway can have compen-
satory regulation; a decrease of one antagonist can be compensated by (altered ex-
pression of) other antagonists. Similarly, a decrease in antagonists might also lead to
altered expression of stimulating agonists. Unfortunately, only limited data is avail-
able on these compensatory mechanisms in osteoarthritis. Deeper understanding of
compensatory regulation in cartilage and its associated diseases is desirable, as it is
known that many of its signaling pathways e.g. Wnt-signaling have the potency to
autoregulate the expression of their own agonists and antagonists [Chapter 6].

Combinatorial testing of both candidate and established biomarkers might reveal
a biomarker panel that possesses an increased diagnostic and prognostic potential
compared to the traditional use of single cartilage biomarkers. The combination of
biomarkers that are informative on the various phases of disease development might
even allow estimating disease progression. In addition, the screening of multiple
biomarkers can contribute to the discrimination of subgroups in heterogeneous dis-
eases such as osteoarthritis. The present study reveals Grem1, Frzb and Dkk1 as
putative informative biomarkers for inflammation of the synovial joint.
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Abstract

Osteoarthritis is, at least in a subset of patients, associated with hypertrophic dif-
ferentiation of articular chondrocytes. Recently, we have identified the BMP- and
Wnt-signaling antagonists GREM1, FRZB and DKK1 as natural brakes of hyper-
trophic differentiation in healthy articular cartilage. Moreover, we demonstrated that
deregulated transcription of these factors correlated with osteoarthritis. In this study
we set out to investigate the influence of factors, which are important in the onset
and progression of hypertrophic differentiation, on the gene transcription levels of
GREM1, FRZB and DKK1.

Human articular chondrocytes were exposed to Wnt, BMP, IL1B, IHH, PTHrP,
mechanical loading, different tonicities or distinct oxygen levels. We demonstrated
that Wnt-, BMP-, IL1B-signaling and mechanical loading were capable of altering the
mRNA levels of GREM1, FRZB and DKK1. IHH, PTHrP and tonicity influenced
the mRNA levels of at least one antagonist, while oxygen levels did not demon-
strate any statistical significant effect on the tested genes. IL1B strongly decreased
FRZB and DKK1 mRNA levels, which may account for IL1B’s activating effects on
canonical Wnt-signaling. Interestingly, our data demonstrated that both BMP- and
Wnt-signaling up regulated the expression of each other’s antagonists in a feedback
loop.

Together, the current study provides insight in the transcriptional regulation of
GREM1, FRZB and DKK1 by conditions that are linked with the development and
progression of osteoarthritis. Furthermore, we show that BMP and Wnt signaling are
linked in a negative feedback loop effectively controlling the balance of BMP and Wnt
activity, which is essential in articular cartilage homeostasis. As the mRNA expression
of GREM1, FRZB and DKK1 inversely correlated with hypertrophic differentiation
and osteoarthritis, our data provides a deeper understanding of this pathology.
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6.1 Introduction

Osteoarthritis is the main form of arthritis and the leading cause of mobility associated
disability [1]. A growing body of evidence suggests that hypertrophic differentiation
of articular chondrocytes underlies the pathogenesis of osteoarthritis, at least in a
subset of patients. Healthy articular cartilage is largely resistant to hypertrophic
differentiation. In recent years many factors that are able to influence, or correlate
with, the development of osteoarthritis have been revealed. These include, but are not
limited to, bone morphogenetic proteins (BMPs) [2], canonical wingless-type MMTV
integration site family members (Wnts) [3], Hedgehog [4], interleukins [5] and the
transcription factors HIF2A [6] and RunX2 [7]. Of these, BMPs [8], Wnt [9], IHH
[10], HIF2A [11] and RunX2 [12] have also been identified as pro-hypertrophic factors.

Hypertrophic differentiation is a key characteristic of growth plate cartilage, an-
other form of hyaline cartilage. This process is uncommon in healthy articular carti-
lage. The growth plate is instrumental in the process of longitudinal bone growth by
endochondral ossification. Indeed, many of the aforementioned factors play a promi-
nent role in the regulation of hypertrophic differentiation of growth plate chondrocytes
[11,13,14,15]. Additionally, the pace of this process is controlled by the parathyroid
hormone related peptide (PTHrP) and IHH negative feedback loop [16].

Regardless of the instigating factor(s), hypertrophic differentiation of chondro-
cytes induces a catabolic shift. Amongst others, interleukin 1 beta (IL1B) [17] and
biomechanical stimulation, such as repetitive impulse loading [18] can also induce
a catabolic shift. Additionally, tonicity might play a role in osteoarthritis, as it is
significantly lower in osteoarthritic joints and is able to drive the expression of an-
abolic cartilage genes such as aggrecan (ACAN ), SRY (sex determining region Y)-box
9 (SOX9 ) and collagen 2 (COL2A1 ) [19,20]. Healthy articular cartilage has an in-
trinsic mechanism that protects it from undergoing hypertrophic differentiation and
subsequent catabolism [21]. Evidence suggests that articular cartilage secretes soluble
factors that inhibit chondrocyte hypertrophy. This is based on the observation that
articular cartilage conditioned medium is able to inhibit hypertrophic differentiation
of growth plate cartilage or chondrogenically differentiated mesenchymal stromal cells
[22,23]. Recently, we have identified the BMP and Wnt antagonists GREM1, FRZB
and DKK1 as prime candidates for these articular cartilage secreted factors that in-
hibit chondrocyte hypertrophy [Chapter 4]. Moreover, we have demonstrated that
the mRNA levels of these factors inversely correlated with osteoarthritis and that a
SNP in the GREM1 gene associates with hip-osteoarthritis. Based on these observa-
tions, we hypothesized that factors implicated in the development or progression of
osteoarthritis are likely candidates for the regulation of GREM1, FRZB and DKK1
mRNA expression in articular chondrocytes.

In this study, we have investigated the effect of important biochemical and biophys-
ical stimuli, which have been implicated in hypertrophic differentiation of chondro-
cytes or in the development of osteoarthritis, to probe the transcriptional regulation
of GREM1, FRZB and DKK1 in articular chondrocytes.
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6.2 Materials and methods

6.2.1 Chondrocyte isolation and culture

The use of human material was approved by a local medical ethical committee. After
informed consent was obtained, human articular cartilage was obtained from macro-
scopically healthy looking areas of osteoarthritic femoral condyles from patients un-
dergoing total knee replacement. Bovine cartilage was obtained from a local abat-
toir. Chondrocytes were isolated by cutting the cartilage tissue into small pieces and
incubating these pieces in Dulbecco’s modified Eagle’s medium (Gibco) (DMEM)
containing 0.2 % collagenase type II (Worthington) at 37◦C for 8 hours. The iso-
lated chondrocytes were subsequently washed, centrifuged and resuspended in DMEM
(Gibco) containing 10 % heat inactivated fetal bovine serum (Biowhittaker), 0.01 M
MEM nonessential amino acids (Gibco), 0.04 mM L-proline (Sigma), 0.2 mM ascorbic
acid (Sigma) and 1 % Penicillin/Streptomycin (Gibco). Isolated Chondrocytes were
seeded at 3000 per cm2, cultured in a humid atmosphere with 5 % CO2, passaged
upon confluence using trypsin (Invitrogen) and had their medium refreshed thrice a
week.

6.2.2 Oxygen levels

Freshly isolated human chondrocytes were seeded at 2.500 per cm2 and cultured under
conventional normoxic culture conditions (21 % Oxygen) or under hypoxic culture
conditions (2.5 % oxygen) using a hypoxia incubator (proox model C21, Biospherix).
Cells were culture until 95 % confluence was reached.

6.2.3 Tonicity

Chondrocytes were seeded at 7,500 cells/cm2, expanded in culture medium that was
adjusted to either 280 mOsm or 380 mOsm with sodium chloride and reseeded at
20,000 cells/cm2. After 24 hours, 0 or 500 ng/ml of calcineurin inhibitor FK506 was
supplemented to the culture medium. After six additional days the chondrocytes were
lysed for gene expression analysis.

6.2.4 Mechanical stimulation

A medium suspension of passage two human chondrocytes was mixed in a 1:1 ratio
with liquefied ultrapure agarose (Invitrogen) and loaded into a stainless steel biore-
actor to create four 70 µL constructs of two percent agarose containing 10x106 cells
per ml. The insert, loaded with four constructs, was installed in a custom build
previously described compression culture bioreactor. Using a custom designed com-
pression plate, two out of 4 constructs were mechanically loaded with 0.5 MPa, while
the other two constructs remained unloaded. Compression was applied in a cyclical
fashion with a frequency of 0.33 Hz with a loading phase of 50 %. This loading was
applied either without interruption (constant loading) or was followed every hour of
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mechanical stimulation by an hour in which no compression was applied (intermittent
loading). All samples were cultured for 48 hours.

6.2.5 Recombinant protein and compound stimulation

All cell types were seeded at 5.000 cells per cm2, grown to 95 % confluence and subse-
quently exposed to a single dose of recombinant proteins. In all experiments primary
human or bovine chondrocytes, human MSCs and the cell lines MG63 and Saos-2
were used at passage 2. Cells received no medium refreshment after stimulation had
occurred unless otherwise stated and were cultured up to 96 hours. Human chon-
drocytes were exposed to 4, 20, 100 or 200 ng/ml of recombinant human BMP2, 100
ng/ml of recombinant human WNT3A, 100 ng/ml of recombinant human DKK1, 3,
10 or 30 nM of the GSK3β inhibitor GIN [24], 0.3, 1 or 3 µM of canonical Wnt in-
hibitor PKF115-584 [25], 10 or 100 ng/ml of recombinant human IL1B, 10 µM of the
hedgehog signaling blocker cyclopamine, 2.5 µg/ml of recombinant IHH or 5x10-7 M of
recombinant human PTHrP. Passage two human and bovine chondrocytes, passage
two human MSCs, MG63 and Saos-2 were stimulated with 10 nM of GIN. All re-
combinant proteins and compounds were purchased from R&D systems unless stated
otherwise.

6.2.6 Quantitative real-time reverse transcriptase-polymerase
chain reaction (qRT-PCR)

At designated time points, cells were washed with PBS and lysed using trizol reagent
(Invitrogen). Total RNA was isolated using the Nucleospin RNA II kit (Bioke) accord-
ing to manufacturer’s instructions. RNA yields were measured using the Nanodrop
2000 (ND-1000 Spectrophotometer, Isogen LifeScience). Subsequently, cDNA was
synthesized using the iScript Kit (BioRad) in accordance with the manufacturer’s
instructions. Expression levels of individual genes were analyzed using quantitative
PCR by amplifying 20 ng cDNA using Sensimix SYBR (Bioline) on a MyIQ single
color Real-time PCR detection system (BioRad) and analyzed using iQtm5 optical
system software (Biorad). Amplifications were run under the following conditions:
initial denaturation for 10 minutes at 95◦C, then cycled 45 times at 95◦C for 15 sec-
onds, 60◦C for 15 seconds and 72◦C for 15 seconds and was followed by a melting
curve. Gene expression is depicted as the relative fold change between treated sam-
ples and untreated controls and is normalized to 0 hours post-treatment unless stated
otherwise. Primers sequences are available upon request.

6.2.7 Cell viability

Passage two human chondrocytes were seeded at 3.000 cm2. Upon reaching 95 per-
cent confluence the chondrocytes were treated with 3, 10, 30 nM of GIN, 0.3, 1, 3
µM of PKF115-584, 100 ng/ml DKK1 or 100 ng/ml WNT3A. After 48 hours cell’s
total metabolic activity was measured using Alamar blue (Invitrogen) according to
manufacturer’s protocol.
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6.2.8 Statistical analysis

Statistical differences between experimental treatments were analyzed using one-way
ANOVA. Each group consisted of three different donors, each measured at least in
triplicate unless specifically stated otherwise. Statistical significance was set to a
P<0.05 and has been indicated with an asterisk (*).

6.3 Results

6.3.1 BMP2 enhances transcription of Wnt antagonist FRZB and
DKK1

Human chondrocytes were stimulated with a single pulse of BMP2 for up to 48 hours
to investigate its effect on GREM1, FRZB and DKK1 mRNA levels. Functionality of
the recombinant protein was demonstrated by a dose dependent induction of the BMP
target gene ID1. GREM1 mRNA levels remained unaltered as compared to untreated
chondrocytes after 48 hours. However, the expression of the Wnt-antagonists FRZB
and DKK1 were significantly up regulated in a dose dependent manner (figure 6.1).
This suggested that BMPs were able to induce inhibition of canonical Wnt-signalling
in a dose dependent manner. Indeed, the Wnt target gene AXIN2 was down regulated
in a dose dependent manner after BMP2 treatment.

6.3.2 Canonical Wnt-signaling down regulates GREM1, FRZB
and DKK1 expression

Chondrocytes were cultured in the presence or absence of either 100 ng/ml of re-
combinant WNT3A, or a dose range of the GSK3β inhibitor GIN, which activates
canonical Wnt-signaling. None of the conditions showed any signs of cytotoxicity as
determined by phenotypical appearance and metabolic activity of the cells (figure
6.2).Both WNT3A and GIN up regulated AXIN2 mRNA expression 48 hours after
stimulation dose dependently (figure 6.3A).

Chondrocytes were then cultured in the presence or absence of 100 ng/ml of
WNT3A or 10 nM of GIN up to 96 hours. Both GIN and WNT3A induced canoni-
cal Wnt signaling evidenced by an increase in AXIN2 mRNA expression. The effect
was first detected after six hours and peaked between 24 to 48 hours post stimula-
tion (figure 6.3B). FRZB and DKK1 mRNA levels started to decrease 48 hours after
stimulation and were significantly lower after 72 and 96 hours compared to untreated
samples. This suggested that activation of Wnt signaling resulted in the down regula-
tion of Wnt antagonists (figure 6.3C and 6.3D). Activation of canonical Wnt signaling
transiently decreased GREM1 mRNA expression with lowest levels of mRNA expres-
sion 24 hours after treatment after which the expression levels gradually returned to
control (figure 6.3E).

Additionally, we investigated the effects of enhanced canonical Wnt-signaling on
the mRNA levels of CHRD and CHRDL2, two BMP-antagonists which have been
suggested to play an inhibitory role in hypertrophic differentiation of chondrocytes
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Figure 6.1: Effects of BMP signaling on the mRNA expression of GREM1,
FRZB and DKK1. Chondrocytes were stimulated for 48 hours with different
concentrations of BMP2 ranging from 0 to 200 ng ng/ml. Effects on gene
expression of GREM1, FRZB and DKK1, AXIN2 and ID1 were analyzed
using qPCR. Data is expressed as fold change relative to control and represents
the mean of 3 donors +/- SEM. * = P<0.05 compared to 0 ng/ml BMP2.

[26,27]. Activation of canonical Wnt-signaling reduced CHRD and CHRDL2 mRNA
levels with a maximal effect after 72 hours (figure 6.4A and 6.4B). This suggested that
activation of canonical Wnt signaling might be able to influence BMP signaling by
decreasing the expression of BMP antagonists. Indeed, mRNA levels of the established
BMP target gene ID1 increased upon stimulation of canonical Wnt signaling. This
increase was preceded by a decrease in BMP antagonists’ gene transcription (figure
6.3F).

6.3.3 Canonical Wnt-signaling regulates GREM1, FRZB and
DKK1 mRNA levels in bovine chondrocytes, MG63,
SAOS2, and MSCs

As activation of canonical Wnt is correlated with a catabolic response in cartilage, it
is paramount for joint homeostasis that Wnt-signaling is tightly controlled. Typically,
activation of critical pathways is accompanied by subsequent activation of negative
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Figure 6.2: Cytotoxicity was phenotypically investigated by assessing chon-
drocyte morphology. Cells were exposed to DMSO, 100 ng/ml of WNT3A,
and 100 ng/ml of DKK1 (A), a concentration range of GIN (B) and a concen-
tration range of PKF115-584 (C). A representative picture of each condition
over time is shown. To further investigate cytotoxicity, the metabolic activ-
ity of chondrocytes exposed to the different conditions was determined using
Alamar Blue quantification. Data represent the mean of 3 donors +/- SEM.

feedback loops reducing pathway activity. Surprisingly, activation of canonical Wnt-
signaling in primary human chondrocytes resulted in decreased FRZB and DKK1
mRNA levels (Fig. 6.3C and 6.3D). We therefore tested whether this down regulation
was restricted to articular chondrocytes or was a general response across different cell
types. Bovine chondrocytes, MG63s, SAOS-2 and MSCs were exposed for 48 hours to
10 nM of GIN. Comparable to human chondrocytes, bovine chondrocytes down reg-
ulated FRZB and DKK1 mRNA levels after activation of canonical Wnt-signaling.
In contrast, MG63 and SAOS-2 did not respond to GIN with changes in expression
of FRZB and GREM1, respectively (figure 6.5). Like chondrocytes, human bone
marrow derived MSCs demonstrated a decrease in FRZB and DKK1 mRNA levels
upon stimulation of canonical Wnt-signaling. In contrast to human chondrocytes,
GREM1 mRNA expression was up regulated by activating Wnt-signaling. Together
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Figure 6.3: Effect of canonical Wnt signaling on the mRNA expression of
GREM1, FRZB and DKK1. (A) Primary human chondrocytes were exposed
to 100 ng/ml WNT3A or 3 different concentrations of GIN. After 48 hours
AXIN2 mRNA expression was analyzed by qPCR. (B-F) Chondrocytes were
exposed to a single dose of 10 nM of GIN or 100 ng/ml of WNT3A. At indicated
time points, mRNA expression was analyzed by qPCR of AXIN2 (B), FRZB
(C), DKK1 (D), GREM1 (E) and ID1 (F). (G) Primary human chondrocytes
were exposed to 100 ng/ml WNT3A or 3 different concentrations of PKF115-
584 (115). After 48 hours AXIN2 mRNA expression was analyzed by qPCR.
(H-L) Primary human chondrocytes were exposed to 1 µM of PKF115-584 or
100 ng/ml DKK1. At indicated time points gene expression was analyzed by
qPCR of AXIN2 (H), FRZB (I), DKK1 ( J), GREM1, (K) and ID1 ( L).
Data is expressed as fold change relative to control and represents the mean
of 3 donors +/- SEM. * = P<0.05 as compared to unstimulated cells (A, G)
or 0 hours of stimulation (B-F, H-L).
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Figure 6.4: Wnt signaling decreases Chordin and Chordin-like 2 mRNA
expression in primary human chondrocytes. Gene expression was measured
by qPCR. Chondrocytes were exposed to a single dose of 10 nM of GIN, 100
ng/ml of WNT3A (A-B), 1 µM of PKF115-584 or 100 ng/ml of DKK1 (C-D)
for up to 72 hours and analyzed for the gene transcription of CHRD (A, C)
and CHRDL2 (B, D). Data represent the mean of 3 donors +/- SEM. * =
P<0.05 as compared to unstimulated cells

this suggested that the response to canonical Wnt-signaling stimulation with regards
to the mRNA expression levels of Wnt and BMP antagonists is cell type dependent.
The transcriptional regulation of GREM1, FRZB and DKK1 upon activating canon-
ical Wnt-signaling appeared to be conserved between human and bovine articular
chondrocytes.

6.3.4 Inhibition of Canonical Wnt signaling induces mRNA
expression of GREM1, FRZB and DKK1

We next investigated the effect of inhibiting canonical Wnt signaling on the mRNA
expression levels of GREM1, FRZB and DKK1 using 100 ng/ml of the Wnt-antagonist
DKK1 or 0.3, 1 or 3 µM of the canonical Wnt inhibitor PKF115-584. Treatment
of human chondrocytes for 48 hours with either Wnt-inhibitor significantly reduced
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Figure 6.5: Effects of activation of canonical Wnt signaling on the mRNA
expression of GREM1, FRZB and DKK1 on other cells than human chon-
drocytes. A single dose of 10 nM of GIN was added to the culture media of
bovine chondrocytes, the MG63 cell line, the SAOS-2 cell line and human bone
marrow-derived mesenchymal stem cells. After 48 hours the gene transcription
levels of GREM1 (A), FRZB (B) and DKK1 (C) were analyzed. Data repre-
sent the mean of 3 independent experiments (bovine chondrocytes, MG63 and
SAOS-2) or 2 donors (MSCs) +/- SEM. * = P<0.05 as compared to control.

AXIN2 mRNA levels, except for 0.3 µM of PKF115-584 (figure 6.3G). Treatment
with 1 or 3 µM of PKF115-584 reduced the chondrocyte’s metabolic activity and
chondrocytes treated with 3 µM of PKF115-584 showed phenotypical signs of stress
(figure 6.2). Therefore, a concentration of 1 µM of PKF115-584 was selected for
further experimentation.

Treatment of chondrocytes up to 96 hours with a single dose of 100 ng/ml of
DKK1 or 1 µM of PKF115-584 resulted in a progressive decrease in AXIN2 mRNA
levels, which became statistically significant between 72 and 96 hours post treatment
(figure 6.3H). In contrast, FRZB and DKK1 mRNA levels steadily increased over
time, which became significant between 24 and 48 hours post exposure (figure 6.3I
and 6.3J). Treatment with DKK1 or PKF115-584 increased GREM1 mRNA levels
and this coincided with a subsequent decrease in ID1 mRNA levels (figure 6.3K and
6.3L). Taken together this data suggested that in human chondrocytes the GREM1,
FRZB and DKK1 mRNA levels were inversely related to the activity of canonical
Wnt-signaling.

6.3.5 Effects of PTHrP, IHH and cyclopamine on GREM1, FRZB
and DKK1 mRNA expression

PTHrP and IHH expression in articular cartilage is correlated with osteoarthritis
[4,28]. In addition, PTHrP and IHH critically regulate the pace of hypertrophic dif-
ferentiation in growth plate cartilage in a negative feedback loop. As GREM1, FRZB
and DKK1 were able to inhibit hypertrophic differentiation in articular cartilage and
mitigated longitudinal bone growth in explanted mouse fetal long bones [Chapter
4], we investigated whether PTHrP and IHH were able to influence their mRNA
expression. Chondrocytes were cultured up to 96 hours in the presence or absence
of PTHrP, IHH and the hedgehog signaling blocker cyclopamine. GREM1 mRNA
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Figure 6.6: Effects of IHH or PTHrP mediated signaling on the mRNA
expression of GREM1, FRZB and DKK1. Chondrocytes were exposed to 2.5
µg/ml of IHH, 10 µM of cyclopamine, or 5x10-7 M of PTHrP for up to 96
hours. At the indicated time points mRNA expression was analyzed by qPCR
of GREM1 (A), FRZB (B), DKK1 (C), GLI1 (D-E) and CCND1 (F). Data is
expressed as fold change relative to control and represent the mean of 3 donors
+/- SEM. * = P<0.05 compared to unstimulated cells.

expression remained unchanged when stimulated with PTHrP, tended to transiently
decrease after stimulation with IHH and was significantly increased by cyclopamine
after 72 and 96 hours (figure 6.6A). PTHrP nor IHH affected FRZB mRNA levels.
Cyclopamine tended to decrease FRZB mRNA expression but this did not reach
significance (figure 6.6B). In contrast, DKK1 mRNA expression was significantly in-
creased by cyclopamine and PTHrP treatment from 24 and 72 hours, respectively
but not by IHH (figures 6.6C). The expression of established hedgehog and PTHrP
target genes was used to verify the biological activity of each stimulus. GLI1 mRNA
levels increased in the presence of IHH (figure 6.6D) and decreased in the presence of
cyclopamine (figure 6.6E). CCND1 mRNA levels increased in the presence of PTHrP
(figure 6.6F). Taken together, this suggested that inhibition, but not activation, of
IHH up regulated GREM1 and DKK1 mRNA levels. PTHrP only regulated DKK1
mRNA levels.

6.3.6 Effects of IL1B stimulation on GREM1, FRZB and DKK1
mRNA expression

Local injection of IL1B into mouse knee joints results in an osteoarthritis-like pheno-
type [29]. We previously demonstrated that degenerating osteoarthritic cartilage coin-
cided with decreased GREM1, FRZB and DKK1 mRNA levels. Therefore, we inves-
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Figure 6.7: Effects of IL1B mediated signaling on the mRNA expression of
GREM1, FRZB and DKK1. Chondrocytes received a single dose of 10 or 100
ng/ml of IL1B, or a daily medium refreshment containing 10 ng/ml of IL1B.
Chondrocytes were stimulated up to 96 hours and at the indicated time points
mRNA expression was analyzed by qPCR of GREM1 (A), FRZB (B), and
DKK1 (C). Data is expressed as fold change relative to control and represent
the mean of 3 donors +/- SEM. * = P<0.05 as compared to unstimulated
cells.

tigated whether stimulation of human chondrocytes with IL1B would affect GREM1,
FRZB and DKK1 mRNA levels. Chondrocytes were stimulated with either a sin-
gle dose of 10 or 100 ng/ml of IL1B or with a daily repeated dose of 10 ng/ml of
IL1B. Upon exposure to a single dose of IL1B GREM1 mRNA levels decreased at 6
hours followed by a steady increase in mRNA expression, which became significantly
higher than untreated samples after 72 hours. Interestingly, repeated treatment with
of IL1B decreased GREM1 mRNA expression after 6 hours which returned to base
line after 24 hours (figure 6.7A). FRZB mRNA levels were dose-dependently down
regulated after exposure to IL1B (figure 6.7B). Daily treatment with 10 ng/ml was as
effective as a pulse treatment with 100 ng/ml. DKK1 mRNA levels decreased after
stimulation with IL1B. This down regulation was transient with a single dose, but
persistent with a daily dose of IL1B (figure 6.7C).

6.3.7 Effects of physiological factors on GREM1, FRZB and
DKK1 mRNA transcription

Many physiological factors influence the homeostasis of articular cartilage. To deter-
mine if such stimuli have an effect on the mRNA expression levels of GREM1, FRZB
and DKK1, chondrocytes were exposed to mechanical compression, oxygen tension
and tonicity.

Chondrocytes encapsulated in three dimensional hydrogels were cultured in the
presence or absence of cyclic loading of the construct with 0.5 MPa with a frequency
of 0.33 Hz, which was either continuous or intermittently applied over a culture period
of 48 hours. Both continuous and intermittent loading significantly elevated GREM1
and FRZB mRNA levels compared to unloaded chondrocytes. DKK1 mRNA levels
were only significantly increased after intermittent loading of the construct (figure
6.8A). Interestingly, intermittent loading was more effective in up regulating GREM1,
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Figure 6.8: Effects of mechanical loading, oxygen level and medium tonicity
mediated signaling on the mRNA expression of GREM1, FRZB and DKK1.
Chondrocytes encapsulated in a hydrogel received no, intermittent or constant
cyclical mechanical loading of 0.5 MPa with a frequency of 0.33 Hz and a
loading phase of 50 % (A). Chondrocytes were exposed to normoxic or hypoxic
culture conditions (B), or cultured in media with different tonicity with or
without FK506 (C). All conditions were analyzed for the mRNA expression
of GREM1, FRZB and DKK1 by qPCR after 48 hours. Data is expressed as
fold change relative to control and represent the mean of 3 donors +/- SEM.
* = P<0.05 as compared to unloaded samples or samples containing medium
of 280 mOsm.

FRZB and DKK1 mRNA expression than continuous loading.

Most of the articular cartilage persists in a continuous state of hypoxia, which
allows for the stabilization of hypoxia-inducible factors that are able to influence
cartilage homeostasis [30]. Therefore, chondrocytes were cultured under hypoxic or
normoxic conditions by oxygenating the cultures with 2.5 percent or 21 percent oxygen
respectively. No detectable changes in GREM1, FRZB and DKK1 mRNA levels were
observed between normoxic and hypoxic culture conditions (figure 6.8B).

Osteoarthritis is associated with a decrease in tonicity of the synovial fluid and
cartilage [20]. Therefore, we investigated the effect of tonicity on the mRNA levels
of GREM1, FRZB and DKK1. Tonicity did not detectably affect GREM1 mRNA
levels (figure 6.8C). In contrast, tonicity tended to increase DKK1 mRNA levels
and significantly increased FRZB mRNA levels. This effect was NFAT-independent
as FK506, which indirectly inhibits NFAT nuclear translocation, had no significant
effect on GREM1, FRZB and DKK1 mRNA levels.

6.4 Discussion

Recently we have reported that GREM1, FRZB and DKK1 are enriched in artic-
ular cartilage relative to other hyaline cartilage types and are potent inhibitors of
hypertrophic differentiation and endochondral ossification [Chapter 4]. Moreover, the
mRNA levels of GREM1, FRZB and DKK1 proved to be inversely correlated with
the level of cartilage degeneration. In the present study, we report on the effects of
biochemical and biophysical stimuli, associated with or involved in hypertrophic dif-
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ferentiation of chondrocytes in osteoarthritis, on the mRNA expressions of GREM1,
FRZB and DKK1.

GREM1, FRZB and DKK1 are all three secreted soluble antagonists. FRZB
and DKK1 are Wnt antagonists and GREM1 is a BMP antagonist. It has been
demonstrated that GREM1 is also able to inhibit Wnt signaling via an unknown in-
direct mechanism [31,32]. It has been reported that BMP signaling is able to repress
Wnt signaling [33]. Conversely, Wnt signaling is also able to repress BMP signaling
[34]. It is well known that activation of Wnt signaling inhibits fibroblastic growth
factor-dependent BMP repression [35]. More recently it was suggested that increased
Wnt signaling corresponded with decreased expression of BMP antagonists [36]. In-
deed, increased canonical Wnt signaling resulted in increased BMP/SMAD signaling
[37]. Although the crosstalk between BMP- and Wnt signaling is suggested to in-
volve SMAD4 and MAPK p38, the main mechanism has remained largely unknown
[38,39,40].

Understanding the crosstalk between TGFB/BMP- and Wnt-signaling is desired
as it has been reported to play important roles in the formation of several tissues in-
cluding bone, cartilage and intestinal epithelium [37,38,39,41]. While in these studies
the interplay is mainly characterized by activation of each other’s ligands, in our study
we have focused on antagonists. We provide evidence that these antagonists may play
a central role in the cross talk as well. In particular, we demonstrated that in chon-
drocytes this crosstalk is mediated, at least partially, via reciprocal transcriptional
control of each other’s antagonists. Consequently, our data suggest that the crosstalk
between TGF/BMP- and Wnt-signaling might act as a feedback loop that balances
the activity of both pathways (figure 6.9A). Specifically, activation of Wnt signaling
down regulates the expression of genes encoding BMP antagonists and is associated
with the up regulation of BMP signaling. In turn, activation of BMP signaling results
in increased expression of genes encoding Wnt antagonists, which is associated with
decreased Wnt signaling. Furthermore, since we have only studied the cross talk in a
model for cartilage homeostasis, it might be tantalizing to speculate whether the Wnt
and BMP antagonists play an important role in maintaining homeostasis of other
organs in which balanced Wnt and BMP signaling is crucial.

Stringent control over the Wnt pathway’s activity is paramount for articular carti-
lage homeostasis as both exacerbated and repressed signaling results in an osteoarthritis-
like phenotype, at least in animal models [42,43]. Perturbation of feedback loops that
control the activity of Wnt signaling would therefore allow for the disturbance of
the natural homeostasis. Factors associated with disturbed joint homeostasis include
amongst others IL1B, abnormal mechanical loading and hypotonicity. Although evi-
dence suggests that short exposure to IL1B results in minor joint inflammation with-
out permanent joint destruction only, continuous exposure to IL1B results in joint
degradation which bears striking resemblance with osteoarthritis [5,29]. It has been
shown that IL1B activates Wnt signaling via an unknown mechanism [44]. Excessive
mechanical loading of the joint induces the expression of IL1B and catabolic proteins
such as matrix metalloproteinases and aggrecanases [45]. Interestingly, reduced joint
loading, by e.g. immobilization, also results in the up regulation of matrix metallo-
proteinases and aggrecanases [46]. In contrast, loading within the physiological range
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Figure 6.9: Working-model of feedback loop between Wnt- and BMP-
signaling and its perturbation by factors correlated with osteoarthritis. Wnt-
and BMP-signaling reciprocally regulate the transcription of each other an-
tagonists (A). Exposure of Wnt agonists leads to activation of Wnt signaling
[1]. This activation results in the down regulation of Wnt antagonists e.g.
FRZB and DKK1 leading to less inhibition of Wnt signaling [2]. Additionally,
BMP antagonists e.g. GREM1 are down regulated, leading to less inhibition
of BMP signaling [3]. Stronger BMP signaling results in the up regulation of
Wnt antagonists [4] establishing a negative feedback mitigating Wnt-signaling
[5]. This feedback loop allows for tight control of both BMP and Wnt signal-
ing in articular cartilage contributing to homeostasis. Established factors that
influence cartilage homeostasis also perturb this feedback loop (B). IL1B, ab-
normal mechanical loading and tonicity all decrease the mRNA levels of Wnt
and BMP antagonists possibly resulting in a reset of the feedback loop, and
contributing to the loss of cartilage homeostasis. PTHrP and IHH have not
been incorporated into the model as they only demonstrated marginal effects
on GREM1, FRZB and DKK1 mRNA levels.

inhibits the expression of catabolic genes and showed a chondroprotective effect in
the presence of IL1B [47]. Additionally, mechanical loading is also able to regulate
the activity of Wnt signaling via an unknown mechanism [48]. Tonicity is also able to
regulate the expression of ILs [49]. However, its effect on Wnt signaling has remained
largely uninvestigated. In the present study, we present data that imply that IL1B,
mechanical loading and tonicity regulate the mRNA expression of GREM1, FRZB
and DKK1 (Figure 6.9B). Specifically, IL1, mechanical unloading and hypotonicity
result in decreased expression of genes encoding Wnt antagonists.

Our data suggests that these factors might be able to perturb the balance be-
tween BMP- and Wnt-signaling by influencing the expression of both Wnt- and
BMP antagonists in a manner that cannot be sequestered via their regular feed-
back loops. Consequently, it is tempting to speculate that these factors may generate
an osteoarthritic-like phenotype, at least partially, via their ability to disturb this
balance by deregulating the expression of Wnt and BMP antagonists. Although addi-
tional research is needed to sustain such a claim, recent evidence demonstrated that
the addition of Wnt- and BMP antagonist sclerostin was able to prevent IL1 induced
osteoarthritis-like phenotype [50]. During development PTHrP and IHH regulate the
pace of hypertrophic differentiation in the growth plate by interacting with Wnt/β-
catenin signaling and with BMP/GDF5 signaling [51]. Moreover, PTHrP, IHH, BMP
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and GDF5 have all been implicated in the development of osteoarthritis. However,
in contrast to direct stimulation of the Wnt- and BMP signaling, the addition of
the used concentrations of PTHrP and IHH to articular chondrocytes only demon-
strated marginal regulation on GREM1, FRZB and DKK1. It cannot be excluded
that this might, at least in part, be due to the concentrations of proteins used in the
experiments or the fact that an in vitro cultured mono-layer of chondrocyte of might
respond differently to identical stimuli than native chondrocytes.

Hypoxia inducible factors are both involved in the generation and the degeneration
of cartilage as they are indispensable for chondrogenic differentiation during limb bud
formation and are associated with the development of osteoarthritis. However, in the
current study we did not detect any effect of the oxygen levels on the gene expression
of GREM1, FRZB and DKK1. Nonetheless, HIFs interact further downstream with
the Wnt signaling by forming complexes with β-catenin.

Although we previously have identified GREM1, FRZB and DKK1 as key regula-
tors of articular cartilage homeostasis, it is not unlikely that stimulation with BMPs,
Wnts, IL1, IHH, PTHrP, oxygen concentrations, different tonicities and mechanical
loading also influences the expression of other Wnt- and BMP antagonists. More-
over, it might also influence the expression of Wnt- and BMP agonists. Regardless,
aberrant regulation of GREM1, FRZB and DKK1 is inversely correlated with the
level of degeneration of osteoarthritic cartilage and the current study grants insight
in the transcriptional regulation of GREM1, FRZB and DKK1 by regulators of chon-
drocyte hypertrophy. Together, this provides a deeper understanding of chondrocyte
behavior, cartilage homeostasis and potentially osteoarthritis.
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Hypoxia inhibits hypertrophic
differentiation and endochondral
ossification in explanted tibias

Jeroen Leijten, Nicole Georgi, Liliana Moreira Teixeira, Ellie Landman, Clemens van Blit-
terswijk and Marcel Karperien

You can go a long way with a smile. You can go a lot farther with a smile and a gun.
Al Capone
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DIFFERENTIATION

Abstract

Hypertrophic differentiation of growth plate chondrocytes induces angiogenesis which
alleviates hypoxia normally present in cartilage. In the current study, we aim to
determine whether alleviation of hypoxia is a downstream effect of hypertrophic dif-
ferentiation or whether alleviation of hypoxia also plays an active role in regulating
the hypertrophic differentiation process itself.

Fetal mouse tibiae (E17.5) explants were cultured up to 21 days under normoxic
or hypoxic conditions (21 % and 2.5 % oxygen respectively). Tibiae were analyzed
on growth kinetics, histology, gene expression and protein secretion. The oxygen
level had a strong influence on the development of explanted fetal tibiae. Compared
to hypoxia, normoxia increased the length of the tibiae, length of the hypertrophic
zone, calcification of the cartilage and mRNA levels of hypertrophic differentiation-
related genes e.g. MMP9, MMP13, RUNX2, COL10A1 and ALPL. Compared to
normoxia, hypoxia increased the size of the cartilaginous epiphysis, length of the
resting zone, calcification of the bone and mRNA levels of hyaline cartilage-related
genes e.g. ACAN, COL2A1 and SOX9. Additionally, hypoxia enhanced the mRNA
and protein expression of the secreted articular cartilage markers GREM1, FRZB and
DKK1, which are able to inhibit hypertrophic differentiation.

Collectively our data suggests that oxygen levels play an active role in the regu-
lation of hypertrophic differentiation of hyaline chondrocytes. Normoxia stimulates
hypertrophic differentiation evidenced by the expression of hypertrophic differenti-
ation related genes. In contrast, hypoxia suppresses hypertrophic differentiation of
chondrocytes at least partially via the induction of GREM1, FRZB and DKK1 ex-
pression.



7

7.1. INTRODUCTION 97

7.1 Introduction

Longitudinal growth of long bones is a tightly regulated process that is driven by hy-
pertrophic differentiation and endochondral ossification of hyaline cartilage [1]. Dur-
ing maturation, the cartilaginous ends of long bones can be divided into three general
zones: the resting, proliferative and hypertrophic zone. The resting zone is located
closest to the ends of the diarthrodial long bones and is populated by small and
round chondrocytes. Adjacent to the resting zone is the proliferative zone, which is
characterized by vertical columns of actively proliferating chondrocytes. At the end
of the proliferative zone, chondrocytes start maturing into terminally differentiated
enlarged chondrocytes, which are located in the hypertrophic zone. Before hyper-
trophic chondrocytes undergo apoptosis they partially degrade and mineralize the
extracellular matrix. Additionally, hypertrophic chondrocytes produce large amounts
of angiogenic factors, such as vascular endothelial growth factor (Vegf) that recruits
invading blood vessels into the hypertrophic cartilage [2]. This not only allows for the
infiltration of amongst others bone forming cells, but also the alleviation of hypoxic
stress (less than 5 % oxygen) that occurs in most of the hyaline cartilage [3, 4].

Cells are able to adapt to hypoxia by means of hypoxia inducible transcription
factors (Hifs) [5]. Hifs consist of heterodimers of two proteins: an α-protein (e.g.
Hif1a) and a β-protein (e.g. Hif1b). While the β-protein is constitutively expressed,
the stability of the α-protein is sensitive to hypoxia [6]. When oxygen levels are below
five percent the hydroxylation of the α-protein is strongly mitigated. This prevents
Hif1a’s proteosomal degradation, allowing it to migrate into to the nucleus and bind
the β-protein [7]. In the nucleus, Hifs regulate the expression of genes that contain
hypoxia responsive enhancer elements in their promoter region [8]. Hypoxia regulated
genes are amongst others involved in metabolism, bioenergetics and growth allowing
cells to adapt to and survive in low oxygen tensions [9-11]. Additionally, hypoxia (in
particular via Hif1a) stimulates chondrogenic behavior in both mesenchymal stromal
cells (MSCs) and chondrocytes [12, 13]. This stimulation occurs through both Sox9
dependent and independent pathways [14]. Alleviating hypoxia, in cultures of chon-
drogenically differentiated MSCs, results in a strong catabolic response [15]. Based
on these lines of evidence, we hypothesized that oxygen tension is an active regulator
of hypertrophic differentiation and consequently longitudinal bone growth.

In this study, we have investigated the effects of normoxia and hypoxia on lon-
gitudinal growth of mouse fetal long bones. We show that hypoxia, compared to
normoxia, mitigates longitudinal bone growth by inhibiting hypertrophic differentia-
tion and subsequent endochondral ossification. Furthermore, normoxia stimulates the
calcification of the hypertrophic zone. Together our data suggest that oxygen ten-
sion, in particular the transition from hypoxia to normoxia, is an active and potent
regulatory factor in endochondral ossification and longitudinal growth.
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7.2 Materials and Methods

7.2.1 Tibiae organ cultures

Tibiae were harvested from E17.5 fetal FVB-Type mice (Harlan) and cultured in
medium consisting of α-MEM supplemented with 10 % heat inactivated fetal bovine
serum (Biowhittaker) and 100 U/ml penicillin and 100 mg/ml streptomycin (Gibco).
Tibiae were either cultured in a low oxygen incubator at 2.5 percent oxygen (proox
model C21, Biospherix) or at 21 percent oxygen (Sanyo) up to 21 days receiving twice
a week fresh medium.

7.2.2 Histological analysis

Tibiae were fixated using 10 % buffered formalin, dehydrated using graded ethanols
and embedded in paraffin. Specimen were longitudinally cut at 5 µm thickness using a
microtome (Microm HM355S), deparaffinized in xylene and rehydrated by treatment
with graded ethanols. Sections were stained with Alcian blue and Nuclear fast red or
Alizarin red S according to standard procedures. For image analysis ImageJ software
was used. Cartilage zones were judged as follows: small round chondrocytes were
counted as the resting zone, stacked columnar chondrocytes were identified as the
proliferative zone and the inflated chondrocytes following the proliferative zone were
taken as hypertrophic zone. Length of the cartilaginous zones was determined as the
shortest possible length as measured in midsaggital sections.

7.2.3 Total RNA isolation

Tibiae were washed in phosphate buffered saline. Both cartilaginous ends of the ex-
planted tibiae were removed with a surgical blade under a stereomicroscope (Nikon
SMZ800). Cartilage specimens were pooled (n=6) in a 2 ml tube and crushed us-
ing a Pellet stamp (Kontes) in the presence of Trizol (Invitrogen). Total RNA was
isolated from the lysate using the Nucleospin RNA II (Macherey-nagel) according to
manufacturer’s protocol.

7.2.4 Quantitative real-time reverse transcriptase-polymerase
chain reaction (qRT-PCR)

For each condition, one µg of total RNA was reverse transcribed into cDNA using
the iScript cDNA synthesis kit (BioRad) in accordance with the manufacturer’s in-
structions. Subsequently, expression of various genes was investigated by qRT-PCR.
In short, 20 ng cDNA was amplified using sensimix (GC Biotech) on a MyIQ single
color Real-time PCR detection system (BioRad) and analyzed with iQ5 optical sys-
tem software (Biorad). The cDNA was denatured for 10 minutes followed by 45 cycles
of 15 seconds 95◦C, 20 seconds 60◦C and 20 seconds of 72◦C after which a melting
curve was generated. Primer sequences are available upon request.



7

7.3. RESULTS 99

Figure 7.1: Explanted tibiae cultured 21 days under hypoxic or normoxic
conditions. (A) Microphotographs of representative tibiae at different time
points. (B) Using image analysis the average tibiae lengths were calculated.
(N=18). * = P<0.05. ** = P<0.01

7.2.5 Enzyme-linked immunosorbent assay (ELISA)

Medium with or without explanted tibiae was cultured up to 7 days in either hypoxic
or normoxic conditions after which it was collected. Protein concentrations of secreted
Frzb and Dkk1 were determined by ELISA following the manufacturer’s instructions
(R&D Systems).

7.2.6 Statistical analysis

Statistical differences between two groups were analyzed using the Student’s t-test
or one-way ANOVA. Statistical significance was set to a P<0.05 and indicated with
an asterisk and/or hash-sign. Results are presented as mean of (how many repeats)
standard deviation (SD).

7.3 Results

7.3.1 Hypoxia mitigates longitudinal growth

Biweekly macroscopical examination of explanted tibiae cultured up to 21 days in
normoxia or hypoxia demonstrated longitudinal bone growth regardless in either con-
dition (figure 7.1A). Tibiae cultured under normoxic conditions grew significantly
larger than tibiae cultured under hypoxic conditions (figure 7.1B). The difference in
longitudinal growth rate between both culture conditions was particularly dominant
during the first week of the culture period. Remarkably, the shape of the carti-
laginous heads under hypoxic conditions became more amorphous compared to the
distinct cartilage shape of long bones cultured in normoxia. This suggested that the
out-in gradient of oxygen was able to influence the shape of developing cartilage.
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7.3.2 Normoxia stimulates endochondral ossification

To investigate whether the oxygen level dependent difference in growth was a result
of endochondral ossification, midsagittal sections of tibiae cultured for 7 days un-
der normoxic or hypoxic conditions were analysed histologically using Alizarin red S
staining (figure 7.2A). All tibiae increased in mineralized bone length, defined as the
length between the cartilaginous ends. However, the area of mineralized bone of tibiae
cultured under normoxic conditions grew significantly larger than of tibiae cultured
under hypoxic conditions (figure 7.2B). This suggested that normoxia increased the
rate of endochondral ossification process. In contrast, semi-quantitative image anal-
ysis on midsagittal sections suggested that hypoxia resulted in higher absolute levels
of calcification (figure 7.2C). Interestingly, while the bone was more calcified under
hypoxic conditions, the hyaline cartilage showed a larger area of calcification under
normoxic conditions (figure 7.2D).

7.3.3 Normoxia increases hypertrophic zone’s length

The length of the resting, proliferative and hypertrophic zone was determined based
on Alcian blue and nuclear fast red stained midsaggital sections of tibiae cultured
up to 7 days (figure 7.3A). Freshly explanted uncultured tibiae showed similar zonal
lengths compared to previously published observations [16]. All cultured tibiae showed
a comparable increase in total cartilage length regardless of the culture conditions.
However, we noted a remarkable difference in zonal organization of the primary growth
plates: Tibiae cultured under normoxic conditions showed a progressive increase in
length of the hypertrophic zone. In contrast, tibiae cultured under hypoxic conditions
showed a progressive increase in the length of the resting zone (figure 7.3B). Addi-
tionally, the total cartilaginous surface area of midsagittal sections was significantly
larger in tibiae cultured under hypoxic conditions compared to normoxic conditions
(figure 7.3C).

7.3.4 Hypoxia decreases hypertrophy markers’ mRNA expression

Gene expression analysis of the cartilaginous heads of tibiae cultured for 7 days in
normoxia or hypoxia demonstrated higher levels of chondrogenic genes such as Acan,
Col2a1 and Sox9 in hypoxic conditions compared to normoxic conditions (figure
7.4A). Matrix metalloproteinases (Mmps) mRNA levels responded diversely to dif-
ferent oxygen levels; hypoxia up regulated Mmp3 mRNA, it down regulated Mmp9
and tended to decreaseMmp13 mRNA levels (figure 7.4B). The mRNA levels of genes
related to hypertrophic chondrocytes such as Runx2, Col10a1, and Alpl were all ex-
pressed at a significantly lower level under hypoxic culture conditions (figure 7.4C).
This suggested that hypoxia might be an important physiological factor preventing
hypertrophic differentiation. Indeed, the mRNA levels of Grem1 and Frzb, which we
previously reported to be potent inhibitors of hypertrophic differentiation [Chapter
4], were significantly up regulated under hypoxic conditions compared to normoxic
conditions. Moreover, the mRNA level of Dkk1 tended to increase (figure 7.4D).
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Figure 7.2: Histological analysis of calcification in explanted tibiae. (A)
Midsagittal sections of tibiae were stained with Alizarin red after explantation
or cultured seven days under hypoxic or normoxic conditions. (B) Image anal-
ysis was used to determine the length of the intensely calcified tissue, which
was taken as the broken line indicated in ’A’. (C) The area of calcification
was used to determine relative calcification of the samples. (D) Higher mag-
nification microphotographs were used to investigate the calcification of the
hypertrophic cartilage. (N=15). * = P<0.05 compared to freshly isolated
tibiae. # = P<0.05 compared to normoxic condition of the same time point.
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Figure 7.3: Histological analysis of zonal lengths in explanted tibiae. Mid-
sagittal sections of tibiae were stained with Alcian blue and Nuclear fast red
directly after explantation or after culture up to seven days under either hy-
poxic or normoxic conditions (A). Image analysis was used to measure the
sizes of the different cartilaginous zones (B) and the surface of the cartilagi-
nous area (C). (N=15). * = P<0.05 compared to freshly isolated tibiae. # =
P<0.05 compared to normoxic condition of the same time point.
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Figure 7.4: Gene expression in the cartilaginous heads of explanted tibiae.
At 7 days mRNA was isolated and quantified using qPCR. Data are expressed
as fold change relative to mRNA expression in normoxia Effect of hypoxia
on mRNA expression of (A) typical cartilage markers, (B) cartilage degrading
MMPs, (C) hypertrophic markers and (D) secreted Wnt and BMP antagonists
able to inhibit hyptrophic differentiation. (N=5). * = P<0.05 compared to
hypoxia.

7.3.5 Hypoxia enhances Frzb and Dkk1 protein levels

To investigate the effect of the oxygen level on Frzb and Dkk1 protein expression,
tibiae were cultured for 7 days after which their protein levels were quantified. In
line with mRNA expression, Frzb and Dkk1 protein levels were significantly higher
under hypoxic conditions compared to normoxic conditions (figure 7.5A). Moreover,
we investigated the effect of the oxygen level on Frzb and Dkk1 degradation. Fresh
culture medium containing 10 % fetal bovine serum was incubated at 37◦C for up to
7 days in the absence of tibiae. This demonstrated that Frzb and Dkk1 protein levels
declined more rapidly under normoxic conditions compared to hypoxic conditions
(figure 7.5B).
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Figure 7.5: Effect of hypoxic and normoxic culture conditions on Frzb and
Dkk1 protein levels under. (A) Tibiae were cultured for 7 days without receiv-
ing new medium in either hypoxia or normoxia (N=5). (B) Culture medium
containing 10 % fetal bovine serum was incubated up to 7 days in 37◦C.
(N=4). Frzb and Dkk1 protein levels were analyzed using ELISA. * = P<0.05
compared to normoxic condition of the same time point.

7.4 Discussion

Longitudinal growth of long bones is driven by chondrocyte proliferation, chondro-
cyte hypertrophy and subsequent endochondral ossification of hyaline cartilage. This
cartilage is predominantly avascular and its nutrient supply is dependent on diffusion
from the surrounding tissue, being either the perichondrium or the blood vessels in the
primary spongiosum. Consequently, out-in gradients of oxygen are present in hyaline
cartilage [17]. The blood vessel formation at the osteochondral interface alleviates the
terminally differentiated hypertrophic cartilage from its hypoxic stress [4, 11]. This
effectively creates an oxygen gradient along the hypertrophic differentiating cartilage.

In this study, we have shown that oxygen levels were able to influence hypertrophic
differentiation and subsequent endochondral ossification in explanted long bones cul-
tured ex vivo. In particular, we demonstrated that normoxic conditions stimulate
longitudinal growth compared to hypoxic conditions. This was, at least partly, ex-
plained by the difference in terminal differentiation; hypoxia retains chondrocytes
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in the resting zone while normoxia stimulates them to progress towards the hyper-
trophic zone. Indeed, the length of the mineralized bone grew significantly larger
under normoxic conditions compared to hypoxic conditions. Together, this suggests
that the oxygen level is not just important for angiogenesis driven by hypertrophic
differentiation, but also plays an active role in regulating the process of hypertrophic
differentiation itself.

Oxygen levels inversely regulate the degradation rate of Hifs [18]. Accumulation
of Hifs in hypoxic conditions allows for complex formation, nuclear translocation and
transcriptional regulation, resulting in oxygen sensitive regulation of gene expression
[19]. Interestingly, it has been shown that hypoxic stress is generated during the
mesenchymal condensation that initiates the onset of long bone formation. Moreover,
hypoxia induces Hif1a accumulation, which is essential for early chondrogenesis [13].
After the chondrocyte-lineage has been established, hypoxia induced Hif1a expression
drives cartilage extracellular matrix production in the developing cartilage anlage [20].

Indeed, we also observed a significantly higher expression of Acan, Col2a1 and
Sox9 when explanted tibiae were cultured under hypoxic conditions. Moreover, the
shape of the tibiae became progressively more atypical under hypoxic conditions com-
pared to normoxic conditions. This suggests that the out-in oxygen gradient, gener-
ated by the vascularized tissues surrounding the hyaline cartilage, as found in vivo,
might contribute to defining the shape of the (cartilaginous ends of) long bones and
controlling the direction of long bone elongation.

Blood vessels penetrate from the osteochondral regions into the hypertrophic zone.
This process is driven by Vegf, which is expressed by hypertrophic chondrocytes
and to a lesser extent by proliferative zone chondrocytes in response to the hypoxic
conditions in the cartilage anlage [20]. This leads to vascularization of the cartilage,
which results in normoxic conditions of the previously hypoxic cartilage. Compared
to explants cultured in hypoxia, normoxic culture resulted in an increased expression
of genes related to hypertrophic differentiation such as Runx2, Col10a1, Mmp1 and
Mmp13 in the cartilaginous heads of the long bones [1, 15]. Increased expression
of genes related to the terminal differentiation of hyaline cartilage coincided with an
increased width of the hypertrophic zone in explants cultured in normoxia compared
to explants cultured in hypoxia. In addition, we demonstrated that the mRNA levels
of Grem1 and Frzb as well as protein secretion of Frzb and Dkk1 were significantly
lower under normoxia compared to hypoxia. Previously, we have shown that these
three secreted antagonists are potent inhibitors of hypertrophic differentiation and
subsequent endochondral ossification in explanted tibiae [Chapter 4]. Indeed, in this
study we observed an inverse correlation between the expression of these antagonists
and hypertrophic differentiation. Therefore it is tempting to suggest that the effect
of oxygen levels on hypertrophic differentiation of chondrocytes is at least in part
mediated via the expression of these antagonists.

Hifs, in particular Hif2a, are associated with the expression of cartilage hyper-
trophy markers and the development of osteoarthritis [21]. In the current study, we
demonstrated that oxygen levels regulated the expression and degradation of Grem1,
Frzb and Dkk1. Moreover, we previously have identified Grem1, Frzb and Dkk1 as
potent inhibitors of hypertrophic differentiation that are inversely correlated with
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the level of degeneration in osteoarthritic articular cartilage [Chapter 4]. However,
whether these two oxygen sensitive phenomena, which are both associated with os-
teoarthritis, are intertwined remains to be investigated.

Taken together, we have demonstrated that the oxygen levels are not just in-
volved in the stimulation of angiogenesis, but also act as potent regulators of chon-
drocyte’s hypertrophic differentiation and the endochondral ossification of developing
long bones.
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Abstract

In vitro chondrogenic differentiation of multipotent cells results in the formation
hypertrophic cartilage that is prone to undergo endochondral ossification when im-
planted. In contrast to current in vitro differentiation protocols, the embryological
development of hyaline cartilage occurs under hypoxic conditions while its terminal
hypertrophic differentiation is correlated with normoxic conditions.

In the current study we investigated whether a hypoxic environment steers chon-
drogenic differentiation of MSCs towards a more articular cartilage phenotype. Mi-
cromasses of human MSCs were chondrogenically differentiated up to 5 weeks under
hypoxic (2.5 %) or normoxic (21 %) culture conditions. During the first 3 weeks hy-
poxia stimulated the expression of hyaline cartilage markers such as COL2A1, ACAN
and SOX9. From the 3rd week onwards, hypoxia induced the expression of genes
and proteins that are enriched in the articular cartilage compared to growth plate
cartilage e.g. GREM1, FRZB and DKK1. Moreover, we demonstrated that relief of
hypoxic stress down regulated the expression of these markers. Furthermore, hypoxia
was only essential during the last three weeks to induce these factors.

Taken together, our data suggested that hypoxia stimulated the chondrogenic
differentiation of MSCs towards the articular cartilage lineage once a hyaline cartilage
phenotype was established. In consequence, variation of the oxygen tension might be
a critical factor to consider in chondrogenic MSC differentiation protocols and is an
promising target to augment articular cartilage repair therapies.
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8.1 Introduction

The limited regenerative capacity of articular cartilage combined with its susceptibil-
ity to damage from high energy impacts and from repetitive shear and torsional forces
has led to development of several therapeutic options [1]. Younger, more active pa-
tients with focal cartilage defects can be considered for regenerative procedures such
as autologous chondrocyte implantation [2]. This procedure is based on the creation
of a novel cartilaginous defect for the isolation of cells that after in vitro expansion are
transplanted in the original defect site. To circumvent this drawback, alternative cell
sources such as mesenchymal stromal cells (MSCs) are considered for implantation
[3, 4].

MSCs can be isolated from a variety of tissues and are capable of forming hyaline-
like cartilage upon chondrogenic differentiation [3, 5]. Unlike articular cartilage, this
hyaline-like cartilage expresses typical hypertrophic markers and will undergo endo-
chondral ossification when implanted in mice [6-9]. Indeed, accumulating evidence
suggests that the current differentiation protocols are able to induce chondrogene-
sis of MSCs resulting in growth plate-like cartilage with the propensity to undergo
hypertrophic differentiation but not in articular cartilage. This is supported by the
observation, that standard chondrogenesis protocols do not induce the expression of
genes that are enriched in articular cartilage compared to growth plate cartilage such
as secreted soluble factors that inhibit hypertrophic differentiation [10-12].

During embryological development, MSCs condensate, undergo chondrogenic dif-
ferentiation and giving rise to hyaline cartilage, which forms the anlage of a long bone.
Upon birth the hyaline cartilage is physically separated by the formation of the sec-
ondary center of ossification, which results in the delineation of the growth plate and
articular cartilage [13]. In contrast to in vitro chondrogenic differentiation protocols,
the natural differentiation of MSCs occurs in a predominantly hypoxic environment
[14]. Hypoxia occurs when oxygen levels become lower than five percent and results in
the stabilization of hypoxia-inducible factors (HIFs). These transcription factors are
able to bind hypoxia response elements of target gene promoters ([15]). It has been
demonstrated that HIF expression is crucial to chondrogenesis [14, 16]. Moreover, the
oxygen level regulates the expression of reactive oxygen species, which in turn drives
hypertrophic differentiation and endochondral ossification of hyaline(-like) cartilage
[17].

We hypothesized that oxygen levels play an influential role in differentiating MSCs
towards either one of the hyaline cartilage subtypes. In the present study, we inves-
tigated the differences in whole genome gene expression profiles of MSCs undergoing
chondrogenesis in either normoxic or hypoxic culture conditions. We provide new
evidence that once MSCs have acquired a hyaline cartilage-like phenotype, hypoxia
potently increases the expression of genes that are enriched in articular cartilage
compared to growth plate cartilage, such as potent inhibitors of hypertrophic differ-
entiation like GREM1, FRZB and DKK1.
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8.2 Materials and Methods

8.2.1 Patient material

The use of patient material was approved by the local hospital ethical committees and
for all samples informed written consent was obtained. Explanted articular cartilage
was directly frozen in Cryomatrix (Cryomatrix, Shandon) using liquid isopentane
and stored at -80◦C. Human mesenchymal stromal cells (MSCs) were isolated from
fresh bone marrow samples as described previously [18]. In short, aspirates were
resuspended using a 20-gauge needle, plated at 500,000 cells/cm2 and cultured in MSC
proliferation medium consisting of α-MEM (Gibco), 10 % heat-inactivated fetal bovine
serum (Biowhittaker), 0.2 mM ascorbic acid (Sigma), 2 mM L-glutamine (Gibco), 100
U/ml penicillin with 100 mg/ml streptomycin (Gibco) and 1 ng/ml basic fibroblast
growth factor (Instruchemie, Delfzijl, The Netherlands).

8.2.2 Total RNA extraction

After removal of the subchondral bone, frozen articular cartilage samples were cut into
8 µm sections (Reichert Jung 2055 microtome, Leica). Every fifth slide was stained
with Haematoxylin to validate that no bone contamination was present. Afterwards,
the collected cartilage sections were homogenized in a 4 M guanidine thiocyanate so-
lution (Sigma). Total RNA isolation was performed by a method previously described
[19]. MSCs were lysed using Trizol reagent (Invitrogen). Total RNA of all specimens
was isolated or purified using the Nucleospin RNA II kit (Bioke) according to man-
ufacturer’s instructions. Total RNA yields were measured using the Nanodrop2000
(ND-1000 Spectrophotometer, Isogen LifeScience). High Quality of the RNA was
verified using the Agilent 2100 bioanalyzer (Agilent).

8.2.3 Chondrogenic differentiation of MSCs

MSCs were seeded at 2.5x105 cells per well in Cell star U-shaped 96 well plates
(Greiner Bio-one), centrifuged for 3 minutes at 800 G and incubated at 37◦C and 5 %
CO2 to induce pellet formation. Chondrogenic differentiation of MSCs was chemically
induced by exposing cell pellets to a chondrogenic medium composed of DMEM high
glucose supplemented with 100 µg/ml sodium pyruvate (Sigma), 0.2 mM ascorbic
acid, 50 mg/ml insulin-transferrin-selenite (ITS+Premix, BD biosciences), 100 U/ml
penicillin, 100 µg/ml streptomycin, 0.1 µM dexamethason (Sigma) and 10 ng/ml
transforming growth factor 3 (TGFB3, R&D system). MSCs were cultured up to 35
days under normoxic condition (21 % oxygen) or hypoxic condition (2.5 % oxygen),
receiving biweekly medium refreshments. On day 7, 21 and 35 four pellets were pooled
for RNA isolation and two were fixed in 10 % buffered formalin and subsequently
embedded in paraffin.
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8.2.4 Histological analysis

Paraffin embedded samples were cut into 5 µm sections, deparaffinized in xylene and
dehydrated using graded ethanol steps. Sections were stained either with Alcian blue
and counterstained with Nuclear fast red solutions according to standard procedures.

8.2.5 Quantitative glycosaminoglycan and DNA assay

Cell pellets (n=4) were washed with phosphate-buffered saline and frozen overnight
at -80◦C. After thawing, the constructs were digested for 16 hours with proteinase K
(Sigma) at 56◦C. Total DNA was quantified using the Cyquant dye kit (Molecular
Probes) with a fluorescent plate reader (Perkin-Elmer). The amount of glycosamino-
glycans (GAG) was measured spectrophotometrically after reaction with a DMMB
dye (Sigma-Aldrich). The color intensity was quantified immediately in a microplate
reader (Bio-TEK Instruments) by measuring the absorbance at 540 nm. The amount
of GAG was determined using a calibration curve based on chondroitin sulfate A
or B (Sigma-Aldrich). All values were normalized to their respective DNA amount
(expressed as the GAG/DNA [µg/µg] ratio).

8.2.6 Determination of GREM1, FRZB and DKK1 protein levels

After 32 days of chondrogenic differentiation medium was conditioned for 3 days.
GREM1, FRZB and DKK1 protein levels in the culture supernatant were measured by
ELISA (USCN Life Science and R&D Systems) following manufacturer’s instructions.

8.2.7 Microarray processing and statistical analysis

NuGEN Ovation PicoSL WTA System kit followed by Encore BiotinIL module was
used to generate biotinylated sscDNA starting from 50 ng total RNA. 750 ng of
the obtained samples was hybridized onto the Illumina HumanHT-12 v4 Expression
BeadChips. The samples were scanned using the Illumina iScan array scanner. Gene
expression profiling was performed using llumina’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 11.5.1. (Agilent
Technologies). Genes with at least a twofold difference being significantly differen-
tially expressed according to an oneway ANOVA with a Benjamini-Hochberg FDR
correction and TukeyHSD 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
visualized using ingenuity pathway analysis software (Ingenuity Systems). Search
Tool for the Retrieval of Interacting Genes/Proteins (STRING) was used to inves-
tigate the predicted gene-gene interaction network [20]. Clusters were formed using
Markov clustering algorithms.
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8.2.8 Quantitative real-time reverse transcriptase-polymerase
chain reaction (qRT-PCR)

One µg of total RNA was reverse-transcribed using the iScript cDNA synthesis kit
(BioRad) following manufacturer’s instructions. 20 ng of cDNA was amplified us-
ing Sensimix (Bioline) and the MyIQ single color Real-time PCR detection system
(BioRad). Analysis was performed on the iQ5 optical system software (Biorad). The
qPCR amplifications were run under the following conditions: initial denaturation for
10 minutes at 95◦C, then cycled 45 times at 95◦C for 15 seconds, 60◦C for 15 seconds
and 72◦C for 15 seconds and was finally followed by a melting curve. Sequences of
primers are available upon request.

8.2.9 Statistical analysis

Statistical differences between two groups were analyzed using the Student’s t-test or
One-way ANOVA. Statistical significance was set to a P<0.05 and indicated with an
asterisk or hash sign. Results are presented as mean standard deviation.

8.3 Results

8.3.1 Hypoxia stimulates chondrogenic differentiation of MSCs

Pellet cultures of MSCs were differentiated into the chondrogenic lineage for up to 35
days in the presence of TGFB3 in either normoxic or hypoxic conditions. Histologi-
cal analysis demonstrated little to no positive GAG staining after 7 days of culture
in either normoxic or hypoxic conditions (figure 8.1A). In contrast, at 21 days of
chondrogenic differentiation intense GAG staining throughout the pellet was noted
in pellets cultured in hypoxia compared to a modest GAG staining in pellets cul-
tured in normoxia. After 35 days, GAG staining intensified in the pellets cultured
in hypoxia. Interestingly, in pellets cultured in normoxia positive staining for GAGs
was predominantly found in the center of the pellet, the area with the lowest oxygen
concentration, while the periphery of the pellet stained negative. Biochemical quan-
tification corroborated enhanced GAG deposition in hypoxia compared to normoxia
at 21 and 35 days of differentiation (figure 8.1B).

8.3.2 Effect of oxygen on gene expression profile of
chondrogenically differentiating MSCs

Whole genome gene expression analysis was performed on MSCs that were chondro-
genically differentiated for 7, 21 or 35 days under either hypoxic or normoxic culture
conditions. A total of 503 genes were significantly differentially expressed with a more
than two-fold change compared to undifferentiated cells in at least one of the condi-
tions. Hierarchical clustering revealed that up to day 21 of culture the experimental
conditions grouped according to culture time and not to oxygen exposure. After 35
days pellets cultured in normoxia showed more resemblance with pellets cultured for
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Figure 8.1: Hypoxia stimulates chondrogenic differentiation of MSCs. (A)
Micromasses of MSCs were cultured up to 35 days under either normoxic or
hypoxic conditions. Histological analysis of midsagittal sections using Alcian
blue and Nuclear fast red was used to visualize chondrogenic differentiation.
A representative example out of 3 donors is shown. (B) Biochemical analysis
for GAGs was used to quantify chondrogenesis. Data represent the mean of
3 donors each measured in quadruplicate +/- SD. *= p<0.05; **= p<0.01.
Black bars indicate 100 µm

21 days than with pellets cultured for 35 days in hypoxia (figure 8.2A). After 35
days of chondrogenic differentiation, 160 and 131 genes were up regulated more than
twofold, under hypoxic and normoxic culture conditions respectively, compared to
undifferentiated MSCs. 80 of these genes were present in both culture conditions.
Similarly, 93 and 127 genes were down regulated after 35 days under hypoxic or
normoxic respectively of which 76 genes were down regulated in both conditions (fig-
ure 8.2B). Comparing differences in gene expression between hypoxia and normoxia
demonstrated that 26, 11 and 60 genes were up regulated and 8, 5 and 9 genes were
down regulated more than twofold at day 7, 21 or 35 respectively (figure 8.2C).

Pathway analysis revealed that the differences between hypoxia and normoxia at
day 7 were dominated by metabolism and cell cycle related functions. On day 21 this
shifted towards differentiation/development of connective tissue and skeletal function.
This shift towards skeletal and muscular systems and function intensified at day 35 as
underlined by the strongly increased significance of this biofunction with according P
values of 1.73E-2, 3.71E-5 and 1.34E-9 for day 7, 21 and 35 respectively (figure 8.2D).
Taken together, this data suggested that in the first week hypoxia leads to a strong
change in the metabolism of the MSCs, but only robustly enhances chondrogenesis
at later time points.
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Figure 8.2: Whole genome gene expression analysis of chondrogenically dif-
ferentiating MSCs under either normoxic or hypoxic conditions. (A) Normal-
ized microarray data was hierarchical clustered. (B) Venn diagrams of genes
with at least a twofold difference that were significantly differentially expressed
between day 35 and day 0 under normoxic or hypoxic culture conditions, or
(C) between normoxic and hypoxic culture conditions at day 7, day 21 or day
35. (D) Significantly different biofunctions between normoxic and hypoxic cul-
ture conditions at day 7, day 21 and day 35. Each data point is based on the
gene expression analysis of 3 donors.

8.3.3 Gene networks regulated by oxygen levels

To reveal the gene networks underlying the differences in gene expression, the known
and predicted gene/protein interactions were investigated for all genes more than
twofold differentially expressed at day 35 between hypoxia and normoxia. Using
Markov clustering algorithms two key nodes within the network were observed (figure
8.3). The relative smaller cluster was characterized by metabolism related genes, pre-
dominantly involving glycolysis. The larger node consisted predominantly of cartilage
related genes, such as amongst others transforming growth factor beta 1 (TGFB1 )
and sex determining region Y-box 9 (SOX9 ), suggesting that these two genes might
be key players in the observed enhanced cartilage formation in hypoxia.

8.3.4 Hypoxia induces chondrogenically differentiating MSCs to
express hyaline cartilage-enriched genes

We next investigated whether hypoxia was able to steer chondrogenically differen-
tiating MSCs into a more articular cartilage-like gene expression profile. For this
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Figure 8.3: Network analysis of genes differentially expressed MSCs after 35
days of chondrogenic differentiation under either normoxic or hypoxic condi-
tions. Genes with at least a twofold significant difference were analyzed on
known or predicted gene or protein interactions. The red cluster contains
predominantly genes involved glycolysis and the green cluster contains pre-
dominantly genes with a cartilage signature. Both clusters are up regulated
in hypoxic conditions.

we first identified the difference in expression profiles between undifferentiated MSCs
and healthy articular cartilage using a whole genome gene expression analysis. The
six most differentially expressed genes were all expressed at higher levels in articu-
lar cartilage and established markers of hyaline cartilage, i.e. collagen type 2 alpha
1 (COL2A1 ), fibroblast growth factor binding protein 2 (FGFBP2 ), collagen, type
IX alpha 2 (COL9A2 ), matrilin 3 (MATN3 ), cartilage oligomeric matrix protein
(COMP) and Scrapie responsive gene (SCRG1 ; otherwise known as stimulator of
chondrogenesis 1). In a previous study, we have shown that these markers showed
comparable expression levels in the two hyaline cartilage subtypes derived from the
same adolescent donors [Chapter 4]. Remarkably, all six genes were increased by
hypoxia in chondrogenically differentiating MSCs compared to normoxia. Moreover
several genes e.g. FGFBP2 and COL9A2 were not induced under normoxia, while
hypoxia potently activated their transcription (figure 8.4A). Additionally, the microar-
ray data revealed responses typical to hypoxic conditions. For example, we detected
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Figure 8.4: Hypoxia stimulated the expression of hyaline cartilage-enriched
gene transcripts. (A) mRNA levels of six genes (COL2A1, FGFBP2, COL9A2,
MATN3, COMP and SCRG1 ), which are most enriched in articular carti-
lage compared to MSCs, were investigated in chondrogenically differentiating
MSCs using qPCR. (B) Additionally, the mRNA levels of SOX9, MMP13 and
VEGFA, which are known to be influenced by oxygen levels were investigated.
Data represent the mean of 3 donors each measured in triplicate +/- SD. * =
P<0.05.

increased SOX9 and vascular endothelial growth factor A (VEGFA) mRNA levels as
well as relatively decreased matrix metallopeptidase13 (MMP13 ) mRNA levels when
MSCs were differentiated in hypoxia (figure 8.4B). Together this suggested that hy-
poxia could effectively stimulate transcription of hyaline cartilage specific genes during
chondrogenic differentiation of MSCs, starting from 21 days of differentiation.

8.3.5 Hypoxia up regulates articular cartilage-enriched and
decreases growth plate cartilage-enriched mRNA levels in
chondrogenically differentiating MSCs compared to
normoxia

qPCR analysis validated the microarray data showing that hypoxia enhanced tran-
scription of typical hyaline cartilage markers such as SOX9, COL2A1 and ACAN
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Figure 8.5: Hypoxia stimulated the expression of articular cartilage-enriched
gene transcripts. (A) Chondrogenically differentiating MSCs under normoxic
or hypoxic conditions were analyzed on gene expression of the cartilage mark-
ers SOX9, COL2A1 and ACAN, (B) the articular cartilage markers GREM1,
FRZB, DKK1 and ABI3BP and (C) the growth plate markers PANX3 and
MMP13 by qPCR. (D) Additionally, secretion of the articular cartilage en-
riched markers FRZB, GREM1 or DKK1 was analysed using ELISA. Data
represent the mean of 3 donors each measured in triplicate +/- SD. * = P<0.05

(figure 8.5A). We next investigated whether the hypoxia also steered chondrogenic
differentiation of MSCs specifically towards one of the hyaline cartilage subtypes e.g.
articular cartilage or growth plate cartilage. In a previous study, we compared the
whole genome gene expression profiles of articular cartilage and growth and demon-
strated that GREM1, FRZB, DKK1 and ABI3BP mRNA was strongly enriched
in articular cartilage and PANX3 and MMP13 mRNA transcripts were enriched in
growth plate cartilage. In the current study we investigated if the expression of these
genes is different between MSCs undergoing chondrogenic differentiating in either hy-
poxic or normoxic culture conditions. GREM1, FRZB, DKK1 and ABI3BP mRNA
were robustly increased under hypoxic conditions, while under normoxic conditions
these genes did not increase significantly (figure 8.5B). Furthermore, PANX3 and
MMP13 mRNA levels were strongly increased under normoxic conditions compared
to hypoxic conditions (figure 8.5C). ELISA assays demonstrated that GREM1, FRZB
and DKK1 protein levels corroborated with the found trends on the mRNA level. The
protein levels of all three secreted proteins were significantly higher after 35 days of
chondrogenic differentiation under hypoxia compared to normoxia (figure 8.5D). To-
gether this suggested that compared to normoxia, hypoxia up regulated the expression
of both typical hyaline cartilage markers and articular cartilage-enriched genes while
decreasing the expression of growth plate cartilage-enriched genes in MSCs undergo-
ing chondrogenesis.
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Figure 8.6: MSCs underwent chondrogenic differentiation for 5 weeks in
normoxia, 5 weeks in hypoxia or in 3 weeks in hypoxia followed by 2 weeks
of normoxia. (A) Histological analysis of GAGs using alcian blue and nuclear
red on midsaggital sections of MSC micromasses, which were chondrogenically
differentiated for 3 or 5 weeks. (B) Gene expression analysis of the articular
cartilage markers SOX9, ACAN and COL2A1 and (C) the articular enriched
secreted antagonists GREM1, FRZB and DKK1. Data represent the mean of
3 donors each measured in triplicate +/- SD. * = P<0.05. Black bars indicate
100 µm

8.3.6 Continued hypoxia is needed to retain chondrogenic
stimulus

We next explored whether transient exposure to hypoxia was sufficient to steer chon-
drogenically differentiating MSCs towards a more articular cartilage-like phenotype.
MSCs were differentiated for 5 weeks in normoxia, 5 weeks in hypoxia or in 3 weeks in
hypoxia followed by 2 weeks of normoxia. Hypoxia progressively enhanced GAG de-
position and increased SOX9, ACAN, COL2A1, GREM1, FRZB and DKK1 mRNA
levels. However, when the hypoxic stress was alleviated after three weeks, it reversed
the chondrogenic benefit generated by the initial exposure to hypoxia as witnessed
by decreased GAG deposition (figure 8.6A). Moreover, when three weeks of hypoxic
conditions were followed by two weeks of normoxic conditions, the increased mRNA
levels of chondrogenic genes dropped to levels found in undifferentiated MSCs (figure
8.6B).

8.3.7 Delayed hypoxia stimulus is sufficient to induce a shift in
gene expression profile

Next we investigated whether hypoxia during the first weeks was essential for the
more robust chondrogenic differentiation when MSCs were differentiated under hy-
poxic conditions. Therefore, we compared mRNA levels of chondrogenically differ-
entiating MSCs cultured for 5 weeks in normoxia, 5 weeks in hypoxia or 2 weeks in
normoxia followed by 3 weeks in hypoxia. Again, SOX9, ACAN, COL2A1, GREM1,
FRZB and DKK1 mRNA levels were higher after 5 weeks of chondrogenesis under
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Figure 8.7: MSCs underwent chondrogenic differentiation in 5 weeks in nor-
moxia, 5 in weeks hypoxia or 2 weeks in normoxia followed by 3 weeks in
hypoxia. (A) mRNA levels of articular cartilage matrix components SOX9,
ACAN and COL2A1 and (B) the secreted antagonists GREM1, FRZB and
DKK1 were investigated using qPCR. Data represent the mean of 3 donors
each measured in triplicate +/- SD. * = P<0.05.

hypoxic conditions compared to normoxic conditions (figure 8.7). This underlined the
reproducibility of our findings. Importantly, 2 weeks of normoxia followed by 3 weeks
of hypoxia was as effective as culturing pellets for 5 weeks in hypoxia. This suggested
that hypoxia stimulated the chondrogenic and articular cartilage-like phenotype only
after the initial chondrogenesis had taken place.

8.4 Discussion

Embryological development of hyaline cartilage occurs under hypoxic conditions, while
its terminal hypertrophic differentiation is correlated with normoxic conditions. Mim-
icking this environmental factor in vitro has shown similar effects. Specifically, chon-
drogenic differentiation under hypoxic conditions results in enhanced cartilage for-
mation, while chondrogenic differentiation under normoxic conditions yields hyper-
trophic cartilage [9, 21, 22]. In fact, hypoxic culture conditions suppress hypertrophic
differentiation [23, 24].

Indeed, in our study we demonstrated that hypoxia augmented hyaline cartilage
formation. More importantly, we provided evidence that hypoxia steered the gene
expression profile of chondrogenically differentiating MSCs towards a more articular
cartilage-like than growth plate-like profile. In particular, we previously identified
the factors GREM1, DKK1 and FRZB that were enriched in articular cartilage com-
pared to other forms of hyaline cartilage, and which were able to inhibit hypertrophic
differentiation [Chapter 4]. Chondrogenic differentiation of MSCs under standard
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culture conditions did not induce the expression of these genes. In fact, GREM1
andDKK1 mRNA levels were down regulated under normoxic culture conditions.
Here, we demonstrated that hypoxic conditions were essential to induce these articu-
lar markers.

Varying environmental conditions like oxygen tension might present an efficient
way to direct MSC differentiation into specific tissue subtypes. For example, by
inducing cartilage formation under hypoxic conditions MSCs may generate a more
articular cartilage-like tissue that could be used for treatment of articular cartilage
defects. In contrast, by inducing cartilage formation in normoxia, cartilage with more
growth plate like characteristics is formed which may be better suited for treatment
of critical bone defects due to the propensity to undergo endochondral ossification.
However, although oxygen levels efficiently generate gene expression profiles similar
to those found in articular cartilage or hypertrophic growth plate cartilage, it remains
to be proven whether a change in oxygen level is sufficient to ensure or prevent hyper-
trophic differentiation and subsequent endochondral ossification of the formed hyaline
cartilage in vivo. Future studies should address this important and clinically relevant
topic.

Alternatively, hypoxic culture conditions can be utilized for expanding or precon-
ditioning MSCs. MSCs in hypoxic low density cultures displayed superior expansion
capabilities compared to traditional methods [25]. Moreover, hypoxia maintained
the multipotency of MSCs even in long term cultures [26]. This was emphasized by
the increase in chondrogenic potential of MSC expanded under hypoxic conditions
compared to those that were expanded under normoxic conditions [27].

Taken together, in the present study we demonstrated that reduction of oxygen
tension boosted the chondrogenic differentiation of human bone-marrow derived MSCs
in pellet cultures in the presence of TGFB3. In addition, we showed that differen-
tiation in hypoxia also steered the differentiation into a more articular cartilage-like
tissue rather than a growth plate-like tissue. In conclusion variation of the oxygen
tension might be a critical factor to consider in MSC differentiation protocols.
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Chapter 9

Trophic effects of mesenchymal
stem cells increase chondrocyte
proliferation and matrix formation

Ling Wu, Jeroen Leijten, Nicole Georgi, Janine Post, Clemens van Blitterswijk and Marcel
Karperien

Given a choice between two theories, take the one which is funnier.
Blore’s Razor
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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 observa-
tion. 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 con-
firmed by histology and quantification of total glycosaminoglycan (GAG) deposition.
Species specific quantitative PCR (qPCR) demonstrated that cartilage matrix gene
expression was mainly from bovine origin when bPCs were used. Short tandem repeat
(STR) analysis and species specific qPCR analysis 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 in-
creased, which was partly mimicked using conditioned medium, and simultaneously
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 MSCs in stimu-
lating chondrocyte proliferation and matrix deposition by chondrocytes rather than
MSCs actively undergoing chondrogenic differentiation.
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9.1 Introduction

Articular cartilage repair is a challenge due to the inability of cartilage to 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 mesenchymal stem cells (MSCs) and articular chon-
drocytes enhanced matrix deposition [4-6] even in absence of the chondrogenic factors
Transforming Growth Factor β (TGFB) and dexamethasone (dex) [7]. Increased car-
tilage matrix formation was also 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 cells replacing
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 [14-16]. These studies point to a central role of MSCs in tissue
repair as trophic mediators, secreting factors promoting tissue specific cells to 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 con-
ditioned 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 cell-cell contact. Second, studies have
hypothesized that the increased cartilage matrix formation is due to stimulation of
the chondrocytes by MSCs [6]. Scientific evidence for this hypothesis is rather limited
due to the inability to distinguish between the contributions of the individual 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 MSCs actively undergoing chondrogenic differentiation.
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9.2 Materials and Methods

9.2.1 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 under-
going total knee replacement as published previously [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 Commit-
tee. Donor information of human primary cells are available upon request. We define
the primary cells (bPCs, hPCs and hMSCs) in this chapter as cells with low passage
number without immortalization. iMSCs were kindly provided by Dr. O. Myklebost
(Oslo University Hospital, Norway).

To form high density micro mass cell pellets, 200,000 cells per well were seeded in
a round bottom 96 wells plate in chondrocyte proliferation medium (DMEM supple-
mented with 10% FBS, 1non-essential amino acids, 0.2 mM ascorbic acid 2-phosphate
(AsAP), 0.4 mM proline, 100 U penicillin /ml and 100 µg/ml streptomycin) or chon-
drogenic differentiation medium (DMEM supplemented with 40 µg/mL of proline, 50
ug/mL ITS-premix, 50 ug/mL of AsAP, 100 ug/mL of Sodium Pyruvate, 10 ng/mL of
TGF-3, 10-7 M of dexamethasone, 100 U penicillin/ml and 100 µg/ml streptomycin)
and centrifuged for 3 min at 2000 rpm. Medium was refreshed twice a week. For
co-cultures, iMSCs or hMSCs and bPCs or hPCs were mixed at ratios of 80/20% and
50/50%. All reagents used for were purchased from Invitrogen (Paisley, UK) unless
otherwise stated. Common chemicals were purchased from Sigma-Aldrich (Germany).

9.2.2 Histology

Cell pellets were fixed with 10% formalin for 15 minutes and embedded in Paraffin
using routine procedures. Sections of 5 µm were cut and stained for sulfated gly-
cosaminoglycans (GAG) with alcian blue combined with counterstaining of nuclear
fast red to visualize nuclei, or stained with toluidine blue alone.

9.2.3 Quantitative GAG and DNA assay

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

9.2.4 DNA isolation, RNA isolation and quantitative PCR

Total DNA was isolated from pellet cultures with the QIAamp DNA Mini Kit (Qiagen)
according to the manufacturer’s protocol. Total RNA was isolated from pellet culture
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with the RNeasy Mini Kit (Qiagen). One microgram of total RNA was reverse-
transcribed into cDNA using the iScript cDNA Synthesis kit (Bio-Rad). Primers
sequences are available on request.

9.2.5 Cell tracking with organic fluorescent dyes

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

9.2.6 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 µM, 24 hours before harvesting the
samples. Cell pellets were then washed with PBS and fixed with 10% formalin for
15 min. Samples were embedded in cryomatrix, and cut into 10 µm sections with a
cryotome (Shandon). Sections were permeabilized and stained for EdU with Click-iT
EdU Imaging Kit. Cryosections were also stained for DNA fragments with DeadEnd
Fluorometric TUNEL System (Promega). Nuclei were counterstained with Hoechst
33342.

9.2.7 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 reso-
lutions were obtained covering the entire section of a pellet. Separate images were
captured using BP536/40 (Alexa 488), BP593/40 (DiI) and LP435 (Hoechst 33342)
and pseudocolored green, red and blue respectively. ImageJ software [23] was used
for cell 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.

9.2.8 Preparation of conditioned medium

For conditioned medium, DMEM was incubated with iMSCs of 90% confluence for 48
hours, passed through a 0.22 µm filter, and stored at -20◦C. Upon usage, conditioned
medium was thawed, transferred to Amicon Ultra-15 Centrifugal Filter Unites (Mil-
lipore, Billerica, MA) with a cut off of 3000D Nominal Molecular Weight Limit, and
centrifuged at 4000 g for 40 minutes. The concentrated solute (still named conditioned
medium) was supplemented with all chemicals needed for chondrocyte proliferation
medium (see cell culture and expansion).

9.2.9 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,
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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 six loci (D7S820,
D5S818, D13S317, D16S539, CSF1PO and Penta D). These alleles were used to define
the origin of cells 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 hMSCs and hPCs was
determined.

9.2.10 Statistical analysis

For the experiments using primary human cells (hMSCs 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 iMSCs 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 analysis of variance (ANOVA) followed by Tukey HSD Tests. Comparisons
between iMSCs and bPCs in the same conditions were made using the Student’s test.
The level of significance was set at P<0.05 unless stated otherwise.

9.3 Results

9.3.1 Co-culturing hMSCs with hPCs enhanced cartilage matrix
formation

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 9.1A) and GAG assay (Figure 9.1B) 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 9.1C) as well as analysis of other 5 STR loci (data not shown),
indicated that the proportion of hMSCs decreased significantly. In order to elucidate
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 cell types in co-culture in pellet cultures. An advantage of these xenogenic
co-cultures is that this system is more stable than co-culture systems that depend on
donor hPCs isolated after total knee replacement surgery.

9.3.2 Xenogenic co-culture of hMSC and bPCs show enhanced
chondroinduction

To allow 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
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Figure 9.1: hMSCs / hPCs co-cultures enhance cartilage matrix formation
and show decrease of MSCs after 4 weeks of culture. (A) Alcian blue staining
indicates the presence of GAG. Pellets were cultured in chondrogenic differen-
tiation medium (as described in supplementary materials) for 4 weeks before
examination. Scale bar indicates 200 µm. (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. Asterisk 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 reflects ratios of hM-
SCs and hPCs after 4 weeks coculture. Initial ratio of hMSCs and hPCs are
indicated at the bottom of the bar chart.
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performed in chondrocyte proliferation medium lacking TGFB and dexamethason.
After 4 weeks, histology and GAG quantification were performed to evaluate cartilage
formation. Alcian blue staining indicated the presence of GAG in all experimental
groups except in the 100% hMSCs pellets (Fig. 9.2A left panel) in concordance with
the absence of chondrogenic factors in the medium. In the positively stained areas
at higher magnification (Fig. 9.2A right panel), cells showed a typical chondrocyte
morphology and embedding in lacunae. Similar data were obtained by toluidine
blue staining. GAG quantification showed a trend of decreased total GAG with
increasing seeding percentage of hMSCs. 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 different
MSC donors were used (data not shown). To avoid the effects of donor variation
of primary cultured MSCs [24], we replaced hMSCs 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 (data
not shown), but had relatively low capacity of chondrogenic differentiation As shown
in Figure 9.2C and D, 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.

9.3.3 Chondrocytes are located at the periphery of the cell 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 (Fig-
ure 9.3A). Rather than forming a homogenous pellet, both cell populations tended
to segregate. This process continued in the following days and the dynamic cell
pellets became more and more stable. After 4 days of co-culture, pellets were orga-
nized 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 pre-
viously [26]. This made it impossible to perform long-term cell tracking in co-culture
pellets using CM-DiI and/or CFSE labeling of cell populations. Enhanced cartilage
matrix formation originates from bPCs.

After 1 day and 4 weeks of culture we isolated genomic DNA from the cell pellets
and performed species specific qPCR for genomic GAPDH. As shown in figure 9.3B,
after 1 day the ratio of genomic human and bovine DNA was in line with the seeding
percentage of both cell populations. The percentage of human DNA was slightly
higher which is most likely explained by faster aggregation of the iMSCs in pellets.
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Figure 9.2: Co-culture of mesenchymal stem cells and chondrocytes increases
cartilage matrix formation. (A) Alcian blue staining shows the presence of
GAG in pellets cultured in chondrocytes proliferation medium. Ratios of hM-
SCs 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 indicates 200 µm. (B) Biochemical assay shows an increase in GAG in
co-culture pellets. Amount of GAG and DNA of pellets (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 forTotal
GAG, GAG/DNA and GAG/initial 10% PC, while scale on the right is for
Total DNA. Asterisk represents P◦C0.05. Double asterisk represents P<0.01.
NS=Not Significant. Error bar reflects Standard Deviation (S. D.). (C) Al-
cian blue staining of pellets cultured in chondrocytes proliferation medium.
Ratio of iMSCs and bPCs is indicated on the left of the images. The left
panel shows overviews of pellets, while the right panel shows magnified pic-
tures. Scale bar indicates 200 µm. (D) 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◦C0.01.
NS=Not Significant. Error bar reflects Standard Deviation (S. D.).
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Remarkably, after 4 weeks of culture, the co-culture pellets contained predominantly
DNA of bovine origin indicative for an overgrowth of bovine cells or a loss of human
cells during the 4 week cell culture period. DNA analysis of co-culture pellets at 1, 2
and 3 weeks of culture demonstrated a steep drop in human DNA between 1 and 2
weeks with a further 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 9.3C). Even in cell
pellets with an initial seeding of 80% iMSCs, hardly any human mRNA was detected.
Similar data were found in co-culture pellets of hMSCs and bovine chondrocytes after
4 weeks of culture also demonstrating the near absence of human DNA in the cell
pellets, which is fully in line with the data obtained in co-culture pellets of iMSCs and
bPCs (Figure 9.3D) and hMSC and hPC (Figure 9.1C). We next performed species
specific qPCR to study the origin of the mRNA expression of chondrogenic genes in
co-culture pellets (Figure 9.3F-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.

9.3.4 iMSCs co-cultured with bPCs die via apoptosis

To determine whether MSC undergo apoptosis during prolonged cell culture we per-
formed a fluorescent TUNEL assay. At week 1 and 2, high numbers of TUNEL
positive cells were found in all cell pellets containing iMSCs, but not in pure bPCs
cell pellets (Figure 9.4). TUNEL positive cells were predominantly present in the
periphery of the pellets which is mostly composed of bPCs mixed with iMSCs (Fig-
ure 9.3A). 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 unreliable due to non-specific dye transfer. Since the TUNEL positive cells
are predominantly found in iMSCs containing cell pellets 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.

9.3.5 iMSCs 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-DiI (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. 9.5A). We determined
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Figure 9.3: Cartilage matrix is from bovine origin. (A) Cell assembly of
iMSCs and bPCs in co-culture pellets. iMSCs and bPCs were labeled with
CFSE O (green) and CM-DiI (red) respectively, mixed at different ratios and
then cultured in chondrocyte proliferation medium. At day 1 and day 4, pel-
lets were harvested for cryosection. Images were made directly on the sections
without any treatment, using a Nikon E300 fluorescent microscope. Scale bar
represents 200 µm. (B) Species specific qPCR 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 qPCR 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 ex-
tracted from pellets (N=3) at week 4. (E-G) Expression levels of ACAN (E),
COL2 (F) and COL9 (G) were examined by species specific qPCR. RNA sam-
ples were extracted from pellets (N=3) cultured in chondrocyte proliferation
medium for 4 weeks. Relative expression levels were obtained by normaliza-
tion of human or bovine specific signals to cross species-specific GAPDH and
β-actin signals. For human specific genes, values are relative amounts to 100/0
iMSC/bPC group. For bovine specific genes, values are relative amounts to
0/100 iMSC/bPC group. Error bar reflects Standard Deviation (S. D.).
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Figure 9.4: Preferential cell deaths of MSCs by apoptosis. (A) TUNEL stain-
ing 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). Nuclei were counterstained
with Hoechst 33342 (blue). Scale bar indicates 200 µm. (B) Quantification of
TUNEL positive cells. Ratios of iMSCs 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.).

the percentage of EdU positive iMSCs or bPCs in co-cultures. Generally, co-culture
increased the proliferation of both iMSCs and bPCs (Figure 9.5B and C). Interestingly,
the percentage of EdU positive bPCs was higher than that of iMSCs in co-cultures of
80 % iMSCs and 20 % bPCs starting from day 2 onwards (Figure 9.5B).

Similar data were obtained in dye swap experiments in which iMSCs instead of
bPCs were labeled with CM-DiI demonstrating that enhanced proliferation of bPCs
in co-culture pellets was not an artifact of cell labeling. These data show that the
change in ratio between MSC and PC during prolonged co-culturing is in addition to
apoptosis also due to increased proliferation of chondrocytes in pellet cultures.

9.3.6 iMSC conditioned medium increases bPCs proliferation and
matrix formation

To examine the effects of secreted factors, we compared proliferation and matrix for-
mation of bPCs when cultured in proliferation medium or in 50 100 times concentrated
iMSC conditioned medium. The concentrate was dissolved in chondrocyte prolifera-
tion medium. Pellets of bPCs cultured for 1 week in iMSCs conditioned proliferation
medium showed higher EdU incorporation than cells cultured in non-conditioned pro-
liferation medium (Figure 9.6A and B). Like in co-culture pellets EdU positive cells
were predominantly found in the periphery of the pellet. Higher EdU 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 9.6C).
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Figure 9.5: MSCs stimulate chondrocyte proliferation in co-culture pel-
lets.(A) EdU staining of pellets at day 1, day 2 and day 3. bPCs were labeled
with CM-DiI (red). EdU incorporation into newly synthesized DNA was visu-
alized by Alexa 488 (green). Nuclei were counterstained with Hoechst 33342
(blue). Scale bar indicates 200 µm. (B) Quantification of EdU positive iM-
SCs in all conditions. The initial ratios of MSCs and bPCs are indicated by
bar colors. Asterisk represents P<0.05. Data from 3 pellets were analyzed
for statistic significance. Double asterisk represents P<0.01. NS=Not Signif-
icant. Error bar reflects Standard Deviation (S. D.). (C) Quantification of
EdU positive bPCs in all conditions. The initial 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.).
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Figure 9.6: Conditioned medium of iMSCs enhances proliferation of chon-
drocytes. (A) EdU staining of bPCs pellets at day 2 after culturing in chon-
drocyte proliferation medium or conditioned medium of iMSCs. EdU incor-
poration into newly synthesized DNA was visualized by Alexa 488 (green).
Nuclei were counterstained with Hoechst 33342 (blue). Scale bar indicates
200 µm. (B) Quantification of EdU positive cells. Data from 3 pellets were
analyzed for statistic significance. P-value indicated in the bar chart is calcu-
lated by student’s t-test. (C) GAG and DNA assay were performed at week 1
after culturing in chondrocyte proliferation medium or conditioned medium of
iMSCs. The left scale is for Total GAG and GAG/DNA, while the right scale
is 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.).
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9.4 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 MSCs
into 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 almost homogeneous cartilage construct,
in which mainly chondrocyte-derived cells reside. The beneficial effects of the pel-
let co-culture are largely due to stimulation of proliferation and matrix formation of
chondrocytes induced by a trophic effect of the MSCs. Our investigation distinguishes
itself from comparable studies, the design of which did not allow discrimination be-
tween 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 cells only.

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 as in many other studies [5, 6, 11],
co-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 hMSCs [31] as well as pri-
mary 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.

Cell 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 in-
corporated in chondrocytes, which reside predominantly in the periphery of the cell
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pellet. This suggests that the MSCs are potent stimulators of chondrocyte prolifera-
tion 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 extremely small (252
Dalton), this molecule is likely to penetrate with high efficiency in the pellet [32], sug-
gesting that the preferential EdU labeling of cells in the periphery of the pellets is not
an artifact caused by diffusion limitation. It is assumed that absence of proliferating
MSCs in the center of the pellets is likely due to space limitation in the compacted
core creating an environment which is not permissive for cell division [33, 34].

In co-culture pellets significant 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
staining was observed. Cell labeling experiments in pellet co-cultures demonstrated
that the majority of the TUNEL positive cells were hMSCs. This is in line 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 extracellular
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 nu-
trition or space limitation in pellets [39, 40]. However, the relatively low levels of
TUNEL positive cells in 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 death.

We provide evidence that the induction of chondrocyte proliferation by MSCs is
most likely caused by (a) secreted factor(s), since this effect was at least partly mim-
icked 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 ex-
plain increased cartilage formation in co-culture pellets, since the relative deposition
of glycosaminoglycans per DNA was not significantly different between pellets cul-
tured 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 pellets. This is in line with other
reports demonstrating a role of cell-cell contact in cartilage formation improvement
in co-cultures [44-46]. Therefore, it is likely that in addition to the trophic effects
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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
pellets is in line with their proposed role in tissue repair in other tissues, such as brain
[47, 48], heart [49-52], and kidney regeneration [53, 54]. By providing nutrients and
growth factors, MSCs increase proliferation and differentiation of host-derived cells
to help 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 require-
ment of two operations separated by several weeks’ expansion of chondrocytes in vitro
, is a major drawback of this procedure [56]. The results of this study 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 si-
multaneously 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 single step surgery to re-
pair large-size cartilage defects, in which chondrocytes are isolated, mixed with bone
marrow cells from the same patient, loaded 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 a trophic role of the MSCs in stimulating chondro-
cyte proliferation and matrix deposition by chondrocytes rather than MSCs actively
undergoing chondrogenic differentiation.
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Abstract

Cell-based cartilage repair strategies such as matrix-induced autologous chondrocyte
implantation (MACI) could be improved by enhancing cell performance. We hypoth-
esized that micro-aggregates of chondrocytes generated in high-throughput prior to
implantation in a defect could stimulate cartilaginous matrix deposition and remod-
eling.

To address this issue, we designed a micro-mold to enable controlled high-throughput
formation of micro-aggregates. Morphology, stability, gene expression profiles and
chondrogenic potential of micro-aggregates of human and bovine chondrocytes were
evaluated and compared to single-cells cultured in micro-wells and in 3D after encap-
sulation in Dextran-Tyramine (Dex-TA) hydrogels in vitro and in vivo.

We successfully formed micro-aggregates of human and bovine chondrocytes with
highly controlled size, stability and viability within 24 hours. Micro-aggregates of
100 cells presented a superior balance in Collagen type I and Collagen type II gene
expression over single cells and micro-aggregates of 20 and 50 cells. Matrix metallo-
proteinases 1, 9 and 13 mRNA levels were decreased in micro-aggregates compared to
single-cells. Histological analysis demonstrated enhanced matrix deposition in con-
structs seeded with micro-aggregates cultured in vitro and in vivo, compared to single-
cell seeded constructs. Whole genome microarray analysis and single gene expression
profiles using human chondrocytes confirmed increased expression of cartilage-related
genes when chondrocytes were cultured in micro-aggregates.

In conclusion, we succeeded in controlled high-throughput formation of micro-
aggregates of chondrocytes. Compared to single cell-seeded constructs, seeding of
constructs with micro-aggregates greatly improved neo-cartilage formation. There-
fore, micro-aggregation prior to chondrocyte implantation in current MACI proce-
dures, may effectively accelerate hyaline cartilage formation.
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10.1 Introduction

Articular cartilage has a limited capacity for regeneration due to its avascular nature
and deficiency on migrating or responding undifferentiated cell populations [1, 2].
Arthroplasty can be successfully used to treat degenerative joints at end stage dis-
ease. Due to the limited life-span of the prosthesis and the complications with revision
surgery, this treatment option is less suited for young active patients with focal de-
fects. Non-arthroplastic options include debridement, micro-fracture, osteochondral
grafting, autologous chondrocyte implantation (ACI) or matrix-assisted autologous
chondrocyte implantation (MACI). Both ACI and MACI are the most technically
advanced procedures, representing promising treatment modalities, yet still with as-
sociated limitations [1, 3, 4]. The limited availability of autologous chondrocytes and
their tendency to lose their phenotype during the required 2-D expansion phase to
obtain sufficient cells for implantation are major drawback of these techniques. The
current challenge to improve the therapeutic outcome of these techniques is to de-
velop strategies that induce maximal cartilaginous matrix deposition per chondrocyte,
avoiding the cost-prohibitive use of growth factors. Aggregation of chondrocytes is
a well-studied phenomenon that enhances the chondrogenic phenotype. Tradition-
ally it is employed by generating micromasses of 200.000-500.000 chondrocytes. More
recently smaller aggregates are formed by culturing chondrocytes on agarose coated
surfaces or micrometric patterns [5, 6]. However, such methods of aggregation are
uncontrollable and yield insufficient amounts of aggregates needed for clinical appli-
cation. In consequence, aggregation of chondrocytes prior to implantation has not
been implemented in current MACI procedures.

To overcome these limitations, we designed a platform that enables the forma-
tion of highly controlled chondrocyte aggregates in a high-throughput fashion. We
evaluated the effect of chondrocyte micro-aggregation in vitro and in vivo. We demon-
strated that micro-aggregation enhanced sensitivity to chondrogenic stimuli and de-
creased the expression of catabolic factors, resulting in higher accumulation of carti-
laginous matrix. We postulate that controllable high-throughput platforms such as
described in this study enables the feasibility of the use of micro-aggregated chondro-
cytes in cell based cartilage repair strategies such as ACI or MACI. This might allow
for improved therapeutic outcome by significantly boosting neocartilage formation.

10.2 Materials and Methods

10.2.1 Tissue source and preparation

The use of human material was approved by a local medical ethical committee. OA
cartilage was obtained from the knee joints of adult patients suffering from late stage
OA undergoing an arthroplasty, after informed consent. Bovine cartilage was ob-
tained from a local abattoir. Human and bovine primary chondrocytes were isolated
from knee articular cartilage by collagenase digestion and cultured in chondrocyte
expansion medium composed of Dulbecco’s modified Eagle’s medium high glucose
(Invitrogen), 10 % fetal bovine serum (Cambrex), 100 U/mL penicillin (Invitrogen),
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100 mg/mL streptomycin (Invitrogen), 0.2 mM ascorbic acid (ASAP; Sigma), 0.1 mM
non-essential amino acids (Sigma), and 0.4 mM proline (Sigma). Tissue samples were
fixated, dehydrated and embedded in paraffin. Macroscopically OA cartilage was used
to evaluate morphological features. Sections of 5 µm were collected and stained with
H&E for further evaluation using light microscopy.

10.2.2 Mold design and micro-aggregate formation

Stainless steel molds were machined using a femto-second pulsed laser system to pro-
duce a negative replica of the micro-wells. The depth of the mold was designed to be
200 - 300 µm. The spacing between wells was 250 µm. To produce agarose micro-
wells, autoclave-sterilized powder Ultrapure Agarose (Invitrogen) was dissolved via
heating in sterilized PBS at 2 % w/v and added drop by drop into a previously steril-
ized O-Ring (with an area of 1.9 cm2) placed on top of the micro-fabricated stainless
steel mold. After drying, the gels were separated from the mold and transferred into
24 well culture plates. Each well of the 24-well culture plate contained 4 x 103 micro-
wells (Figure 10.1). Different cell densities (20, 50, 100, 200, 300 and 500 cells per
micro-well) were used to study the effect of cell number on the form and size of the
micro-aggregates. Appropriate cell densities were seeded into each well of the 24-well
plates containing 4 x 103 agarose micro-wells to obtain micro-aggregates of 50, 100
and 200 cells. Micro-aggregation was induced by gravity after seeding a single cell
suspension on top of the micro-wells. Both expansion and chondrocyte differentiation
medium (DMEM with 0.1 µm dexamethasone (Sigma), 100 µg/mL sodium pyruvate
(Sigma), 0.2 mm ascorbic acid, 50 mg/mL insulintransferrinselenite (ITS + 1, Sigma),
100 U/mL penicillin, 100 µg/mL streptomycin, 10 ng/mL transforming growth factor
β3 (TGFB3, Invitrogen)) were used. The micro-aggregates were kept in culture in
the micro-wells in a humidified atmosphere containing 5 % CO2 at 37◦C up to 7 days.
Single cells were cultured in 2D on tissue culture plastic at the same cell density.
Microscopic images were collected at several time points and morphometric analysis
of the micro-aggregates was performed using ImageJ software.

10.2.3 Dextran-Tyramine hydrogels (Dex-TA)

Dex-TA with a degree of substitution of 15, defined as the number of tyramine (TA)
moieties per 100 anhydroglucose (AHG) units in dextran, was prepared as described
previously [7, 8]. Bovine chondrocytes (passage 2) either as micro-aggregates or as
single cell suspension at a concentration of 10x106 cells per mL were mixed with
the polymer solution. The hydrogel precursor/cell suspension was mixed with H2O2

(hydrogen peroxide, Sigma-Aldrich) and horseradish peroxidase (HRP type VI, 298
purpurogallin unit/mg solid, Aldrich) and gelation occurred within one minute (the
final concentration of Dex-TA was 10 % wt). The amount of HRP used was fixed
at 0.25 mg per mmol of TA moieties and the molar ratio of H2O2/TA was 0.20
(mol/mol).
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10.2.4 Metabolic activity and chondrocyte viability

Quantification of glucose consumption, as well as lactate and ammonia production
by chondrocyte micro-aggregates of 100 cells on micro-wells and single cells cultured
for 7 days in differentiation medium, was determined using a Vitros DT60 II medium
analyzer (Ortho-Clinical Diagnostics, Tilburg, The Netherlands). The viability of the
chondrocytes incorporated in the hydrogels either as single cells or as micro aggre-
gates was assessed by a Live-dead assay. At day 7 and 14, the hydrogel constructs
were rinsed with PBS and stained with calcein AM/ethidium homodimer using the
Live-dead assay Kit (Invitrogen), according to the manufacturers’ instructions and
evaluated using fluorescence microscopy. Living cells fluoresce green and the nuclei
of dead cells red.

10.2.5 In vivo implantation

Chondrocyte micro-aggregates of 100 cells were allowed to form for 24 hours in ex-
pansion medium. Afterwards, the aggregates were flushed out of the micro-wells
and mixed with polymer precursor, as described above. Samples of each hydrogel
type, containing either single cells or aggregates of 100 cells were cultured in vitro
and at predetermined time points analyzed for cell viability, metabolic activity, matrix
biosynthesis and gene expression analysis or were surgically implanted subcutaneously
in 8 weeks old nude male mice (NMRI-Nude, Harlan) for a period of 2 or 4 weeks. The
operative procedure and the care of the mice were performed under the regulation of
the Central Laboratory Animal Institute (GDL), Utrecht University (Netherlands).
The study was approved by a local animal ethical committee.

10.2.6 Histological analysis

At 14 and 21 days, hydrogel constructs seeded with single cells or aggregates of 100
cells and cultured in differentiation medium were fixed in 10 % buffered formalin for 1
hour. For the in vivo experiments, the samples were explanted after 2 and 4 weeks and
allowed to fixate in 10 % buffered formalin overnight at 4◦C. After embedding the
samples in cryomatrix (Cryomatrix, Shandon), a cryo-microtome (Leica) was used
to collect 10 µm sections onto gold-coated slides. The cryomatrix was washed off
the slides by incubation in distilled water for 10 minutes. Afterwards, three histo-
logical stainings were performed: Picrosirius Red staining for visualization of total
collagen (processed according to the manufacturer’s instructions (Polysciences) and
both Toluidine blue (Fluka, 0,1 % in deionized water, 10 minutes incubation) and
Safranin O (Sigma, 0,1 % in deionized water, 5 minutes incubation) for glycosamino-
glycans (GAGs) visualization. The slides were then washed, dehydrated, mounted
and analyzed using a bright field microscope (Nikon Eclipse E400).

10.2.7 Whole genome gene expression microarray analysis

Whole genome gene expression microarray analysis was performed on micro-aggregates
of 100 cells and single cells incorporated in Dex-TA hydrogels, as described above,



10

152
CHAPTER 10. MICROAGGREGATES STIMULATE NEOCARTILAGE

FORMATION

and cultured in differentiation medium for 7 days. Three different human chondro-
cyte donors were used. NuGEN Ovation PicoSL WTA System kit followed by Encore
BiotinIL module was used to generate biotinylate single stranded cDNA starting
from 50 ng total RNA. 750 ng of the obtained samples was hybridized onto the
Illumina HumanHT-12 v4 Expression BeadChips. Samples were scanned using the Il-
lumina iScan array scanner. Gene expression profiling was performed using llumina’s
Genomestudio v. 2010.3 software with the default settings advised by Illumina. Data
was normalized by applying quantile normalization on the raw fluorescence inten-
sity values. Differential gene expression was analysed using the commercial software
package Genespring, version 11.5.1. (Agilent Technologies). Three-dimensional Prin-
cipal Component Analysis (PCA) was used to demonstrate the differences in global
gene expression between single cells and micro-aggregates. Hierarchical clustering
was used to group all samples on similarity. Changes of gene expression in anno-
tated 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 gene-gene interac-
tion network [9]. Markov clustering algorithm was used to identify interacting clusters
of genes and encoded proteins within the microarray dataset.

10.2.8 Real time PCR analysis

Hydrogel/cell constructs cultured for either 7, 14 or 21 days in differentiation medium
were washed with PBS and lysed using Trizol reagent (Invitrogen, Carlsbad, CA).
Total RNA was isolated using the Nucleospin RNA II kit (Bioke) according to man-
ufacturer’s instructions. The RNA yields were determined using the Nanodrop2000
(ND-1000 Spectrophotometer, Isogen LifeScience). Subsequently, cDNA was synthe-
sized using the iScript Kit (BioRad) according to the manufacturer’s recommenda-
tions. Expression levels of individual genes were analyzed by quantitative PCR (MiQ,
Bio-rad) and normalized on GAPDH. Primer sequences are available on request.

10.2.9 Statistical analysis

Statistical differences between two groups were analyzed using the Student’s t-test or
by one-way ANOVA. Statistical significance was set to P<0.05 and indicated with an
’a’. Results are presented as mean standard deviation.

10.3 Results

10.3.1 High-throughput generated chondrocyte micro-aggregates
resemble chondrocyte clusters in OA

Micro-fabricated molds were used as a tool to generate chips of identically shaped
micro-wells in agarose. The procedure is outlined in Figure 10.1A. These chips were
placed in 24-well plates and subsequently used to generate micro-aggregates similar
to the ones observed in OA cartilage for further studies in high-throughput (Figure
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10.1B). Shortly after seeding of a single cell suspension, gravitational force resulted
in the concentration of chondrocytes at the bottom of the micro-wells. The chon-
drocytes contracted to a spherical aggregate thereby increasing intercellular contacts
and minimizing free energy (Figure 10.1C). To study the effect of cell number in ag-
gregation speed and stability of the micro-aggregates, pictures of the aggregates in
the micro-wells were collected at different time points after seeding. The number of
cells affected the speed of aggregate formation. We observed that lower cell densities
demanded longer aggregation time, most likely due to limited contact opportunities
(Figure 10.1C). After 24 hours, the aggregates were collected by flushing the non-cell
adherent agarose chips with medium. The percentage of aggregate recovery was 96.6
%. The aggregates could withstand centrifugation and resuspension in medium, as
shown in Figure 1-D. Analysis of a correlation between cell seeding density, aggregate
diameter and volume, demonstrated a linear correlation between seeding density and
the aggregate volume assuming a spherical conformation (Figure 10.1D).

To evaluate aggregate stability after formation, the area and circularity of ag-
gregates composed of 50, 100 and 200 cells were analyzed after 1, 3 and 7 days in
culture. The area and circularity of the aggregates are represented in Figures 10.1E
and F. As expected, the area of the aggregates decreased slightly over time due to
condensation. The circularity of the aggregates provided information about stability
and uniformity of the aggregates. Higher deviations in circularity were observed at
later stages of culture and particularly in aggregates with lower cell densities. In
subsequent experiments, aggregates were collected 24 hours after seeding, since this
time point was sufficient to obtain stable micro-aggregates starting from single cell
suspensions. Furthermore, extension of this culture time tended to result in migration
of the micro-aggregates to neighboring wells and their subsequent merger suggesting a
chemotactic attraction between the aggregates. This process resulted in an increased
heterogeneity in size.

10.3.2 Micro-aggregation stimulates cartilage matrix formation

Gene expression of Aggrecan and Collagen type II was evaluated. Aggregates with
densities of 50, 100 and 200 cells were cultured in the micro-wells and compared with
single cells cultured in 2D using similar cell numbers. Figure 10.2A shows that ag-
gregates cultured in expansion medium tended to slightly up-regulate the expression
of both collagen type II and aggrecan, compared to single cells cultured in 2D. Fig-
ure 10.2B shows that, when the aggregates were chondrogenically stimulated with
TGFB3, the gene expression of collagen type II and aggrecan significantly increased
in micro-aggregates of 50 and 100 cells, compared to single cells and to aggregates
of 200 cells. Overall, gene expression analysis demonstrated that micro-aggregates
behaved similarly to single cells when cultured without stimulation. However, when
the micro-aggregates were exposed to chondrogenic conditions containing stimulatory
molecules alike found in native cartilage, cartilage matrix formation was significantly
enhanced in aggregates of 50 and 100 cells with a less pronounced effect in aggre-
gates of 200 cells. Given the higher stability of aggregates of 100 cells compared to
aggregates of 50 cells, these cell clusters were selected for further experimentations.
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Figure 10.1: High-throughput formation of chondrocyte micro-aggregates.
(A) Schematic representation of the micro-well technique for the formation of
aggregates from single cell suspensions. A stainless steel mold was used to
form micro-wells in agarose chips. (B) Each agarose chip contains 4 x 103

micro-wells. (C) Pictures at specific time points during aggregate formation.
Each well of a 24 wells plate containing an agarose micro-well chip was seeded
with the appropriate number of bovine chondrocytes to obtain micro aggre-
gates of 50, 100 or 200 cells. Aggregation started to occur approximately 6
hours after seeding. After 12 hours, the aggregates had acquired a spherical
shape, independently of aggregate size. (D) Correlation between the number
of chondrocytes per micro well and the diameter (µm) and the volume (µm3)
of the obtained aggregates after 12 hours. Each data point represents the
measurement of minimally 50 micro aggregates. At the lower right side of the
graphic, aggregates obtained after flushing off the agarose chips are shown.
(E) Micro-aggregate area (µm2) slightly decreased over time most notably in
aggregates bigger than 100 cells. Each data point represents the measurement
of minimally 50 aggregates (F) Measurement of circularity of micro aggregates
over time demonstrated a decrease in average circularity and an increase in
spread. A perfect circle has a value of 1. Each data point represents the
measurement of about 50 micro aggregates. Error bars were means SD.
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Figure 10.2: Micro-aggregation enhances collagen type II and aggrecan ex-
pression. (A) qPCR analysis of collagen type II (Col2a1 ) and aggrecan (Acan)
gene expression at day 1, 3 and 7 of culture in chondrocyte expansion medium.
Equal amounts of cells were cultured in micro-aggregates of 50, 100 and 200
bovine chondrocytes and compared with single cells cultured in a 2-D system.
At day 7, no changes were observed between the different culture methods.
(B) qPCR analysis of Col2a1 and Acan gene expression was evaluated at day
1, 3 and 7 of culture in chondrogenic conditions. Micro-aggregated cell clus-
ters of 50, 100 and 200 cells were compared with single cells cultured in a 2-D
system. Col2a1 and Acan expression was potently stimulated by culturing
the cells in micro-aggregates of 50 and 100 cells. Error bars were means SD
(n=3/condition).
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10.3.3 Micro-aggregated cell clusters remain viable after
embedding in a hydrogel

We studied the effect of micro-aggregation on cell metabolism in comparison to equal
numbers of single cells after embedding of the cells in a dextran based hydrogel. As
shown in figure 10.3A, both single cells and micro-aggregates were uniformly dis-
tributed in the hydrogel and remained viable. The integrity of the micro-aggregates
did not change over culture time. Micro-aggregated cell clusters were metabolically
more active than single cell seeded constructs (Figure 10.3B). Micro-aggregates laden
constructs had a significantly higher consumption of glucose and production of both
lactate and ammonia. This suggested that aggregation of chondrocytes stimulated
cell metabolism presumably due to higher cell-cell contacts. During glycolysis, oxida-
tion of one molecule of glucose leads to two molecules of pyruvate and, subsequently,
by anaerobic respiration, to two molecules of lactate. This expected 2:1 ratio of lac-
tate:glucose was observed when single cells were cultured in the hydrogels. When cells
were cultured in aggregates this ratio dropped to 1:1. This significant difference was
suggestive for a metabolic shift suggesting that a part of the glucose may be used in
biosynthesis of extracellular matrix molecules rather than energy consumption.

10.3.4 Cell cluster formation enhanced cartilage matrix
deposition

Micro-aggregates of 100 cells or single cells suspensions with equal cell numbers
were incorporated in a Dex-TA hydrogel and cultured in chondrocyte differentia-
tion medium for 14 and 21 days. The relative fold expressions of chondrogenic related
genes such as Acan, Col2a1 and Sox9 were up-regulated in hydrogels containing
micro-aggregates compared to constructs seeded with equal numbers of single cells
(Figure 10.4A to C). Figure 10.4G shows that the ratio of Col2a1 and Col1a1 is
improved in constructs seeded with micro-aggregates. Over time, these differences
became more pronounced. Additionally, no significant differences in gene expression
of both Col1a1 or Col10a1 were observed between single cells and micro-aggregates,
at any time point (Figure 10.4D and E). The expression of several MMPS was an-
alyzed after 21 days in culture to evaluate the effect of cell clustering. As shown
in Figure 4-F, a decrease in the expression of Mmp1, Mmp9 and Mmp13 was ob-
served in hydrogels cultured with micro-aggregated cells. The expression of Mmp3
was not detected in constructs seeded with micro-aggregates. The gene expression
analysis was corroborated by histology (Figure 10.5A and B). Picrosirius red staining
was more intense in hydrogels containing aggregated cells, suggesting the presence
of more collagens (Figure 10.5A). The staining did not further increase by extending
culture time from 14 to 21 days. The presence of GAGs was visualized by Toluidine
blue and Safranin O staining (Figure 10.5A). Both stainings were more intense in hy-
drogels seeded with micro-aggregates compared to single cell seeded constructs. This
difference was more striking at day 21. Additionally, mainly at day 14, a gradient of
GAGs diffusing out of the micro-aggregates and into the hydrogel was visible. Similar
results, and even more pronounced, were obtained 2 and 4 weeks after subcutaneous
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Figure 10.3: Micro-aggregation increases metabolic activity. (A) Equal num-
bers of cells, either as micro-aggregates or as single cells, were embedded in
an in situ gelating Dex-TA hydrogel. After 7 and 14 days of culture, a via-
bility assay was performed in which living cells were shown in green and dead
cells in red. Incorporation of cells in the hydrogels did not affect viability nor
did micro-aggregation. Clusters retained their spherical shape over time. (B)
Glucose consumption and ammonia and lactate production were quantified
after 7 days of culture of equal cell numbers of 100 cell micro-aggregates of
bovine chondrocytes on agarose chips or as single cells in 2D. The ratio be-
tween lactate production and glucose consumption is represented in the lower
right graphic. The clear difference between both culture systems was strongly
suggestive for a shift in metabolic activity. Error bars represent means SD
(n=3/condition).
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Figure 10.4: Micro-aggregation prior to seeding in hydrogels stimulates car-
tilage matrix gene expression. Relative mRNA levels for Acan (A), Col2a1
(B), Sox9 (C), Col1a1 (D) and Col10a1 (E), expressed by single bovine chon-
drocytes or micro-aggregated cell clusters incorporated into Dex-TA hydrogels,
after 14 and 21 days in culture. Similar cell numbers were seeded in each con-
struct. Relative mRNA levels for metalloproteinases (Mmp) 1, 3, 9 and 13 (F),
expressed by single chondrocytes or micro-aggregated cell clusters incorporated
into Dex-TA hydrogels, after 21 days in culture. (G) Col2a1/Col1a1 ratio to
elucidate chondrogenic phenotype development. Error bars were means SD
(n=3/condition).
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Figure 10.5: Micro-aggregation resulted in superior matrix production both
in vitro and in vivo. (A) Histological evaluation of in vitro cultured hydro-
gels seeded with equal bovine chondrocyte numbers either as single cells or as
micro-aggregates of 100 cells, for 14 and 21 days. Picrosirius red staining was
performed to visualize total collagen content (red/pink colour). Both Tolui-
dine blue (purple colour) and Safranin O (red/orange colour) stainings were
performed to visualize glycosaminoglycans deposition. A more intense staining
was observed in constructs seeded with micro-aggregates indicative for higher
matrix production. (B) Histological evaluation of hydrogel constructs with
encapsulated single cells or micro-aggregates of 100 cells implanted subcuta-
neously in nude mice for 2 and 4 weeks (n=6 mice per time point). Hydrogels
with encapsulated micro aggregates showed more cartilage matrix. (C) Histo-
logical stainings of a representative control sample, consisting of the hydrogel
without cells.

implantation of the cell seeded hydrogel constructs in nude mice (Figure 10.5B).
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10.3.5 Microarray analysis confirmed increased expression of
cartilage-related genes in human chondrocyte clusters

Whole genome gene expression profiling was used on human chondrocytes to vali-
date our experimental model in a human system and to obtain a deeper understand-
ing of the transcriptional effects of chondrocyte micro-aggregation. The formation
of human chondrocyte clusters occurs similarly to bovine chondrocyte cell clusters
and their incorporation in Dex-TA hydrogels was equally efficient. Gene expression
profiles on constructs laden with identical cell numbers either as single cells or in
micro-aggregates were distinct as demonstrated by 3-D principal component analysis
(Figure 10.6A). Moreover, hierarchical cluster analysis demonstrated the presence of
two main clusters: chondrocytes cultured as micro-aggregates or as single cells (Fig-
ure 10.6B). Gene and protein interactions analysis of the differentially regulated genes
between single cells and micro-aggregates revealed one major central hub (Figure
10.6C). Interestingly, this intricate network contained the most highly differentially
regulated genes such as connective tissue growth factor (CTGF ) and extracellular
matrix-related genes like COL3A1, COMP and MMP3 (Figure 10.6D).

Indeed, bio-function analysis demonstrated significant differences in processes like
’cellular assembly and organisation’, ’cellular functions and maintenance’, ’connective
tissue development and function’ and ’skeletal and muscular system development and
function’ (Figure 10.7A). Gene expression patterns of 4 genes of interest were val-
idated using qPCR (Figure 7-B). The selected genes were COL2A1, ACAN, SOX9
and COMP, which are cartilage-related genes that were up regulated in the micro-
aggregates. This data showed striking similarity with the experiments using bovine
chondrocytes, suggesting that the effect of micro-aggregation on cartilage matrix for-
mation is species-independent.

10.4 Discussion

In this study, we developed an in vitro micro cell-cluster platform that enabled the
high-throughput formation of highly controllable micro-aggregates that can be har-
vested without enzymatic digestion or mechanical shearing. This allowed us to study
the effect of micro-aggregation of chondrocytes on cartilage matrix formation and
their potential as therapeutic cell source when combined with an in situ gelating in-
jectable biomaterial. We demonstrated that formation of micro-aggregates resulted
in enhanced cartilage matrix production and decreased MMPs transcription.

Cartilage repair strategies based on autologous chondrocyte implantation still rely
on in vitro expansion to obtain sufficient cells, with all inherent drawbacks such as
chondrocyte dedifferentiation [10]. Studies focusing on the self-aggregation potential
of chondrocytes and its use for elastic cartilage reconstruction have been hampered
due the problem of dedifferentiation and scarcity of starting material [11-13]. They
have shown that by embedding aggregates in molded hydrogels, chondron-like clusters
are formed and, thus, dedifferentiation of the chondrocytes is avoided, or at least
delayed.
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Figure 10.6: Whole genome gene expression analysis of micro-aggregates
vs. single cells. (A) 3-D PCA plot of all detected probes of micro-aggregates
(blue spheres) of human chondrocytes or of single cells (red spheres). (B)
Hierarchical clustering of all significant differentially regulated genes between
micro-aggregates (agg) and single cell chondrocytes (ss). (C) and (D) Gene and
protein interaction networks of all selected significant differentially expressed
genes or (D) and the subset of the higher differentially expressed genes.

Due to the cartilage’s inherent low capacity to self-repair, the retention of cells in
cell-based cartilage repair strategies at the defect site is of the highest importance. A
myriad of biomaterials that provide an artificial extracellular matrix compatible with
homogenous distribution of single cells or micro-aggregates are currently available for
cartilage tissue regeneration strategies [6, 14]. Among the classes of biomaterials,
hydrogels of natural polymers show promising features as defect filling scaffolds due
to their similarity to the native cartilaginous extracellular matrix. In situ gelating
injectable hydrogels have deserved much attention since they can be applied in a min-
imally invasive procedure and allow the possibility of cell incorporation during the
gelation reaction [10]. Recently, we have developed a novel injectable enzymatically
crosslinkable Dextran-Tyramine hydrogel (Dex-TA, 14kDa, DS=15). This fast gelat-
ing hydrogel is fully compatible with cell viability and has shown high potential for
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Figure 10.7: Differentially regulated bio-function list and qPCR validation of
microarray data. (A) Differentially regulated bio-functions of micro-aggregates
vs. single cells based on Ingenuity’s pathway analysis of whole genome gene
expression microarrays. (B) qPCR validation of micro-array data. COL2A1,
ACAN, SOX9 and COMP showed up regulation in the micro-aggregated cells
by microarray and qPCR. Error bars were means SD (n=6/condition).
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cartilage regeneration [7, 8]. We have chosen these hydrogels to evaluate whether seed-
ing constructs with micro-aggregated cells rather than with single cells has a beneficial
effect on cartilage matrix formation. Prior to incorporation of the micro-aggregates in
the injectable Dex-TA hydrogels, different culture times and cell densities were evalu-
ated to select the optimal micro-aggregate size. Interestingly we observed that larger
micro-aggregates, such as 200 cells, were out performed by smaller micro-aggregates,
composed of 50 and 100 cells. Additionally, higher micro-aggregate stability was
achieved in shorter formation time when aggregating 50 to 100 cells compared to 200
cells. After 3 days in culture, the micro-aggregates tended to merge due to cell migra-
tion, most likely facilitated by the increasing matrix that surrounded the aggregates.
The merging of aggregates with increasing culture time has been previously reported
[5, 11, 15]. Most probably, this process is driven by chemotactic factors secreted by
the chondrocytes [16, 17]. Based on stability and formation characteristics, as well as
expression of a chondrogenic gene profile, we selected aggregates of 100 cells as the
optimal size for further experiments.

Micro-aggregates of 100 cells seeded in Dex-TA hydrogels proved to be viable
and retained their integrity. Moreover, the aggregates could be easily uniformly dis-
tributed in the gel. Interestingly, when the chondrocytes were cultured in the aggre-
gated form within hydrogels, a change in cell metabolism was observed. This might
be due to a metabolic shift from a catabolic glycolysis pathway in single cell con-
structs to a more anabolic pathway in constructs seeded with aggregated cells. As
cause or consequence of these events, glucose might have been directed to a greater
extent to biosynthesis and, thus contributing to enhanced matrix production in micro-
aggregates seeded constructs. Indeed this was supported by increased matrix deposi-
tion in hydrogels seeded with micro-aggregates. Likewise, the increase in biosynthesis
in early cartilage lesions has been previously reported [18, 19]. Comparable shifts from
catabolic to the anabolic responses have been recently reported to occur by varying the
exposure of chondrocytes to different oxygen percentages [13]. Lower oxygen percent-
ages, similar to physiological concentrations, significantly enhanced the chondrogenic
capacity of chondrocytes cultured in micromass pellets. The enhanced chondrogenic
behavior of the micro-aggregates might be at least in part explained by a relatively
lower exposure to oxygen of cells in micro-aggregates compared to single cells in 2-D.
However, other possibilities such as concentrating effects of both secreted soluble fac-
tors and extracellular matrix molecules cannot be excluded. Regardless of the cause,
micro-aggregates of 100 cells outperformed single cells and showed therefore a greater
potential for cell-based cartilage repair strategies.

Interestingly, morphometric analysis and gene expression profiles suggested that
without addition of chondrogenic stimuli, both single cells and micro-aggregates be-
haved similarly suggesting that aggregation itself does not change cell behavior.
However, when stimulated with a chondrogenic stimulus, such as TGFB3, micro-
aggregated cells showed a very distinct response from single cells. A strong additional
effect on cartilage matrix formation was obtained when cells were cultured in a micro-
aggregated form.

Chondrocyte clusters are a histological hallmark of OA, the most prevalent form of
degenerative joint diseases [20]. Interestingly, it has recently been suggested that this
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clustering of chondrocytes are a self-reparative response of the cartilage, but experi-
mental evidence is lacking [21]. The formation of chondrocyte aggregates or clusters
in OA occurs by increased cell proliferation or active movement of the chondrocytes
[22-24]. Chondrocyte clusters can be composed by more than 20 cells and are localized
in the proximity of fissures in the upper cartilage layers [20, 25]. Although previous
studies have investigated the effect of chondrocyte clustering on cartilage formation,
these aggregates were formed either in insufficient quantity, with improper or poorly
controlled size ranges, or attached to scaffold sheets [5, 11, 12, 26-28]. In contrast, the
high throughput method described in this study allowed us to address this issue more
systematically. Our data substantiates the hypothesis that micro-clusters of chondro-
cytes, such as observed in OA, may indeed be part of a regenerative response. To
our knowledge, we are the first to address the function of micro-clusters by an exper-
imental approach showing potent stimulation of cartilage matrix formation. Since we
have not studied the function of micro-aggregates in an OA-like environment, e.g. in
the presence of inflammatory cytokines, we cannot exclude that the OA-environment
alters the behavior of the micro-aggregates. Using our model, the effect of various
factors involved in OA can be easily addressed in a high-throughput approach. In
addition, the potential to form these micro-aggregates in high-throughput potentially
allows us to translate this method to a clinical application.

Considering the difference in expression ratio of collagen type II and collagen
type X between clusters, it might be worthwhile to explore differential seeding of
constructs with micro-aggregates of various sizes to reconstruct the zonal organization
of cartilage. The role of microscale organization in a cartilage model has previously
been investigated using cell clusters obtained by photo-immobilization of single cells
in a hydrogel as described by Albrecht et al. [29]. In contrast to our study, no effect
on cartilage matrix formation was observed. This difference might be explained by
the cell-cell contact achieved with our approach of cell cluster formation, compared
to the cell density approach in which cells are in close proximity, yet a couple of
micrometers still apart. The two distinct outcomes suggest that close cell-cell contact
and contraction forces during condensation of cell clusters strongly affect cell behavior
[17, 30]. Thus, the system reported by Albrecht et.al. resembled more a 2D cell system
within a hydrogel support. Our approach has the advantage of first enabling aggregate
condensation while still retaining the possibility of combining these aggregates with
an injectable hydrogel. Moreover, micro-aggregation prior to implantation in current
ACI or MACI protocols might be highly beneficial for the clinical outcome. Thus,
the extra simple step suggested herein might lead to a great improvement of current
protocols.

Previous related studies have investigated the differences in gene expression using
only a selection of genes. Consequently, the mechanism of action of the increased car-
tilage formation after micro-aggregation has remained largely unknown. To the best
of our knowledge, this is the first comprehensive study that included a whole genome
gene expression analysis elucidating gene regulatory networks involved in chondro-
cyte micro-aggregation. Our data suggested a central role for CTGF (also known as
CCN2). It has been shown that CTGF is a potent mediator of chondrogenesis and
is involved in the cell cycle [31]. Furthermore, CTGF is an established TGFB target
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gene and mediates many of TGFB’s effects [32]. Indeed, the major changes in bio-
functions were related to cellular function, proliferation and connective and skeletal
tissue development. Moreover, our data demonstrated that the transcriptional effects
of chondrocyte micro-aggregation are conserved between tested species.

Collectively, our data demonstrate that chondrocyte micro-aggregation prior to
seeding of tissue engineered constructs has a beneficial effect on cartilage matrix for-
mation compared to single cell cultures. Our experimental approach mimicking cell
clusters, such as found in OA and other cartilage related diseases caused by chemical
or mechanical injury, suggests that these clusters may indeed be part of an innate
self-regenerative response of cartilage. Using our approach, it is possible to produce
in high-throughput micro-aggregates with specific cell densities, using a simple and
reproducible method. These micro-aggregates can be successfully incorporated into
injectable in situ forming hydrogels, without affecting cell viability and the aggre-
gates’ spherical shape, while boosting cartilage formation compared to single cell-
seeded constructs. Therefore, high-throughput formation of micro-aggregates prior
to chondrocyte implantation in current ACI and MACI protocols may improve and
accelerate hyaline cartilage formation.
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Chapter 11

Reflections and outlook:
complexities in articular cartilage
tissue engineering

I never did a day’s work in my life. It was all fun.
Thomas Edison
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11.1 Abstract

Cartilage tissue engineering requires an understanding of a variety of life science prin-
ciples, and biomaterial chemistry, for the successful development of new therapeutic
approaches. However, the current state-of-the-art knowledge is finite. Complexities
at several levels provide challenges in current research and opportunities for future
investigations. In this chapter the different levels of complexities are discussed in a
bottom-up manner and emphasize how this thesis contributes to our understanding
of these complexities.



11

11.2. CELL COMPLEXITY 171

11.2 Cell complexity

A cell is defined as the smallest structural unit of an organism that is capable of
independent functioning, consisting of one or more nuclei, cytoplasm, and various
organelles, all surrounded by a semipermeable cell membrane. The traditional tissue
engineer approaches a cell as an input-output mechanism. For example, one expects
that the inclusion of a single factor, such as a growth factor, would result in a singu-
lar cellular response that is based on the primary known function of the used growth
factor. In recent years awareness has grown that such factors might not just have a
single function [1]. They often have additional unknown, unforeseen or even contra-
dictory effects. This can be due to unknown direct interaction, complex formation
with other cellular components or secondary events that are caused by the original
manipulation of the cell. Using this perspective, it seems intuitive that the mechanism
of action of the secreted antagonists GREM1, FRZB and DKK1, which in chapter 4
were revealed to play important roles in the prevention of hypertrophic differentiation
in hyaline cartilage, might not be solely mediated by their putative pathways. Indeed,
in chapter 6 we demonstrated that changing the activity of either BMP or Wnt sig-
naling results in a change in the activity of the other pathway via the regulation of
each other antagonists e.g. GREM1, FRZB and DKK1. Regrettably, many of such
cross-communications have remained largely uninvestigated and obscure our ability
to understand and control cells.

Fortunately, this box of Pandora can be ’reverse-engineered’ into a fire of Prome-
theus. This process would require an integrative network analysis [2]. Moreover, it
has to transcend the traditional single level focus e.g. protein-protein or protein-gene
interactions. Instead, it would entail an integrated analysis that includes many reg-
ulatory events that includes, but is not limited to, transcriptional activity, complex
formation, functional redundancy, miRNA regulation, histone modifications and pro-
moter silencing/activation. In the long term, this fundamental knowledge might allow
for the generation of valuable predictive in silico cell models [3]. In shorter term, it
can stimulate the understanding of complex diseases [4]. For example, osteoarthritis
is a heterogeneous disease of which the underlying mechanism, in at least a subset of
patients, might be hypertrophic differentiation of chondrocytes [5]. However, funda-
mental osteoarthritis research has indicated many different and seemingly unrelated
pathways. Aberrant regulation of these pathways resulted in the development of an
osteoarthritic phenotype via the hypertrophic pathway. Hypertrophic differentiation
itself is a tightly orchestrated process that is based on intense cross-communication
between multiple pathways. It is therefore tempting to speculate whether the patho-
logical development of osteoarthritis might not be caused by deregulation of a single
factor or pathway, but is mediated via the deregulation of several pathways, which
can be instigated by deregulation by on of several pathways and is mediated via their
cross communication. A development that might drive our understanding of such
cellular behavior are the recent advances in promoter analysis, by which one predicts
and validates which transcription factors control a particular gene or set of genes [6].
Consequently, one would be able to distill the essence of pathway activities from newly
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acquired data or previously reported freely available datasets e.g. whole genome gene
expression microarrays.

11.3 Tissue complexity

Tissue is defined as an aggregation of morphologically similar cells and associated
intercellular matter acting together to perform one or more specific functions in the
body. Mature articular cartilage appears to be a rather simple tissue compared to
other tissues. It almost solely consists of a sparse population of chondrocytes that
is surrounded by its matrix. However, it is complex in terms of its organization.
Chondrocytes reside within a unique combination of matrix molecules that forms a
specialized microenvironment that is commonly referred to as pericellular matrix [7].
Not only does this matrix convey mechanical stimuli from the extracellular matrix
to the chondrocytes, it allows for the concentration of secreted factors [8]. In fact,
in chapter four we describe that GREM1, FRZB and DKK1 expression is mostly
restricted to the pericellular matrix.

Articular cartilage is comprised of several consecutive zones that not only are
phenotypically distinct, but also perform unique functions. For example, the su-
perficial zone is in contrast to the other zones essential to joint lubrication [9]. In
addition, gradients permeate the articular cartilage, which can either be bound e.g.
glycosaminoglycans or unbound e.g. oxygen and glucose [10]. Moreover, a robust
osteochondral interface is indispensable for long term joint function [11]. Next to
zonal differences, there are continuous elements that penetrate all zones of articular
cartilage e.g. collagen fibers. The orientation of these fibers is dissimilar in different
zones, which facilitates the transduction of mechanical stress [12]. The incorporation
of such tissue complexities might augment the function of the engineered tissue by
mimicking native tissue.

11.4 Organ complexity

Organs are defined as a group of tissues that perform a specific function or group
of functions. Therefore, synovial joints are considered an organ as it is comprised
of multiple tissues e.g. articular cartilage, synovium, meniscus, articular fat pads
and tendons, which together allow for smooth and painless articulated motion of the
diarthrodial joint. In fact, cartilage degenerative diseases such as osteoarthritis or
rheumatoid arthritis are not cartilage specific but are considered joint diseases [13].
The altered behavior of several joint tissues contribute to the degeneration of the
cartilage.

The foremost mechanism of communication between the different tissues that con-
stitute the diarthrodial joint is mediated via the secretion of molecules into the syn-
ovial fluid. In normal homeostasis of the joint it functions as a portal that disseminates
secreted factors that propagate continued function of the joint [14]. These factors are
often referred to as master regulators’. These molecules are expected to function in, or
even have their expression and/or activity influenced by, the local micro-environment.
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Typically, deregulation of organ function correlates with aberrant expression or func-
tion of the master regulators. The secreted factors GREM1, FRZB and DKK1 fit
this description. In chapter four we revealed that these antagonists are enriched in
articular cartilage and prevent hypertrophic differentiation. In chapter five and six we
describe that their expression is strongly influenced by stimuli correlated with patho-
logical processes. In chapter seven and eight we demonstrate that the expression of
these antagonists is driven by hypoxia, which an archetypal environmental factor of
articular cartilage. The cross-communication between different tissues in vivo renders
a challenge to the interpretation of in vitro experiments based on single cultures, as
one cannot exclude that the data are confounded by this experimental artifact. Much
knowledge has been derived from experiments based on non-human mammals. This
approach provides specimens with low donor variation that are available on demand.
Furthermore, they allow for experimentation that cannot be performed in humans due
to ethical reasons. However, one has to be aware of the differences between species.
For example, our understanding of both cartilage and joint homeostasis relies heav-
ily on genetic mouse models. However, mouse joints are not fully comparable to
their human equivalent. Not only are their genetic differences that result in (slightly)
dissimilar proteins, they also do not undergo the same mechanical and nutritional
stresses due to the animal’s size and articular cartilage’s height [15].

Further characterization of master regulators and cross-communication between
tissues in humans might not only stimulates the acquisition of fundamental knowledge
and drives the discovery of predictive and prognostic biomarkers, but also provides a
solid theoretical framework containing the fundamental elements for successful carti-
lage repair strategies.

11.5 Valorization complexity

Although the traditional meaning of valorization is to give or ascribe value or validity
to (something), the more modern annotation is slightly different as witnessed by the
definition that the Dutch Innovation Platform employs: the process of value creation
from knowledge by making it suitable and/or available for economic and/or social
use by translating it into competitive products, services, processes or new commercial
activities. In the current context it refers to the successful development of a clinically
used/usable technique or product that is based on functional restoration of the joint
by means of repairing the tissue by replacing the lost cells and/or matrix with a stable
tissue engineered construct.

Repair of joint function or prevention of joint degeneration can be accomplished
in various ways. One of these strategies is tissue engineering, which can be divided
in two general approaches: those who include cells and those who do not. The most
palpable contributions of this thesis relate to cell based approaches, as it is mainly
focused on hypertrophic differentiation of chondrocyte(-like cells). When cells are
used for cartilage repair, one is challenged to stimulate the used cells to rapidly form
robust cartilage. This can typically be achieved by e.g. engineering implantable car-
tilage in vitro, stimulating cell in vitro prior implantation or including stimulating
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factors within the optional biomaterial in which the cell can be laden. It is impera-
tive to realize that some factors that boost neo-cartilage formation in the short term
may hinder joint function in the long term, as they might alter the cellular behavior.
For example, BMPs can stimulate chondrogenic differentiation of MSCs and enhance
cartilage deposition by chondrocytes, but they also augment hypertrophic differenti-
ation and endochondral ossification [16, 17]. Therefore, understanding of processes
such as hypertrophic differentiation might prove invaluable for successful long term
therapeutic outcome.

Engineering of cartilage and the use of large amounts of human compatible recom-
binant proteins is expensive and its clinical use might even prove to be cost-prohibitive
for larger patient groups. It is therefore the challenge to design novel therapies that
not only excel in overall complexity driven by technological developments, but rather
also stand out by its elegant simplicity. In the current thesis we have explored two
alternatives to the current treatments, which boost neo-cartilage formation in a cost-
effective manner. In chapter nine we demonstrated that the addition of MSCs to
chondrocyte provides an environment that induces more cartilage formation than
just chondrocytes alone. In chapter ten we pioneered the chondrogenic effect of chon-
drocyte micro-aggregation using a newly designed highly controlled low cost high
throughput platform.

Many novel strategies have shown to encompass advantages over the currently
used clinical procedures. However, their true clinical relevance is yet to be deter-
mined. Although, most in vitro observations are frequently validated in vivo, they
are frequently only performed in subcutaneous mouse models. Such a model is not
representative for the micro-environment of the degenerating joint. Furthermore, the
studies using orthotopic models are mostly only performed in small animals. These
models do not posses the comparable mechanical stresses found in larger animals such
as men. Moreover, most animal models are based on inbred animals and are therefore
hard to extrapolate to (non-inbred) humans, particularly with heterogeneous diseases
such as degenerative cartilage diseases. Consequently, it remains difficult to appraise
the true clinical potential of many newly proposed cartilage repair strategies.

The development of new cell based tissue engineered strategies is further chal-
lenged by regulatory bodies. It is becoming increasingly difficult to obtain approval
for marketing novel cell based treatments. The current European legislation for tissue
engineered constructs belongs to Regulation ’(EC) No 1394/2007’ that regulates ad-
vanced therapy medicinal products. In contrast, cell-free strategies to repair diarthro-
dial joint are declared as class III medical devices according to Directive ’2005/50/EC’
[18]. As this affects the chance of successful deployment of the proposed product, it
adds to the reasons why one would consider devising a cell-free-biomaterial cartilage
repair strategy such as discussed in chapter two. This thesis further fuels the under-
standing of how implanted cell-free biomaterials should interact with the native cells.
For example, combining a cell-free implant with native cells that are recruited via
bone marrow stimulation techniques often results in hypertrophic differentiation and
subsequent formation of endochondral bone within the articular cartilage [19, 20]. To
prevent this undesired phenomenon one might include factors that are able to inhibit
this process without interfering with the chondrogenesis. In this thesis we add to this
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by revealing GREM1, FRZB, DKK1 and hypoxia mimicking molecules as potential
candidates for these factors. Ultimately, the inclusion of stimulatory or inhibitory
factors that are discovered in fundamental biology can be incorporated in biomaterial
sciences to facilitate the rise of the next generation cartilage repair strategies.
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