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Figure 6.6. Collagen biochemistry and matrix functionality in lentiviral transfected chondrocytes. A)
Collagen deposition, B) collagen distribution between cell associated matrix (CM, grey) and further
removed matrix (FRM, white), C) collagen crosslinking, D) Proteoglycan deposition, and E) Proteoglycan
distribution between cell associated matrix (CM, grey) and further removed matrix (FRM, white) (all
N=9), F) Secant modulus and G) equilibrium modulus of newly formed matrix after 35 days of culture,
N=12.

organized matrix compared to the corresponding control condition (Figure 6.7C). This
effect however was less obvious than the effect of TGF32 because of EM processing
artefacts (indicated by arrowheads). Again, overexpressing COMP resulted in smaller
diameters of the collagen fibrils (Figure 6.7D).
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Figure 6.7. Representative examples of electron microscopic analysis of alginate beads cultured for
three weeks in the presence of TGFR2, after COMP lentiviral transfection, and their corresponding
control conditions. A) Newly formed matrix in the presence of TGFB2 and its control condition without
growth factors. Arrows point out collagen fibrils parallel to the cell surface. Arrows point out organised
collagen fibrils. Used magnifications are 18000 times (upper row) with the bar 2 um and 89000 times
(lower row) with the bar indicating 200 nm. B) Diameter of collagen fibrils with or without TGF3 showed
as diameter of individual fibrils with the average diameter + SD. C) Newly formed matrix after lentiviral
transfection and its control without virus. Arrows point out organised collagen fibrils, arrowheads point
out processing artefacts. Used magnifications are 18000 times (upper row) with the bar indicating 2
pum and 89000 times (lower row) with the bar indicating 200 nm. D) Diameter of collagen fibrils with
or without lentiviral overexpression of COMP showed as diameter of individual fibrils with the average
diameter = SD. * indicates significant difference, p<0.05, ** indicates significant difference, p<0.001.

Discussion

COMP interacts with several other cartilage matrix molecules and is involved in matrix-
chondrocyte interaction 247. It is also up-regulated during the progression of OA ©7 and
therefore used as a marker for OA 248-251_ This study shows that COMP gene expression
and protein deposition by chondrocytes in alginate beads were upregulated in the
presence of TGFR2. We previously examined collagen and glycosaminoglycan deposi-
tion as well as mechanical properties of these samples 2'1. There we found that TGF32
slightly influenced collagen deposition by bovine chondrocytes in alginate and severely
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reduced the number of collagen cross-links without affecting functionality of the newly
formed matrix. Because of the pleiotropic effects of TGF, it is not possible to determine
whether the increase of COMP deposition in this condition leads to a better integrity
of the newly formed matrix and whether COMP is involved in cartilage development as
seen previously 244, With lentiviral overexpression we increased COMP gene expression
and protein production. This appeared to have no effect on absolute matrix deposition
and functional properties. However, increasing COMP production resulted in a more
organized collagen matrix and collagen fibrils with a smaller diameter, independent of
the approach used to induce COMP production (i.e. lentiviral overexpression of COMP
or addition of TGFB to the culture medium).

COMP interacts with collagen type 2 (COL2) >* and COMP could function as a cata-
lyst in collagen fibrillogenesis. When COMP and collagen are co-incubated, most of the
COMP is not associated with the newly formed collagen fibrils even though the absence
of COMP slows the process of fibrillogenesis ®7. Co-expression of transgenic mutant
COMP and endogenous COL2 leads to a disruption of the fibrillar collagen network. In
addition, more mutant COMP is localized on the formed COL2 aggregates then when
wild type COMP is overexpressed 242. This might be explained by the fact that mutant
COMP cannot act as catalyst in fibrillogenesis and remains on the collagen aggregates
(personal communication with dr. F. Zaucke). The catalyst function of COMP might
explain why COMP overexpression only resulted in a mild elevation of COMP in the
alginate bead, but did result in more COMP in the culture medium as determined with
ELISA. Possibly, the extra COMP is not necessary and therefore directly excreted into the
culture medium. Future experiments might include induction of collagen deposition as
shown previously 21" 230 in combination with COMP overexpression to examine COMP
and collagen interaction more closely.

Interestingly, inducing COMP production by both TGFJ stimulation and lentiviral
transduction resulted in more organized collagen matrix and a decrease of collagen fibril
diameter. To our knowledge, two other studies describe the relation between COMP
amount and collagen fibril diameter. In equine tendons, a positive correlation between
high COMP levels and the percentage of small collagen fibrils was present 22, which
corresponds to our findings. Halazs et al concluded more recently that COMP is involved
in collagen fibrillogenesis affecting intermediate forms of collagen fibrils and increasing
rate of fibril formation. Without the presence of COMP, collagen fibrils with a larger
diameter were found >’. Next to altered fibril diameter, the latter study also reports
about altered collagen organization when COMP is absent. In our study, we also found
an effect of COMP on collagen fibril organization.

The diameter of the collagen fibrils plays a significant role in determining the
mechanical properties of the tissue. Deformation of tissues is related to the propor-
tion of small diameter fibrils and as the diameter increases the flexibility of the tissue
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decreases 2°3 254 We did not observe altered mechanical properties when COMP pro-
duction was stimulated, despite the small diameter of the collagen fibrils. Immaturity of
the newly formed matrix might explain this. This was also seen for collagen cross-links
that became important when the matrix was more mature 239, This suggests that a more
mature cartilage matrix where high levels of COMP had been present during formation
can be of less quality because of the small diameter collagen fibrils.

Small bands in the non-reducing Western blot indicate the presence of the mono-
meric form of COMP and more COMP subunits are present after lentiviral transfection.
This could indicate increased degradation in the overexpression condition after excre-
tion into the culture medium. A minor discrepancy present between the ELISA and
the Western blot in case of the overexpression experiments can be explained by the
difference in used antibody and the recognized epitope 2°°. The ELISA is based on a
sandwich principle where one monoclonal and one polyclonal antibody capture COMP.
For Western blotting, a different monoclonal antibody was used 24,

Regulation of COMP gene expression and protein production by chondrocytes with
growth factors has been shown before2%6. In that study, TGFB addition also resulted in
increased synthesis of COMP and therefore confirms our results. However, monolayer
cultures of chondrocytes were used and expression was analyzed after a short-term cul-
ture. In our study, chondrocytes were cultured in a 3D environment in order to maintain
their phenotype resulting in proper matrix production. COMP distribution over the matrix
is not affected by any of the growth factor conditions, in contrast to collagen and proteo-
glycan distribution. This suggests that COMP localization is not dependent on collagen
or proteoglycans. Overexpression of COMP did not influence collagen or proteoglycan
production and distribution. This confirms earlier results for COMP and collagen 244,

Taken together, COMP production and deposition is increased by TGF( and lentiviral
overexpression both leading to smaller diameters of collagen fibrils and changed organi-
zation of collagen. From the overexpression experiments we conclude that induction of
COMP production has no effect on other biochemical parameters. Increased production
of COMP is one of the features of OA ©7-244 next to increased synthesis of other cartilage
matrix molecules %6 142 although repair is ineffective. Increased COMP production in OA
could lead to decreased stiffness of the cartilage via decreasing collagen fibril diameter
therefore negatively affecting the quality of the matrix. Modulation COMP levels could
therefore contribute to successful cartilage regeneration strategies.
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Abstract

Objective

Defects in assembly and composition of the cartilage extracellular matrix are likely to
result in impaired matrix integrity and increased susceptibility for cartilage degeneration.
This study was undertaken to determine the functional interaction of the collagen fibril
associated proteins collagen IX and cartilage oligomeric matrix protein (COMP) during
cartilage matrix formation.

Methods

Primary chondrocytes from collagen IX and COMP double deficient mice were cultured
in monolayer or alginate beads. Anchorage of matrix proteins, proteoglycan and col-
lagen content, collagen cross-links, matrix metalloproteinase activity, and mechanical
properties of the matrix were measured. Electron microscopy was employed to study
the formation of fibrillar structures.

Results

In cartilage lacking both collagen IX and COMP, matrilin-3 showed an increased solubility.
Less matrilin-3 was deposited in the matrix of double deficient chondrocytes, while larger
amounts were secreted into the medium. Also proteoglycans were less well retained in
the matrix formed in alginate cultures, while collagen deposition was not significantly
affected. Electron microscopy revealed similar cartilage collagen fibril diameters in cul-
tures of double deficient and wildtype chondrocytes. In contrast, a larger fibril diameter
was observed in the matrix of chondrocytes deficient in only collagen IX.

Discussion

Our results show that collagen IX and COMP are involved in matrix assembly by medi-
ating anchorage and regulating distribution of other matrix macromolecules such as
proteoglycans and matrilins and have counteracting effects on collagen fibril diameter.
Loss of collagen IX and COMP leads to matrix aberrations that may make cartilage more
susceptible for degeneration.
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Introduction

The cartilage extracellular matrix (ECM) is a complex alloy of proteins and proteogly-
cans, the composition of which defines tissue structure and physiological functions 257,
Changes in matrix composition are likely to result in impairment of matrix integrity and
lead to an increased susceptibility for cartilage degeneration. Human genetics studies
have indeed shown that mutations in matrix proteins can predispose for disease like
chondrodysplasia and/or osteoarthritis 2> 259, The role of many of the matrix proteins is
still uncertain and it is often not known how deficiencies in specific proteins predispose
for cartilage degeneration.

Cartilage collagen fibrils provide stiffness to the cartilage matrix. Proteoglycans, mainly
aggrecan, account for the osmotic pressure and are therefore important to maintain the
high water content of cartilage 7°. Collagen IX, in combination with collagen Il and XI,
is a key component in the cartilage collagen fibril 223 and is thought to limit its lateral
growth by binding to the fibril surface 63 224, Collagen IX can also act as a molecular
bridge between fibrillar collagens and other extracellular matrix components, such as
matrilin-3 63 and cartilage oligomeric matrix protein (COMP, thrombospondin-5) >3 260,
COMP in turn interacts with matrilins and aggrecan as well as with collagen I and Il and
is known to influence collagen | and Il fibrillogenesis °7.

A number of knockout mouse models have been generated to gain further insight
into the role of single ECM proteins, including collagen IX and COMP, in cartilage matrix
assembly and function. COMP deficient mice lack an obvious phenotype 237, maybe
due to a functional compensation by other matrix proteins. Mice homozygous for the
inactivated col9a1 allele display degenerative changes in articular cartilage, first detected
at the age of 6 months 224 261 These mice have cartilage collagen fibrils with a larger
diameter ©3. They also show alterations in the expression of matrix metalloproteases
and in mechanical properties, similar to what is seen during development of human
osteoarthritis 297. The loss of proteoglycans and adapter proteins (e.g. matrilin-3), which
mediate interactions between collagen fibrils and their environment, has been suggested
to be the molecular basis for the altered biomechanical properties 3. 207. 262,

Thus, mice lacking collagen IX have an increased collagen fibril diameter and show a
loss of matrilin-3 anchorage 63, whereas COMP deficient mice exhibit no similar defects
in matrix assembly or fibril diameter 237. It has been unclear whether the loss of both
collagen IX and COMP enhances the matrix assembly phenotype observed in collagen
IX deficient animals and whether collagen I1X and COMP play compensatory or antago-
nistic roles during matrix assembly. Recently, we and others have established mouse
lines deficient in collagen IX and COMP or in collagen IX and multiple thrombospondins
(TSPs) 263. 264 |n these mice, a disorganized growth plate architecture and alterations
in matrix deposition were observed both in newborn animals and at later stages of
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development 263, Loss of other TSPs in addition to COMP, results in an even more pro-
nounced phenotype. When subjected to running exercise, flattening of the articular
surface and an increased susceptibility for osteoarthritis was reported for both single
and double deficient mice. However, only in mice lacking both collagen IX and COMP,
fibrillation of the surface was seen 264,

To date, the molecular events leading to these phenotypes are not well understood.
In this study, we set out to analyze the contribution of collagen fibril associated proteins
to matrix assembly by using our previously described mouse model lacking both col-
lagen IX and COMP, and culturing primary chondrocytes derived from these mice in
both monolayer and in an alginate-based three-dimensional culture system. Analyses
of proteoglycan and collagen expression as well as matrix deposition, together with
the study of the fibrillar structures formed, provided further insight into the functional
interaction of collagen IX and COMP.

Material and Methods

Animals

Collagen IX deficient mice 267 were kindly provided by the group of Peter Bruckner,
Minster, and were bred onto a C57/BL6 background for at least five generations. To
generate mice deficient in both collagen IX and COMP 263, collagen IX deficient mice
were intercrossed with mice lacking COMP (237; kindly provided by Ake Oldberg, Lund)
on a C57/BL6 background. C57/BL6 mice were used as wildtype controls.

Antibodies

For immunohistological stainings the following primary antibodies were used: a mono-
clonal mouse antibody directed against human collagen Il (1:1000; Calbiochem), an
affinity-purified polyclonal rabbit antibody against the NC4 domain of mouse collagen
IX (1:2000, %3, a polyclonal rabbit antibody against bovine COMP (1:1000, 26%) and an
affinity-purified polyclonal rabbit antibody against mouse matrilin-3 (1:1000, 26%). As
secondary antibodies, Alexa Fluor 488 conjugated goat anti rabbit IgG and Cy3 con-
jugated goat anti mouse IgG immunoglobulins (both obtained from Molecular Probes)
were applied.

Histology and immunohistochemistry

For histochemical and immunohistochemical stainings, 4% paraformaldehyde fixed,
paraffin embedded tissue sections (5 pm) were dewaxed in xylol and rehydrated in
isopropanol, 96%, 70% and 50% ethanol and water. To analyze the general tissue
morphology and proteoglycan deposition, a combined haematoxylin/eosin/ alcian
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blue staining (0.015% in 80% ethanol and 20% glacial acetic acid, 20 minutes.) was
performed. For immunohistological stainings on sections, these were digested with tes-
ticular hyaluronidase (10 mg/ml) for 30 minutes at 37°C, followed by a permeabilisation
with 0.1% Triton X-100 and blocking in 10% fetal calf serum. Cultured monolayer cells
were fixed with 4% paraformaldehyde at room temperature for 10 minutes, permeabi-
lised with 0.1% Triton X-100 and blocked with 2% normal goat serum. Both sections
and cells were incubated with primary antibodies overnight at 4°C and with secondary
antibodies for 1 hour at room temperature.

Sequential protein extraction from rib cage cartilage

Rib cages of less than one week old double deficient and wildtype animals were iso-
lated, freed from surrounding noncartilaginous tissue, and frozen at -80°C. Proteins
were extracted as described previously 267

Western blotting

For immunoblot detection of matrilin-3, samples were electrophoresed on 8% SDS-
polyacrylamide gels, electrotransferred onto nitrocellulose membranes, blocked with
5% skim milk, and incubated overnight at 4°C with an affinity-purified polyclonal rabbit
antibody directed against matrilin-3 (1:1.000) 266, After washing, the membrane was
incubated with horseradish peroxidase-conjugated donkey anti-rabbit IgG (1:2.000,
Amersham Biosciences) for 1 hour at room temperature. Antibody detection was per-
formed using 2.5 mM luminol, 0.4 mM p-coumaric acid, 0.01% H,0O, as a luminescent
agent (Fluka) and exposure on X-ray films.

Isolation and culture of primary chondrocytes

Primary chondrocytes were isolated from rib cages and cultured in monolayer as
described previously 268, For alginate culture, isolated chondrocytes were resuspended
in 1.2% (w/v) low viscosity alginate (Keltone) in 0.9% NaCl (Sigma) at a concentration
of 4 x 108 cells/ml. The cell-alginate suspension was passed through a 22-gauge needle
into 105 mM CaCl,. Beads were washed with 0.9% NaCl and DMEM/F12 (GibcoBRL)
and inspected visually. Beads that were unusually small or large were excluded from the
experiment. After transfer to a 6-well plate beads were cultured in 75 pl/bead DMEM/
F12 supplemented with 10% fetal bovine serum (GibcoBRL), 50 pg/ml L-ascorbic acid
2-phosphate (Sigma), 50 pg/ml gentamicin and 1.5 pg/ml fungizone (both GibcoBRL).
Medium was changed three times per week and at the end of the experiment the
medium of the final change was analyzed. Alginate beads were harvested and analyzed
after three weeks of culture.
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Isolation of cell associated and further removed matrix

Alginate beads were dissolved by adding 75 pl per bead of 55 mM sodium citrate, 20
mM EDTA in 150 mM NaCl for 20 minutes at room temperature. The suspension was
centrifuged for 10 minutes at 1000 rpm (Eppendorf) to separate the cells surrounded by
its cell associated matrix (CM, the pellet) from components originating predominantly
from the ‘interterritorial’ or further removed matrix (FRM; the supernatant) as described
previously 163, 187,194,

Biochemical assays

Alginate beads or samples of separated CM and FRM were digested overnight at 56°C
with papain (200 pg/ml papain in 50 mM EDTA, pH 5.3, and 5 mM L-cystein). Gly-
cosaminoglycans were quantified using the dimethylmethylene blue (DMB) assay .
The metachromatic reaction with DMB was monitored with a spectrophotometer and
the ratio Ag,,:Acqs Used to determine the glycosaminoglycan amount with chondroitin
sulfate C (Sigma) as standard. The amount of DNA in each papain-digested sample
was determined using ethidium bromide with calf thymus DNA (Sigma) as standard.
For high-performance liquid chromatography of amino acids (hydroxyproline) and col-
lagen cross-links (hydroxylysylpyridinoline and lysylpyridinoline), the papain digest was
hydrolyzed (108°C, 18-20 hours) in 6 M HCI. The hydrolyzed samples were dried and
redissolved in 200 pl water containing 2.4 mM homoarginine as an internal standard
(Sigma). Samples were diluted 25-fold with 50% (v/v) acetic acid for cross-link analysis
and diluted 250-fold with 0.1 M sodium borate buffer, pH 8.0, for amino acid analysis.
To determine hydroxyproline, amino acids were labeled with 9-fluorenylmethyl chlo-
roformate. Reversed-phase high-performance liquid chromatography of amino acids
and cross-links were performed as described previously 92 163 The quantities of cross-
links were expressed as the number of residues per collagen molecule, assuming 300
hydroxyproline residues per triple helix.

To determine total MMP activity, culture medium was analyzed as described ear-
lier 185, using 5 uM fluorogenic substrate TNO211-F (Dabcyl-Gaba-Pro-GIn-Gly-Leu-
Cys[Fluorescein]-Ala-Lys-NH,) in the presence or absence of 12.5 uM BB94 (a general
MMP inhibitor). Medium samples were diluted with one volume of MMP buffer (50 mM
Tris, pH 7.5, 5 mM CaCIZ, 150 mM NaCl, 1 uM ZnCIZ, 0.01% Brij-35, 0.02% NaN3)
containing a proteinase inhibitor cocktail (Complete, Roche). The MMP activity in each
sample was calculated as the difference in the initial rate of substrate conversion (linear
increase in fluorescence in time, expressed as relative fluorescence units per second)
between samples with and without BB94 addition. Fluorescence was measured for 6
hours at 30°C using a Cytofluor 4000 (Applied Biosystems).
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Mechanical testing

For mechanical characterization, 4 x 10° cells/mlin 1.2% (w/v) alginate disks, 3 mm thick
and 6 mm in diameter, were used. The disks were prepared as previously described 166. 211,
To ensure that enough matrix is produced and to test its functionality, beads were mounted
after 35 days of culture on a materials testing machine (DMA Q800 Dynamic Mechanical
Analyzer, TA Instruments) in a radially unconfined stress relaxation test with the beads
between impermeable platens, and hydrated in 0.9% saline containing protease inhibitors
(Complete, Sigma). A 20% uniaxial compressive strain was applied within 10 seconds at
aramped displacement strain rate of 2% s, based on the measured thickness. The strain
was maintained constant for 30 minutes, the load was recorded at a sampling rate of 10
Hz using a 18 N load cell. The applied load recorded by the load cell was divided by the
cross-sectional area of the construct to calculate the applied stress. The secant modulus
was calculated as stress/strain at 10 seconds, where the stress had its peak response
and the strain reached its maximum. At the end of the test, the equilibrium aggregate
modulus was determined as stress/strain at 30 minutes. The secant modulus is related to
the interaction between the solid and the liquid phase and is therefore an indication for
the ability to retain water. The modulus measured at equilibrium depends strongly on the
compressive stiffness of the (cartilaginous) solid matrix 83,

Electron microscopy

Beads were rinsed three times in PBS and fixed for 2 hours at room temperature in
0.1 M sodium cacodylate-buffered 1.5% glutaraldehyde (EM grade, Sigma) and 1%
paraformaldehyde, pH 6.7, then rinsed three times in 0.15 M sodium cacodylate. After
post-fixation for 2 hours in 0.1 M sodium cacodylate-buffered 1% osmium tetroxide,
pH 6.7, the beads were dehydrated in a series of graded acetone and embedded in LX
112 (Epon). Ultrathin sections (LKB ultratome V), were mounted on copper grids (300
mesh), contrasted with 2% uranyl acetate (10 minutes at 45°C) and lead citrate and
examined with a Zeiss 902 electron microscope. Pictures were taken at 2800 times,
18000 times, and 89000 times magnification. Four pictures per sample (89000 times
magnification) were used to measure collagen fibril thickness with ImageJ 1.40g (NIH).

Data analysis

Each alginate culture experiment was repeated two times, each time using at least four
pooled cartilage donors. Each experiment consisted of three times seven beads per experi-
mental condition for biochemical analyses, three beads for electron microscopic analysis,
and six disks for mechanical testing. Statistical analysis was performed using GraphPad
Prism 5.01 (GraphPad Software) software. All data are presented as mean + standard
deviation. Samples from the wildtype and double deficient groups were compared with
a Kruskall-Wallis test followed by post hoc Dunn's multiple comparison tests.
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Results

Deposition of matrix constituents

Immunofluorescence microscopy on rib and sternum sections revealed the deposition
of collagen IX and COMP in wildtype rib cartilage, while the lack of staining in double
deficient animals confirmed the absence of both proteins (Figure 7.1A-D). Antibodies
directed against collagen Il stained all cartilaginous areas in both control and knockout
animals, suggesting that collagen Il deposition is not substantially influenced by the
absence of collagen IX and COMP (Figure 7.1E-F). In contrast, matrilin-3 staining was
lost in most cartilaginous areas when collagen I1X and COMP were missing. Matrilin-3
was detected neither in ribs nor in the sternal growth plate, whereas small amounts of
the protein were present in the zone between adjacent sternal growth plates, where it is
normally not detected, and in calcified cartilage (Figure 7.1H). Control animals showed a
strong matrilin-3 staining in most cartilage elements (Figure 7.1G). Staining with alcian
blue, a dye that binds to negatively charged glycosaminoglycans and thus to the major
cartilage proteoglycan aggrecan, was not altered between genotypes and revealed no
obvious malformations (Figure 7.11-J).

Extraction of matrilin-3 and proteoglycans

The amount and solubility of matrilin-3 was examined by sequentially extracting car-
tilage. In wildtype tissue, matrilin-3 was extracted only with buffers containing EDTA
(buffer II) or the chaotropic agent GuHCI (buffer Ill), whereas in double deficient animals
some protein could be extracted with TBS alone (buffer I). In addition to the increased
solubility, the total amount of matrilin-3 that could be extracted was reduced when
both collagen IX and COMP were ablated (Figure 7.2A). This, together with the results
from immunohistochemistry (Figure 7.1H), points to a decrease in the pool of matrilin-3
anchored in the matrix.

We also analyzed cartilage proteoglycans by the same extraction approach. Neither
the solubility nor the total amount of extracted proteoglycans differed significantly
between genotypes (Figure 7.2B).

Matrix deposition in short-term chondrocyte monolayer
cultures

Chondrocytes were isolated from newborn wildtype and double deficient mice and
cultured in monolayer for five days. In cultures of wildtype cells, large quantities of both
collagen IX and COMP were integrated into an extracellular matrix, forming networks
surrounding the chondrocytes (Figure 7.3A,C). A similar staining pattern was obtained
for collagen II, revealing a deposition throughout the chondrocyte pericellular matrix
regardless of the genotype (Figure 7.3E-F). Interestingly, matrilin-3 was completely
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wt dko

COMP collagen IX

collagen I

matrilin-3

HE/Alcian Blue

Figure 7.1. Immunofluorescence microscopy of rib cage cartilage. Sections through the rib cage of
wildtype (wt) and collagen IX/COMP double deficient (dko) mice were incubated with antibodies directed
against collagen IX (A-B), COMP (C-D), collagen Il (E-F), and matrilin-3 (G-H). Sections were also stained
with hematoxylin/eosin and alcian blue (I-J). The bar represents 100 um.
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Figure 7.2. Solubility of matrilin-3 and proteoglycans from rib cartilage. Matrilin-3 and proteoglycans
were sequentially extracted in TBS alone (buffer 1), and TBS containing 10mM EDTA (buffer Il) or 4 M
GUHCI (buffer 1I). (A) Immunoblots were used to detect matrilin-3 and Ponceau staining as a loading
control. (B) Glycosaminoglycan concentrations were determined in extracts obtained with the different
buffers from 1 mg tissue wet weight .wt, wildtype; dko, collagen IX/COMP double deficient.

lost from extracellular fibrillar structures, when these lacked collagen IX and COMP.
However, matrilin-3 was still secreted and, in these cultures, unspecifically coated the
surface of the culture dish.

We determined the amount of proteoglycans deposited in the extracellular matrix
after up to seven days. Alcian Blue binding assays revealed no significant difference
between double deficient and control chondrocytes at these early time points in mono-
layer cultures (results not shown).
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wt dko

COMP collagen IX

collagen Il

matrilin-3

Figure 7.3. Immunofluorescence microscopy of monolayer cultures of chondrocytes. Primary chondro-
cytes isolated from rib cartilage of wildtype (wt) and double deficient (dko) animals were cultured and
stained with antibodies directed against collagen IX (A-B), COMP (C-D), collagen Il (E-F) and matrilin-3
(G-H). The bar represents 20 um.
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Protein and proteoglycan deposition in the extracellular
matrix of long-term chondrocyte cultures in alginate

To analyze the involvement of collagen IX and COMP in longer term matrix assembly and
maintenance and to allow the quantitative analysis of different matrix compartments,
isolated chondrocytes were cultured in alginate beads. Also under these conditions the
chondrocytes synthesized collagen Il and not collagen | during the three-week period
studied (results not shown).

Western blot analyses of CM and FRM from both wildtype and double deficient
chondrocyte cultures showed less matrilin-3 deposition in the matrix of deficient cells
(Figure 7.4A). Instead, more matrilin-3 was detected in the culture medium of these cells
than in that from wildtype controls.
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Figure 7.4. Amount and compartmental distribution of (A) matrilin-3 and (B) proteoglycans after three
weeks of chondrocyte culture in alginate beads. (A) Immunoblot analysis of cell associated matrix (CM),
further removed matrix (FRM) and culture medium using antibodies directed against matrilin-3. Ponceau
staining was used as a loading control. (B) Glycosaminoglycan distribution between the CM (open bars),
the FRM (grey bars) and (C) the culture medium. n = 6, * indicates significant difference in absolute
values (p<0.05). wt, wildtype; dko, collagen IX/COMP double deficient.
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Wildtype chondrocytes produced large amounts of proteoglycans over the three-
week period, resulting in proteoglycan deposition in the alginate bead of 10.2 + 2.1
hg/bead. In cultures of double deficient chondrocytes, significantly less proteoglycans
(6.8 £ 2.1 pg/bead) were deposited. However, the relative distribution between CM
and FRM was not significantly different when compared to wildtype cultures (Figure
7.4B). We also analyzed the culture medium harvested during the experiment. More
proteoglycans were released into the culture medium of deficient chondrocytes (3.0 +
0.2 pg/bead, 30% of the total proteoglycan production) in comparison to wildtype cells
(1.5 + 0.1 pg/bead, 13% of the total proteoglycan production), indicating less retention
of proteoglycans in a collagen IX/ COMP deficient matrix (Figure 7.4C).
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Figure 7.5. Distribution of collagen, collagen cross-links and MMP activity after three weeks of chon-
drocyte culture in alginate beads. (A). Collagen distribution between the cell associated matrix (CM,
open bars), the further removed matrix (FRM, grey bars) and (B) the culture medium. n = 6, # indicates
significant difference in distribution, * indicates significant difference in absolute values (p<0.05). (C)
Hydroxylysylpyridinoline (HP) crosslinks in newly formed collagen (n = 4). * indicates p<0.01, data are
presented as mean = SD. (D) Overall MMP acitivity was measured in the culture medium after 21 days
of culture using a fluorescent substrate. Data are presented as mean relative fluorescent units (RFU) per
second = SD (n = 4). wt, wildtype; dko, collagen IX’\COMP double deficient.
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The total collagen deposition was not significantly different in beads containing
wildtype and double deficient chondrocytes (6.3 = 1.9 pg/bead for wildtype and 5.6 +
2.1 ug/bead for double deficient cells). Interestingly, the relative distribution within the
alginate bead was altered, with 23% of the total collagen being deposited in the FRM of
chondrocytes isolated from double deficient animals and 12% in the FRM of wild type
chondrocytes (Figure 7.5A). Less collagen was found in the culture medium collected
during the experiment with double deficient chondrocytes (4.0 + 0.3 pg/bead) than in
the medium of the wildtype cells (5.26 + 0.7 pg/bead) (Figure 7.5B). This difference in
absolute release did not result in a significant relative difference when compared to the
total collagen production. Collagen was less cross-linked when collagen I1X and COMP
were absent, as determined by measuring the number of hydroxypyridinoline cross-links
per collagen triple helix (Figure 7.5C).

A decreased amount of collagen in the medium can result from less synthesis or less
degradation. MMPs are major matrix degrading enzymes that influence matrix quality
and quantity. We determined the overall MMP activity in the culture media, but found
comparable activity irrespective of the genotype (Figure 7.5D).

Mechanical properties

The secant modulus and the equilibrium aggregate modulus were examined to test
whether changes in the amount and distribution of produced extracellular matrix com-
ponents affect mechanical properties of the alginate beads containing chondrocytes. The
peak force and eventually the ability to retain water, described by the secant modulus,
were not altered in three-week cultures of chondrocytes lacking collagen IX and COMP
when compared to wildtype (5070 + 1623 Pa for wildtype, 4588 + 890 Pa for double
deficient cultures). Also the stiffness, indicated by the equilibrium aggregate modulus,
did not differ significantly between genotypes (767 + 232 Pa for wildtype, 970 + 283
Pa for double deficient cultures).

Collagen fibril assembly

After three weeks of culture, complete alginate beads were processed for electron
microscopy. The matrix deposited by wildtype and collagen IX/COMP double deficient
chondrocytes appeared similar with some collagen fibrils positioned parallel to the cell
surface and the fibrils being relatively closely spaced (Figure 7.6A-I). In cultures of col-
lagen IX/COMP double deficient chondrocytes the fibril diameter was comparable to
that found in cultures of wildtype cells (Figure 7.6J).

The result that neither appearance nor diameter of fibrils produced by double deficient
cells differed compared to wildtype cultures was surprising, as we previously detected an
increased collagen fibril diameter in cartilage from collagen IX single knockout mice ©3.
We therefore analyzed the matrix produced by chondrocytes lacking expression of only
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Figure 7.6. Electron microscopy of chondrocytes and collagen fibrils in alginate beads cultured for
three weeks. Alginate beads containing wildtype (A, D, G), collagen IX/COMP double-knockout (B, E,
H), or collagen IX single knockout chondrocytes (C, F, 1) were submitted to electron microscopy and
micrographs taken of different magnifications (A-C, bar = 10um; D-F, bar = 2um; G-I, bar = 200nm).
The rectangles in the low-magnification electron micrographs indicate the areas analysed in higher
magnifications. (J) The diameter of individual collagen fibrils formed by wildtype, collagen IX/COMP
double deficient or collagen IX deficient chondrocytes, represented as mean = SD.
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collagen IX in alginate beads under identical conditions. In agreement with earlier stud-
ies on intact cartilage, electron microscopy of such cultures showed a less organized
matrix and a significantly larger fibril diameter than in either wildtype or collagen IX/
COMP double deficient cultures.

Discussion

Even though the exact functions of collagen fibril-associated proteins, such as collagen
IX COMP and matrilins, are far from clear, as a group these proteins are thought to
be critically important for skeletal development and presumably for the development
of musculoskeletal diseases. Mice lacking collagen IX have an increased collagen fibril
diameter and a loss of matrilin-3 anchorage 298, whereas COMP deficient mice have no
similar defects in matrix assembly or fibril diameter 2°. Until now it has been unclear
whether the loss of both collagen IX and COMP enhances the matrix assembly phe-
notype observed in collagen IX deficient animals and if collagen IX and COMP play
compensatory or antagonistic roles during matrix assembly.

First, we addressed the anchorage of matrix proteins in vivo. Immunofluorescence
staining confirmed the absence of collagen IX and COMP in double deficient cartilage.
Collagen II deposition was not visibly altered in the rib cage of double deficient mice.
In contrast, matrilin-3 was lost from most cartilaginous tissues of double deficient ani-
mals, similar to what was previously reported for mice deficient in only collagen IX 268,
Retention of matrilin-3 was found in the zone between adjacent sternal growth plates
as well as in calcified cartilage, indicating the presence of new interaction partners
within these regions of collagen IX/COMP deficient tissue. In agreement with the lost
matrilin-3 staining, the protein was more easily extracted from the tissue. Differences in
the deposition of aggrecan were not detected by glycosaminoglycan analysis of mouse
cartilage extracts and histological sections through the rib cage of wildtype and double
deficient animals revealed no obvious malformations. This is different from the tibial
growth plate cartilage, where hypocellular areas and impaired chondrocyte alignment
was observed 263, Apparently, different types of cartilage have different requirements
for collagen fibril-associated proteins.

To analyze matrix assembly and protein deposition in greater detail, we employed
both short- and long-term cell culture systems. In short-term chondrocyte cultures,
matrilin-3 deposition was clearly influenced by the loss of collagen IX and COMP. In
earlier studies employing collagen IX deficient cells, matrilin-3 was secreted into the
medium instead of being incorporated into the matrix 268, However, if also COMP is
ablated, amorphous matrilin-3 aggregates bind to the surface of the culture dish. A
strong interaction between matrilin-3 and COMP has been described 27°. While matrilins
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show poor solubility, COMP is highly hydrophilic. It is likely that complex formation
between matrilin-3 and COMP increases matrilin-3 solubility in the cell culture super-
natant and prevents deposition on the surfaces. In tibiae of collagen IX/COMP deficient
mice 263, matrilin-3 was amorphously deposited in the central region of the epiphyseal
cartilage, a phenomenon that was not seen when only collagen IX was lacking. This
indicates that COMP may act as a carrier for matrilin-3 also in vivo. An intense collagen |l
staining was detected in the matrix of both wildtype and double deficient chondrocytes,
showing the assembly of pericellular collagen fibrils regardless of genotype. Matrilin-3
binds with low affinity directly to collagen Il in vitro 279, but apparently collagen Il alone
can not provide adequate tissue anchorage for matrilin-3 if collagen IX and COMP are
missing. In agreement with the unchanged in vivo proteoglycan solubility, the amount
deposited in monolayer culture did not differ between wildtype and double deficient
cells. In monolayer cultures, the amount of matrix formed is limited and differences in
aggrecan retention within this matrix may be difficult to detect.

We also employed a three-dimensional cell culture model. This culture system can
be used for longer-term experiments as it ensures phenotypic stability of chondro-
cytes 271273 Again, matrilin-3 was less well anchored in the matrix produced by double
deficient cells and was instead released into the supernatant. Similarly, less proteoglycans
were present within the matrix. As COMP can bind to aggrecan °°, the main aggregate-
forming proteoglycan in cartilage, the loss of COMP might result in decreased aggrecan
anchorage, an effect that could be enhanced by the secondary loss of matrilin-3, as
matrilins may link aggrecan to microfibrillar networks 274. This effect was not detected
in vivo, probably due to the high density of collagen fibrils that limits aggrecan diffusion
and thereby compensates for the decreased matrix anchorage. The matrix assembled in
alginate beads appears less dense and allows the detection of differences in proteoglycan
retention. Matrilin-3 is smaller and can diffuse out of both types of matrix if anchorage
to collagen IX and COMP is lost. The distribution of proteoglycans between pericellular
and interterritorial matrix was not altered between genotypes and the total amount
of collagen, mainly collagen Il 272, did not differ significantly. However, the deposition
of collagen was shifted from the cell-associated matrix towards the further removed
matrix. Accordingly, the ratio between aggrecan and collagen decreases, particularly in
the interterritorial matrix. These clear differences in matrix organization did not lead to
detectable changes in mechanical properties.

Despite the compositional differences in cartilage matrix formed in the absence of
collagen IX and COMP, electron microscopy revealed no obvious changes in the diameter
of the collagen fibrils formed. This was surprising as an increased fibril diameter was
found in mice lacking only collagen 1X 268 This increase was also observed in the matrix
of collagen IX deficient chondrocytes cultured in alginate. Collagen IX is thought to limit
lateral fibril growth by binding to the surface of the growing fibril 2°. On the other hand,
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COMP has been shown to act as a catalyst of in vitro collagen fibrillogenesis 275, sug-
gesting that COMP may also function to modulate fibril growth in vivo 276, Fibrils formed
in the absence of COMP show a more heterogenous diameter than in its presence 275.
Our studies show that, when both proteins are absent, fibrils of normal diameter are
formed. These antagonistic effects of collagen IX and COMP in fibril assembly imply that
the relative abundance of these proteins may regulate collagen fibril diameter in vivo.
Possibly, disturbances in secretion and/or function of collagen IX and COMP, as seen
in human multiple epiphyseal dysplasia or pseudoachondroplasia, can affect collagen
fibril assembly and through the resulting matrix reorganization promote the develop-
ment of the osteoarthritis connected with these disorders. The synthesis, degradation
and assembly of extracellular matrix components can be influenced by growth factors
and cytokines that are known to be produced in osteoarthritic joints such as TGF@
188,277 Although collagen Il has been most extensively studied in this regard, an increas-
ing body of work now points to an effect of these cytokines on COMP production and
degradation 2°6:278.279 |t is |ess clear how growth factors affect collagen IX expression.
The observed changes in the deposition of matrix proteins caused by the loss of collagen
IX and COMP point to that these in turn have regulatory influence on cartilage matrix
assembly and may thereby influence the susceptibility for cartilage degeneration.
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Appendix Chapter 7: comparing dko
chondrocytes with COL9 single knock-out
chondrocytes

Next to rib chondrocytes from double knock-out mice analyzed in chapter 7, rib chon-
drocytes from collagen type 9 (COL9) deficient mice were cultured and analyzed for
biochemical parameters. In addition, chondrocytes from knee joints of newborn wild
type mice, COL9 knock-out mice, and DKO mice were cultured and analyzed for GAG
deposition and distribution, collagen deposition and distribution, and collagen cross-
linking.

From these data we conclude that chondrocytes isolated from ribs and knees do not
behave differently. Furthermore, missing both COMP and collagen type IX during matrix
production does not seem to alter matrix production and distribution then when only
collagen type IX is missing. The lack of collagen type IX alone even seems to have more
effect then when both matrix molecules are missing, although this is not significant due
to n=3.
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Figure 7.7. GAG distribution between cell-associated matrix (CM, black), further removed matrix
(FRM, grey) and culture medium (white) in alginate cultures of wild type (wt) chondrocytes, chondrocytes
deficient for collagen type IX (col9-/-) and chondrocytes deficient for collagen type IX and COMP (dko),
all from mouse rib and knee origin. Distribution is shown as absolute production per alginate bead and
as relative percentages. N=6 for wt and dko, N=3 for col9-/-. * indicates significant difference in absolute
production and relative distribution.
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Figure 7.8. Collagen distribution between cell-associated matrix (CM, black), further removed matrix
(FRM, grey) and culture medium (white) in alginate cultures of wild type (wt) chondrocytes, chondrocytes
deficient for collagen type IX (col9-/-) and chondrocytes deficient for collagen type IX and COMP (dko),
all from mouse rib and knee origin. Distribution is shown as absolute production per alginate bead and
as relative percentages. N=6 for wt and dko, N=3 for col9-/-. * indicates significant difference in absolute
production and relative distribution.
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Figure 7.9 Collagen cross-linking in alginate cultures of wild type (wt) chondrocytes, chondrocytes
deficient for collagen type IX (col9-/-) and chondrocytes deficient for collagen type IX and COMP (dko),
all from mouse rib and knee origin. Cross-linking is shown as average number of HP cross-links per
collagen triple helix + sd. N=6 for wt and dko, N=3 for col9-/-. * indicates p<0.05.
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Abstract

Objective

The optimal stimulus to repair or regenerate cartilage is not known. We therefore
modulated collagen deposition, collagen cross-linking and GAG deposition simultane-
ously during cartilage matrix production and integrative repair, creating more insight in
their role in cartilage repair processes.

Methods

Insuline-like Growth Factor 1 (IGF-1, increases proteoglycan and collagen synthesis),
Beta-aminopropionitrile (BAPN, a reversible inhibitor of collagen cross-linking) and para-
nitrophenyl-beta-d-xyloside (PNPX, interferes with proteoglycan production) were used.
Bovine articular chondrocytes were cultured in alginate beads for three weeks with or
without IGF-1, BAPN or PNPX alone and in all possible combinations followed by three
weeks in control medium. DNA content, GAG and collagen deposition and collagen
cross-links were determined. Cartilage constructs were cultured under same conditions
and histologically analyzed for integration of two opposing cartilage matrices.

Results

In alginate cultures, inhibition of collagen cross-linking with BAPN in combination with
promotion of matrix synthesis using IGF1 was most beneficial for matrix deposition.
Addition of PNPX was always detrimental for matrix deposition. For integration of
opposing cartilage constructs, the combination of BAPN, IGF1 and temporary preven-
tion of proteoglycan formation with PNPX was most beneficial.

Discussion

When a new matrix is produced, proteoglycans are important to retain collagen in
the matrix. When two already formed cartilage matrices have to integrate, temporary
absence of proteoglycans and temporary inhibition of collagen cross-linking might be
more beneficial in combination with stimulation of collagen production by for example
IGF1. Therefore, the choice of soluble factors to promote cartilage regeneration depends
on the type of therapy that will be used.
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Introduction

Once damaged, adult articular cartilage has a poor repair capacity, which is probably due
to the ineffective repair of the collagen network, since proteoglycan depletion is often
reversible 142, Although collagen turnover is increased in osteoarthritis (OA), this does
not lead to the formation of a functional network 26.68.96. 143 This suggests an activated
repair mechanism in OA that appears however ineffective in repairing or maintaining
the ECM homeostasis.

Several strategies are under investigation to promote matrix regeneration in cartilage
repair. Growth factors are used to modulate matrix production, by directly adding them
to chondrocytes in culture 23280 or by inducing over expression of the growth factor of
interest 281282 For example, we and others found that addition of IGF1 to chondrocytes
in culture resulted in more proteoglycans and collagen than in the control condition
without IGF1 159, 168, 169, 188

In addition to growth factors, modulation of collagen network formation is also
employed to understand cartilage matrix formation and functionality, for example
by the inhibition of collagen cross-linking by inhibition of lysyl oxidase (LOX) with
B-aminopropionitrile (BAPN). It was found that collagen cross-links are important for
the integrative repair and adhesive strength of cartilage 283 and that transient inhibition
of the formation of these cross-links improved integrative repair and collagen cross-link
maturation 284. In cultures of chondrocytes in alginate, inhibition of collagen cross-link
formation with BAPN resulted in an increase of collagen production 63. 208,230 |n con-
cordance with earlier explant studies 284, transient inhibition of LOX in alginate cultures
resulted in accelerated cross-link maturation and improved functionality of the newly
formed matrix 239,

The influence of glycosaminoglycans (GAGs) on cartilage growth and matrix produc-
tion is also under investigation, but gets less attention than collagen. GAG depletion
in cartilage explants resulted in less expansive growth and a more mature matrix with
increased tensile integrity 41, Preventing GAGs from binding to the proteoglycan core
protein with para-nitrophenyl xyloside (PNPX) in the newly forming cartilage matrix of
chondrocytes cultured in alginate resulted in less collagen deposition and a decrease in
stiffness and ability to hold water 28>, The difference between these two studies is that
in the explant study collagen was already deposited and cross-linked, whereas in the
alginate cultures no collagen was yet deposited when GAG incorporation was inhibited.
Both studies however indicate that modulating GAGs can influence the collagen net-
work in an already existing cartilage matrix or during new cartilage matrix synthesis.

Most of the approaches mentioned above focused on modulating one matrix
component (either collagen or proteoglycans). However, increasing collagen synthesis
alone is not sufficient for cartilage repair. Because of the differential and potentially
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complementary effects of these approaches, our hypothesis was that combining IGF1,
BAPN and PNPX in one experiment has the potential to stimulate matrix production and
integrative repair more than each single component. Chondrocytes cultured in alginate
were used to examine the effect of the soluble factors on new matrix production, either
alone or in all possible combinations. Cartilage explants were used to examine the effect
of the factors mentioned above on integration of two existing cartilage matrices.

Materials and Methods

Cell culture

Avrticular cartilage was harvested from the metacarpophalangeal joints of calves aged
6-12 months. Chondrocytes were isolated, suspended in alginate in a concentration
of 4 x 108 cells per ml of alginate, and alginate beads were made as described previ-
ously 188 Beads were cultured in a six-well plate (BD Falcon, Bedford, MA, USA), with
75 pl/bead DMEM/F12 supplemented with 10% fetal bovine serum (GibcoBRL), 50 ug/
ml L-ascorbic acid 2-phosphate (Sigma), 50 pg/ml gentamicin and 1.5 pg/ml fungizone
(both GibcoBRL). Chondrocytes were cultured for 21 days in the presence of 25 ng/
ml IGF-1, 0.25 mM BAPN and/or 0.25 mM PNPX based on previous results 2'1 230, 286
followed by 21 days in control medium. As known from these previous studies, BAPN
inhibits collagen cross-linking and PNPX prevents incorporation of GAGs into the matrix.
In the 21 days of additional culture without supplements, cross-links had the ability to
form and GAGs to incorporate into the matrix. Culture medium was changed three
times a week. Alginate beads were harvested after 42 days of culture.

Preparation of cartilage explants for integration study

Avrticular cartilage samples were harvested from the metacarpophalangeal joints of
calves aged 6-12 months. Full-thickness cartilage explants of 8 mm diameter and with
a thickness of 0.9-1.2 mm were prepared using a dermal biopsy punch and scalpel.
From the centre of the explants, 3-mm cores were punched out. All samples (both outer
ring and inner core) were incubated for 24 hours in 10 U/ml highly purified collagenase
VII (Sigma-Aldrich Chemie BV, Zwijndrecht, The Netherlands) in DMEM-F12 with 10%
fetal calf serum based on previous results 287-28%_ From the study of Bos et al 287, it was
concluded that there is some loss of matrix proteins by digesting for 24 hours with
highly purified collagenase, but only on the locations where proteoglycans are lost, i.e.
the area of the wound edge. Pre-treatment with collagenase is beneficial for integration
because it increases the number of viable cells at the wound edge thereby enabling
integration of the wound edges. All the cartilage explants were pre-treated with the
collagenase irrespective of the condition. After incubation, the samples were washed
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three times for 10 min in culture medium, and the 3-mm inner cores were reimplanted
in their accompanying 8-mm outer rings. Constructs were cultured in parallel to the
alginate beads for 21 days in the presence of 25 ng/ml IGF-1, 0.25 mM BAPN and/or
0.25 mM PNPX followed by 21 days in control medium. Constructs were cultured in 1.5
ml DMEM/F12 per construct supplemented with 10% fetal bovine serum (GibcoBRL),
50 pg/ml L-ascorbic acid 2-phosphate (Sigma), 50 pg/ml gentamicin and 1.5 pg/ml
fungizone (both GibcoBRL) in the presence of 25 ng/ml IGF-1, 0.25 mM BAPN and/or
0.25 mM PNPX during the first 21 days. After 42 days, constructs were harvested an
immediately fixed in 4% phosphate buffered formalin.

Biochemical analysis of alginate beads

Alginate beads were digested overnight at 56°C in papain buffer (250 pg/ml papain in
50 mM EDTA and 5 mM L-cystein). Glycosaminoglycan (GAG) amount in the digest was
quantified using dimethylmethylene blue (DMB) assay '®°. The metachromatic reaction
of GAG with DMB was monitored with a spectrophotometer, and the ratio A530:A590
was used to determine the amount of GAG present, using chondroitin sulfate C (Sigma)
as a standard. The amount of DNA in each papain-digested sample was determined
using ethidium bromide with calf thymus DNA (Sigma) as a standard. High-performance
liquid chromatography (HPLC) of amino acids (hydroxyproline, Hyp) and collagen cross-
links (hydroxylysylpyridinoline, HP) was performed as described previously 162 163, The
quantities of cross-links were expressed as the number of residues per collagen mol-
ecule, assuming 300 Hyp residues per collagen triple helix. Three samples were taken of
7 alginate beads per experimental condition for biochemical analyses.

Histochemical analysis of cartilage explants

Formalin fixed cartilage constructs were embedded in paraffin. To prevent any nega-
tive influence of processing the constructs for histological analysis, separate cartilage
constructs were placed in little porous polymer bags directly after harvesting prior to
fixation in formalin and processing. However, a certain risk of damage during histologi-
cal procedure is unavoidable. Therefore we embedded all the samples at the same time
and did the sectioning in a random order to exclude bias. Sections (6 um) were cut
using a standard microtome. Prior to the histological stainings, sections were deparaf-
finated in xylene and rehydrated through graded ethanol. For histological evaluation,
serial sections were stained with Haematoxylin & Eosin (H&E). To evaluate integration,
paraffin sections were stained with a thionine staining. For each sample we assessed
the percentage of total interface length that had a matrix-matrix connection. A clear
distinction could be made between parts with a matrix connection and parts of the car-
tilage touching each other but without a clearly connected matrix, which were scored as
parts with a gap. Integration was determined at both integration sites within a paraffin
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section. Interface integration percentages were obtained by two blinded observers from
measurements of three to four different sections from each sample, resulting in an
average value for each interface.

Statistical analysis

For the alginate bead cultures and the integration study, four pooled cartilage donors
were used. Statistical analysis was performed using GraphPad Prism 5.01 (GraphPad
Software, San Diego, CA, USA) software. All data are presented as mean + standard
deviation. Control groups and groups supplemented with PNPX, BAPN and/or IGF1 were
compared with a ANOVA test followed by a post hoc Bonferroni test.

Results

Chondrocytes cultured in alginate

After 42 days, DNA content, GAG deposition, collagen deposition and collagen cross-
linking were determined in the alginate beads. In the control condition, DNA content
was 0.49 + 0.03 ug DNA per alginate bead, which was unaffected by the addition of
BAPN, IGF1 and or PNPX during the first 21 days of culture (Figure 8.1).

4.38 £ 0.39 ug GAG per bead was deposited in the control condition after 42 days of
culture. As expected, this was significantly reduced in the condition with 0.25 mM PNPX
during the first 21 days. Compared to the control condition, GAG deposition was also
less when a combination of PNPX and IGF1 was present, when PNPX and BAPN were
present together, and when all three components were present in the culture medium.
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Figure 8.1. DNA content of the alginate beads after 42 days of culture. PNPX (P), BAPN (B) and/or

IGF1 (I) were present in the first 21 days of culture, followed by additional culture for 21 days in control
medium. Data are shown as mean DNA content per bead + sd. N=3.
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Figure 8.2. GAG content of the alginate beads after 42 days of culture. PNPX (P), BAPN (B) and/or
IGF1 (I) were present in the first 21 days of culture, followed by additional culture for 21 days in control
medium. Data are shown as mean GAG content per bead + sd. N=3. * indicates a significant difference
(p<0.05) from the control condition without additives.
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Figure 8.3. Collagen content of the alginate beads after 42 days of culture. PNPX (P), BAPN (B) and/
or IGF1 (I) were present in the first 21 days of culture, followed by additional culture for 21 days in
control medium. Data are shown as mean collagen content per bead + sd. N=3. * indicates a significant
difference (p<0.05) from the control condition without additives.

BAPN or IGF1 alone did not influence GAG deposition, rather their combination resulted
in more GAG deposition (Figure 8.2).

Regarding the collagen deposition, 6.16 + 0.91 ug was deposited in the control
condition after 42 days. The presence of PNPX during the first 21 days resulted in less
collagen deposition. Inhibition of collagen cross-link formation with BAPN on the other
hand resulted in more collagen deposition, as expected. BAPN together with IGF1
increased the collagen deposition even more (Figure 8.3).

The presence of BAPN alone, BAPN with IGF1, BAPN with PNPX and all three fac-
tors during the first 21 days resulted in less cross-link formation, in line with the LOX
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Figure 8.4. Number of HP cross-links per collagen triple helix after 42 days of culture. PNPX (P), BAPN
(B) and/or IGF1 (I) were present in the first 21 days of culture, followed by additional culture for 21
days in control medium. Data are shown as mean HP per collagen triple helix + sd. N=3. * indicates a
significant difference (p<0.05) from the control condition without additives.

inhibition by BAPN. Addition of IGF1 alone, PNPX alone or PNPX with IGF1 did not
change the number of collagen cross-links from the control condition, which was 0.69
+ 0.03 HP per collagen triple helix (Figure 8.4).

Cartilage integration

In parallel to the alginate cultures, cartilage explants were cultured to investigate the
integrative capacity in the presence of PNPX, BAPN and/or IGF1. As in the alginate
cultures, soluble factors were only present during the first 21 days of culture followed
by culture in control medium for an additional 21 days. Typical examples of integration
after 42 days visualized with a thionine staining are shown in Figure 8.5. The average
integration percentage in the control condition was less than 10%. Only when PNPX,
BAPN and IGF1 were combined during the first 21 days, integration of the two opposing
cartilage explants improved to 41.3 + 31.4% (p < 0.05) (Figure 8.6). Although not
reaching statistical significance, the presence BAPN and IGF1 alone or together also
seems beneficial for integration.

Discussion

Many factors have been demonstrated to be able to influence proteoglycan production,
collagen production or both. However, it is not fully known what the optimal balance
of collagen and proteoglycan production is and how they influence each other to form
a functional network.
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Figure 8.5. Examples of integration visualised with a thionine staining. A) 20% integration in a control
sample, B) 70% integration in a sample where PNPX, BAPN and IGF1 were present for the first 21 days.
Arrows indicate integration, arrowheads indicate no integration. Magnification is 40x.
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Figure 8.6. Percentage of integration of opposing cartilage tissue. PNPX (P), BAPN (B) and/or IGF1 (I)
were present in the first 21 days of culture, followed by additional culture for 21 days in control medium.
Data are shown as individual percentages with the mean percentage + sd. N=8. * indicates a significant
difference (p<0.05) from the control condition without additives.

Our goal was to examine the effect of modulating collagen deposition, collagen
cross-linking and GAG deposition simultaneously during cartilage matrix production and
cartilage integrative repair, thereby creating a wider insight in the role of proteoglycans
and collagen in cartilage repair process.

In the alginate cultures, inhibition of collagen cross-linking with BAPN in combination
with promotion of matrix synthesis using IGF1 was most beneficial for matrix deposi-
tion. Additional PNPX was always detrimental for matrix deposition. For integration, the
combination of BAPN, IGF1 and temporary prevention of proteoglycan formation with
PNPX was most beneficial.

Inhibition of GAGs from binding to the proteoglycan core protein not only resulted in
less GAG deposition in the alginate bead, but also in less collagen deposition. This is in
concordance to our previous study were the presence of PNPX during a culture period
of 35 days resulted in less proteoglycan and collagen deposition in the alginate bead. In
addition, excretion of both matrix proteins into the culture medium was higher due to
the absence of an intact matrix network 28>, Because of the absence of this network and
the loss of interaction with other matrix components, combining PNPX with BAPN and/
or IGF1 could not counteract the effects seen with PNPX alone. Earlier we found that the
inhibition of collagen cross-linking in an alginate culture for 21 days and longer results
in higher collagen deposition then when cross-links are formed. During this culture
period, proteoglycan deposition was unaffected 239, Even though cross-link inhibition
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by BAPN stimulates collagen synthesis, the retention of collagen is very low because of
the absence of a proteoglycan network. Previously, we and others showed stimulating
effects of IGF1 on collagen and proteoglycan deposition 19 168,169, 188 |y the present
setup, culture with IGF1 alone for 21 days did not significantly stimulate matrix deposi-
tion after 42 days, whereas IGF1 did previously already after 21 days '88. However, the
combination IGF1 and BAPN increased GAG deposition which is probably attributable to
the presence of IGF1 since BAPN does not affect the GAG deposition. Even though IGF1
might have also stimulated GAG and collagen deposition when combined with PNPX
or with PNPX and BAPN, GAGs were prevented from incorporation into the matrix.
A possible positive effect of IGF1 on collagen synthesis was counteracted because of
low collagen retention in the alginate bead. In every condition where the cross-link
inhibitor BAPN was present for the first 21 days, less collagen cross-links were present
even though the culture continued for 21 days after removal of BAPN. This might be
explained by the fact that after removal of BAPN, it takes three weeks for mature HP
cross-links to be formed 222. In addition, BAPN binds irreversibly to lysyl oxidase (LOX) 212
and therefore extra time is also needed for LOX to be produced again. Based on our
previous experiments, we expect that the number of collagen cross-links will be equal in
all conditions when a longer culture period is used 239,

The combination of BAPN and IGF1 seems most beneficial for matrix synthesis when
no matrix is formed yet, as in the alginate cultures. When aiming at the integration of
two existing cartilage matrices, cross-link inhibition with BAPN and stimulation of matrix
production with IGF1 is not sufficient to significantly improve integration. Transient
inhibition of GAG incorporation in the matrix with PNPX in combination with BAPN and
IGF1 did improve the integration. In these experiments, stimulation of matrix production
alone with IGF1 had no effect. Transient inhibition of collagen cross-link formation could
have resulted in more collagen synthesis, and in addition in better penetration of the
newly formed collagen fibers in the opposing tissue that was partly depleted of GAGs
following injury 2°°. The latter is more likely since previous experiments with BAPN and
cartilage explants did not result in more collagen synthesis 284, The study by McGowan
et al is also in concordance with the theory of better integration after BAPN treatment.
The addition of PNPX and the resulting absence of GAG attachment to the proteoglycan
core protein might have similar effects as seen with inhibition of cross-link formation.
Without an intact proteoglycan network at the edges of the cartilage explants, newly
formed collagen fibers might penetrate better into the opposing cartilage tissue.
Because of the absence of a proteoglycan network, the collagen network might also
have a better integrity 1. This explains why the presence of IGF1 with PNPX or BAPN
did not improve integration since the newly formed collagen stimulated by IGF1 could
not penetrate into the cartilage. PNPX together with BAPN but without IGF1 was also
not sufficient because of the absence of increased collagen production.

125



Y
g ‘ Chapter 8

When cartilage transplantations are performed, the surgeon removes the damaged
cartilage first. Removing the damaged cartilage will create a fresh wound area, similar
to our experimental condition. We hypothesize that the integrative capacity of such an
area is different from a long lasting wound area and we are therefore convinced that our
explant model is close to the application in this respect.

The cartilage explants used for integration were cultured for 6 weeks in vitro. In an
earlier study, we investigated the effect of improved integration on mechanical proper-
ties of the cartilage-cartilage interface 28°. There we observed a relation between the
area of integration on histology and the mechanical properties of the interface. Since
the previous study is performed after an in vivo culture period and our current study
evaluates after in vitro culture, it is difficult to extrapolate these results. Earlier attempts
in the lab have demonstrated us that after in vitro culture the bonding is not strong
enough to measure reliably in our system. However, the improved histological integra-
tion in the present studies looks promising and suggests that when a construct is placed
in vivo after modulation with our soluble factors (IGF1, PNPX and BAPN), integration
might lead to functional cartilage.

Conclusions

Based on these results, combining IGF1 and cross-link inhibition with BAPN seems to
be most promising in promoting the formation of a new cartilage matrix. When a new
matrix is produced, proteoglycans are important to retain collagen in the matrix. When
two already formed cartilage matrices have to integrate, the temporary absence of a
proteoglycan network and the temporary absence of collagen cross-links might be more
beneficial in combination with stimulation of collagen production by for example IGF1.
Therefore, the choice of soluble factors to promote cartilage regeneration in OA depends
on the type of therapy that will be used. In the case of cell therapy and the synthesis of
a new matrix, stimulating both collagen and proteoglycan synthesis is important. The
intra-articular administration of growth factors such as IGF1 to promote matrix produc-
tion is the topic of ongoing research 2°" and could be a part of future OA therapy.
When two cartilage matrices have to integrate, temporary inhibition of proteoglycan
network formation and collagen cross-linking together with stimulating collagen pro-
duction results in better integration. In the case of autologous cartilage transplantation,
the transplant can be pre-treated with hyaluronidase or chondroitinase to remove the
proteoglycans and be subjected to temporary collagen cross-link inhibition. To generate
a tissue engineered cartilage construct, culture in the presence of IGF1 and BAPN might
be a promising approach. However, care must be taken with BAPN since it is mutagenic.
Other approaches to inhibit collagen cross-linking might be the topic of future research.
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Osteoarthritis (OA) is a complex disease of which the ethiopathology is not completely
known. OA is a common, chronic, musculoskeletal disorder. Symptomatic osteoarthri-
tis, particularly of the knee and hip, is the most common cause of musculoskeletal
disability in elderly people. In the Western world it ranks fourth in health impact
among women and eighth among men 2°2. Given this high prevalence, therapeutic
approaches for treatment are desired. However, treatment options recommended only
consist of non-pharmacological and pharmacological interventions aiming for pain
relief 128-130. 293 Attempts are made to develop disease modifying osteoarthritic drugs
(DMOADs). Glucosamine is claimed to have structure modifying effects on articular
cartilage damaged in OA 294, although the effect is still under discussion 29> 2%,
Anti-MMP, bisphosphonates and IL-1 receptor antagonist (IL-1ra) were proposed as
possible DMOADs but had many side effects or had no or negative effects on OA
development 297-299 Since most currently available treatments are palliative, only
effective in mild OA, and structure modifying compounds are still not proven to be
effective, total joint replacement is still an often-performed procedure in end stage OA
patients. Therapies to actually repair cartilage are thus still under investigation. The
difficulty with cartilage repair and regeneration is the insufficient extracellular matrix
production, especially collagen type Il. The increase of collagen type Il expression in
osteoarthritic cartilage 2> %6 suggests an activated repair mechanism that is, however,
ineffective in repairing or maintaining the ECM homeostasis. On a immunohistochemi-
cal level, it often appears that collagen type Il and proteoglycans are present in high
amounts because of a uniform and intense staining. However, biochemical quan-
tification of tissue-engineered constructs reveals that both matrix constituents, but
especially collagen type Il, are present in very low amounts when compared to native
articular cartilage '#°. This lead us to investigate the ability to modulate the formation
of a functional collagen type Il network that can ultimately contribute to innovation
of cartilage repair in OA.

Influence of soluble factors on collagen deposition and
functionality

By using growth factors known to play a role in cartilage matrix homeostasis and
development, we found in chapter 2 that matrix production and especially collagen
production can be modulated in vitro. Differential effects were shown of IGF1, FGF2
and TGFB2. Our quantitative analysis shows beneficial effects of IGF on cartilage regen-
eration. Collagen cross-linking was not affected, mechanical properties improved, and
MMP-1 gene expression downregulated.

The use of IGF1 was previously studied in animal models for cartilage repair. Histo-
logical analysis of these animal models showed that administration of IGF1 resulted in
better cartilage morphology, including more collagen type Il staining 232 291,390 From
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our biochemical data and the in vivo experiments, it can be concluded that IGF1 has
disease-modifying potential in osteoarthritis.

FGF2 in the low concentration resulted in a small increase of matrix deposition, in
contrast to the high concentration that resulted in no effect on proteoglycan deposition
and less collagen deposition than in the control condition. Less collagen deposition
resulted in a trend towards worsened functionality since the number of cross-links per
collagen triple helix was comparable to the control condition. In animal models, FGF2
appears to have beneficial effects on cartilage repair 282 301, Even though cartilage
morphology seems to improve when FGF2 is administered to cartilage lesions in vivo,
our quantitative analysis shows the opposite. This might be explained by the positive
effect FGF2 has on the phenotype of chondrocytes 2" 178 resulting in a different col2/
col1 ratio, or the difference between histological analysis (in the in vivo studies) and
biochemical analysis (in our studies) 6. From our biochemical data, it can be concluded
that FGF2 is less suitable for repair of the cartilage matrix.

Our experiments with TGFB on primary calf chondrocytes resulted in slightly less
matrix deposition. In general, intra-articular injection of TGFB leads to an increase in
proteoglycan content in articular cartilage although contrasting results also have been
reported (see 392 for review). The positive effects seen in the in vivo studies might be
explained by the counteracting effect of TGF@ on IL-1 induced matrix degradation 117,303
and less by the stimulation of matrix production by TGFB. Matrix incorporation into the
existing cartilage matrix could be more effective because of less degradation in the pres-
ence of TGFp. Earlier studies from our group showed that chondrocytes from immature
cartilage were not sensitive to TGFB3, whereas addition of TGF@ to chondrocytes from
more mature cartilage resulted in more proliferation and more GAG production 394, The
chondrocytes used in our studies were isolated from newborn calves. It is possible that
these were less sensitive to TGF( addition, which also explains the discrepancy between
our results and some in vivo results. On the other hand, TGF@ stimulates proteoglycan
synthesis more actively in OA than in healthy cartilage 3°°. This is also an explanation for
the difference between our results in healthy chondrocytes and the often seen stimula-
tion of PG synthesis after TGF@ administration in other studies with in vivo OA models.

Next to the small effects on matrix deposition, TGF3 had striking effects on col-
lagen cross-links; addition of TGFB to chondrocytes in alginate resulted in less collagen
cross-links. This was in contrast to our expectation since TGF{ is known to be a potent
inducer of fibrosis in tissues such as skin and synovium 13> 193 which is characterized by
an increase of HP cross-links 191220 Therefore, we decided to study the effect of TGFB
in more detail in chapter 3. Several comparisons were made: chondrocytes versus fibro-
blasts, culture in alginate versus culture in monolayer on plastic, but also primary cells
versus expanded cells since expanded chondrocytes display a fibroblast-like phenotype.
Only expanded chondrocytes and fibroblasts deposited more collagen in reaction to
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TGFR addition, independent of the culture substrate and the type of collagen produced.
Surprisingly, addition of TGFR resulted in less HP cross-links in the alginate bead condi-
tions and in more HP cross-links in the monolayer conditions, both independent of cell
type or passage number. Contractile stress, as determined with a immunocytochemistry
staining for a Smooth Muscle Actin, experienced by the cells in monolayer probably
contributed to this effect. This lead us to conclude that the effect of TGF@ on collagen
amount is dependent on cell type whereas the effect of TGF3 on cross-linking is inde-
pendent of cell type but strongly dependent on the environment.

The difference in environment and how it affects the response to TGF might explain
the positive effects seen on cartilage and the negative effects seen in synovium after
intra-articular administration of TGF{. Synoviocytes have a fibroblast-like shape and are
stretched out on the collagen fibers of the synovial ECM. This is in contrast to the
chondrocytes in the cartilage. Here, cells are round with a surrounding matrix of small
collagens and proteoglycans. Therefore, cells in the synovium probably experience more
contractile stress than cells in the cartilage, which results in more collagen cross-links in
the synovium and less in the cartilage in response to TGFp.

In addition, evidence exists that chondrocytes have an altered or dedifferentiated
phenotype in OA. Based on our results, TGFB could also induce collagen synthesis in OA,
since only dedifferentiated/expanded cells deposited more collagen in response to TGFp.
This is in concordance with the study of Lafeber et a/ 3%> where TGFB stimulated OA
chondrocytes more than healthy chondrocytes considering PG synthesis. Together with
the beneficial properties of TGFR in counteracting IL-1 mediated matrix degradation,
this growth factor is also a promising target for modification of OA.

To examine the influence of reduced collagen cross-links in cartilage repair, the key
enzyme involved in cross-linking (LOX) was temporarily inhibited in chondrocyte alg-
inate cultures with the addition of BAPN in chapter 4. Inhibition of cross-link formation
probably resulted in a higher collagen deposition, due to more collagen diffusion in
the alginate bead and less chondrocyte-collagen interaction '63. Initially, the increase
in collagen deposition resulted in an improvement of matrix stiffness even without the
presence of collagen cross-links. However, when the collagen deposition increased even
more without cross-links present in the collagen, stiffness remained comparable to
the control condition. A transient inhibition of collagen cross-linking resulted in more
collagen that was cross-linked after removal of the cross-link inhibitor. This led to an
improvement of matrix stiffness compared to the control condition and the condition
cultured for the entire period with cross-link inhibition. Next to the amount of collagen,
cross-links were required to improve matrix stiffness. The absence of cross-links also
negatively influenced the susceptibility to MMP-1 degradation of the collagen matrix
and the ability to hold water. These data confirm that collagen cross-links are needed
for the functionality of cartilage. Not only to withstand mechanical loading but also

131



S
% ‘ Chapter 9

to withstand matrix degradation. This indicates that inducing collagen cross-linking in
vivo has potential to prevent cartilage damage. Inducing collagen cross-linking might
even stimulate cartilage repair in OA, since collagen synthesis is upregulated in OA but
ineffective in maintaining matrix integrity.

Matrix constituents and the cartilage network

Collagen type Il is the most abundant protein present in articular cartilage and interacts
with a large variety of other molecules such as proteoglycans. Next to the importance
of the collagen network in retaining proteoglycans in the cartilage matrix, the absence
of a proteoglycan network also affects collagen network (chapter 5). By preventing
the addition of glycosaminoglycan side chains to the proteoglycan core protein, col-
lagen diffused further away from the chondrocyte and even into the culture medium,
consequently worsening mechanical functioning of the matrix.

In OA, a large variety of matrix degrading enzymes are upregulated including
aggrecanases 3%, Not only do they directly affect the proteoglycan content of the
articular cartilage, but they possibly can also indirectly influence the collagen content as
suggested by our data. This might explain the ineffective cartilage repair even though
collagen synthesis is upregulated in early OA.

Next to proteoglycans, the pentameric protein COMP interacts with collagen type
Il in the cartilage matrix. The effect of growth factors on production of other matrix
components next to collagen type Il and proteoglycans is studied in chapter 6, where we
focused on COMP deposition and distribution in reaction to the growth factors examined
earlier. By adding TGF{ to chondrocytes in alginate, COMP gene and protein expression
largely increased. FGF2 decreased COMP expression and possibly even resulted in COMP
degradation. IGF1 had no effect on COMP expression. The distribution of COMP, col-
lagens, and proteoglycans between the cell associated matrix and the further removed
matrix indicates that COMP was not specifically associated with either the collagen or
the proteoglycan component.

Because growth factors had many other effects next to influencing COMP deposition
(as shown in chapter 2 and 3), COMP was also overexpressed in chondrocytes using a
lentiviral overexpression system. This resulted in much more COMP production by the
chondrocytes but only small effects on COMP incorporation in the cartilage matrix.
This had no effect on matrix deposition, collagen cross-linking and mechanical prop-
erties. However, induction of COMP production with TGFR or COMP lentivirus both
resulted in collagen fibrils with a smaller diameter. Our results indicate that COMP is
not a limiting factor in cartilage matrix production in these in vitro experiments. The
decrease of collagen fibril diameter as a result of COMP induction however, might affect
(mechanical) properties of the cartilage although not those parameters tested in our
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study. The increase of COMP production often seen in osteoarthritic cartilage 67- 244
might therefore negatively affect the quality of the cartilage.

Next to our results on overexpressing COMP, it was found previously that mice
deficient for COMP had a similar phenotype as the corresponding wild type mice 237
To create a more severe phenotype, mice deficient for collagen type IX and COMP
were developed. In these mice, a disorganized growth plate architecture and alterations
in matrix deposition were observed both in newborn animals and at later stages of
development 263, The matrix produced by chondrocytes from these mice was examined
in vivo and in vitro in chapter 7. As comparison, mice deficient only for collagen type
IX (appendix chapter 7) or the corresponding wild type mouse strain was used. Mice
deficient for COMP were not included in these studies since their phenotype is not
different from the wild type 237. When chondrocytes isolated from collagen type IX or
collagen type IX/COMP deficient mice were cultured, less collagen and proteoglycans
were produced in both knock-out conditions (although not statistically significant for
collagen type IX knock-out because n=3). The absence of the matrix constituents also
differentially influenced collagen and GAG distribution within the culture system. These
effects seem to be mainly a result of collagen type IX deficiency since both collagen type
IX knock-out and the double knock-out have similar effects. Having a COMP deficiency
in addition to the collagen type IX deficiency does not change the effect seen with single
collagen type IX knock-out regarding matrix deposition by knee and rib chondrocytes.
This is in agreement with the effects seen with COMP overexpression were we also
could not demonstrate an effect on matrix deposition and distribution. Collagen type IX
seems more important in the production and formation of a functional cartilage matrix
than COMP. However, matrix deposited by double knock-out chondrocytes had collagen
fibrils with diameters similar to the matrix produced by wild type chondrocytes, whereas
collagen fibrils of collagen type IX deficient mice were larger in diameter. Collagen
type IX is known to limit lateral growth of the collagen fibrils 224. Since inducing COMP
production decreased the collagen fibril diameter (chapter 6), one would expect that the
absence of COMP in addition to the absence of collagen type IX would increase the fibril
diameter even more. Instead, fibril diameter normalized when both matrix molecules
were absent. Possibly, the absence of COMP induced another matrix molecule to act as
antagonist of collagen type IX.

COMP deficient mice lack an obvious phenotype 237, maybe due to a functional
compensation by other matrix proteins. Mice deficient for collagen type IX display
degenerative changes in articular cartilage, first detected at the age of 6 months 224261,
Combining the COMP and collagen type IX deficiency results in a disorganized growth
plate architecture and alterations in matrix deposition both in newborn animals and at
later stages of development 263, However, only from mice deficient for collagen type IX it
is known that they develop spontaneous OA 207.261 Double deficient mice need altered
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mechanical loading of their joint such as running exercise to induce cartilage damage as
seen in OA 397 COMP single knock-out mice subjected to the same exercise only had
flattening of their cartilage 397. On the other hand, in an experimental arthritis model
(collagen induces arthritis), mice deficient for COMP had an earlier onset and enhanced
severity of the chronic arthritis 3%, Inducing OA by for example destabilization of the
medial meniscus 3%° would therefore probably lead to a quicker onset of OA when
collagen type IX and COMP or COMP alone is absent then in the wild type mice.

Combining several approaches to modulate cartilage
matrix deposition

As seen in our studies mentioned above, cartilage matrix deposition can be modulated
with several factors such as addition of growth factors (chapter 2), by inhibition of col-
lagen cross-link formation (with BAPN in chapter 4) or by inhibition of the formation of
a functional proteoglycan network (with PNPX in chapter 5). The ability to modulate the
formation of a new collagen network in a chondrocyte alginate culture by combining
IGF1, BAPN and PNPX was examined in chapter 8. In parallel, the ability to modulate car-
tilage integrative repair, which also involves generation of a new collagen network, with
these three factors was also examined. In both set-ups, factors were added temporarily
to allow cross-link and proteoglycan formation after initial inhibition. The combination
of IGF1 with transient collagen cross-link inhibition (with BAPN) was optimal for col-
lagen deposition in the alginate bead. BAPN and/or IGF1 with PNPX, and therefore no
intact proteoglycan network, resulted in less collagen deposition even though collagen
deposition was stimulated in conditions without PNPX. Based on this study, we conclude
that proteoglycans are necessary when new cartilage matrix is synthesized to retain
the collagen matrix within the alginate bead. However, when two existing cartilage
matrices have to integrate, the presence of proteoglycans seems to disturb the inte-
gration probably by preventing the collagen molecules to penetrate into the opposing
matrix. Stimulating collagen production with IGF1, and simultaneously inhibiting the
collagen from cross-linking with BAPN and preventing the formation of proteoglycans
with PNPX was most beneficial for cartilage integration. Depending on the type of
therapy in osteoarthritis, proteoglycans might be beneficial or disturbing in the repair.
Cell therapy or matrix regeneration by chondrocytes would benefit from stimulating
collagen and proteoglycan production in parallel. When transplanting cartilage into a
defect, depletion of proteoglycans and inhibition of cross-links prior transplantation
would probably be more beneficial.

Targeting collagen production: combining the knowledge

Taken together, the studies presented in this thesis show that several factors influence the
collagen deposition by chondrocytes directly or indirectly via proteoglycan deposition. In
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this section, the obtained knowledge will be combined. Of the growth factors used in
this thesis, IGF1 had only positive effects on the parameters in our chondrocyte alginate
cultures. It stimulated chondrocytes to deposit more collagen and proteoglycans. One
can postulate on whether this was a direct stimulation of production of both matrix
constituents or whether the deposition increased because of other factors. From lit-
erature for instance, it is known that IGF1 inhibits matrix degrading enzymes 31°. This
could (also) have contributed to increased deposition, without induction of synthesis.
However, increased gene expression of aggrecan core protein in the presence of IGF1
indicates that proteoglycan production is indeed increased resulting in more deposition.
This increased proteoglycan deposition in turn could have resulted in more collagen
deposition without increasing collagen production itself. This theory is supported by a
lack of increased collagen type Il gene expression in the presence of IGF1. From other
studies it is known that IGF1 is even more potent in inducing matrix production when
combined with OP1/BMP72'3. FGF2 on the other hand had no positive effects in our
culture system: It lowered the collagen deposition and did not affect the proteoglycan
deposition. In addition, other studies showed that FGF2 inhibits the stimulatory effects
of IGF1 3> and that it stimulates the production of matrix degrading enzymes (chapter
2, and 317). The effect TGFB had on chondrocytes in culture was more complex and
difficult to explain. Addition of TGFB to chondrocytes in alginate had no large effect on
proteoglycan and collagen deposition but did lower the number of cross-links per col-
lagen molecule. In addition, it increased COMP deposition in our culture and has been
shown to lower the production of matrix degrading enzymes by us and in other stud-
ies 117303 Since induction of COMP by overexpression also resulted in collagen fibrils
with a smaller diameter, the smaller collagen fibrils seen with TGF@ are most likely a
result of the increased COMP production. This decrease of collagen fibril diameter could
have also contributed to the decrease in collagen cross-links in the TGF{ cultures.

Collagen deposition could also be influenced by inhibition of LOX via covalent bind-
ing of BAPN. Here, the lack of collagen cross-links probably resulted in less collagen
directly around the chondrocyte, resulting in less collagen-chondrocyte interaction. As
a result, the chondrocyte produced more collagen (as shown by increased collagen
type Il gene expression) and thus also more collagen was deposited. This is not in line
with the effects seen after TGFP addition. Next to the effects known from ours and
other studies, TGFB probably has several other effects on chondrocytes, which makes
it difficult to explain why less collagen cross-links in the TGF@ culture did not alter the
collagen deposition. One possibility is the increase in COMP deposition and therefore
the increase in network formation via other matrix molecules 3 that compensated for
the lower number of cross-links present.

By inhibiting the formation of a proteoglycan network and therefore proteogly-
can deposition, collagen deposition was also decreased. The absence of an intact
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proteoglycan network lowered the collagen retention in our culture system. The same
can be hypothesized for collagen type IX. Cultures of collagen type IX deficient chon-
drocytes also had altered collagen retention. Since collagen type IX forms a network
together with collagen type Il and other matrix molecules, the absence of this network
probably also reduced collagen retention in the alginate bead. However, GAG distribu-
tion was also altered when collagen type IX was absent in the newly formed matrix.
This could also have contributed to altered collagen retention. Interestingly, the absence
of COMP in addition to collagen type IX deficiency did not alter matrix production and
distribution. This leads to the conclusion that collagen type IX is more important in the
matrix interaction than COMP.

Taken together, it seems that for the production of collagen in cartilage, focusing on
the formation of an intact cartilage network is as important as stimulating collagen type
Il production. This network formation is important to retain the collagen type Il in the
newly formed matrix. From this thesis it can be concluded that at least proteoglycans
and collagen type IX contribute to this.

Future perspectives

The goal of our study was to investigate the ability to modulate the formation of a
functional collagen type Il network in order to develop better treatments for OA in the
future. The work presented in this thesis gave more insight in how matrix production
and especially collagen type Il production can be modulated and how these modula-
tions contribute to the functionality of the cartilage matrix. For the repair of cartilage
damage in OA, the modulations resulting in more and/or better collagen type Il are
considered most interesting. Removing a matrix constituent however, also gives insight
in its importance. Several approaches for the repair of cartilage damage were examined
in more detail, this might help future studies giving new starting points in the search
for OA therapy.

Based on the positive effects of IGF1 in our experiments, IGF1 could be a possible
disease modifier for OA. TGFp is also extensively examined as possible DMOAD and
our data gave more insight in the benefits of TGF( considering the protection of matrix
against degradation and stimulation of matrix production under specific conditions. As
mentioned with TGFp, care must also be taken here for the negative effects of intra-
articular TGFB administration (fibrosis, osteophyte formation). Preventing the TGFB-side
effects is the subject of ongoing research 114,

Other factors known to positively influence cartilage collagen type Il production
are BMP2 and platelet rich plasma (PRP). Addition of BMP2 resulted in higher gene
expression and protein production of collagen type 11 312, Next to the effect of one or
two growth factors, a pool of unknown growth factors in PRP also has the potency to
increase collagen production 313.
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Figure 9.1. A selection of factors known to influence collagen type Il expression, production and/or
deposition in healthy chondrocyte alginate culture. The effect of factors used in this thesis are shown in
solid arrows, effects of factors know from literature are shown in dashed arrows. Since TGF has a broad
spectrum of effects and improve the clarity of the scheme, the effects of this growth factor are shown
with a thick line. In addition, to illustrate the broad spectrum of effects, effects of TGFf on chondrocytes
in monolayer are shown too.

Next to promoting collagen type Il production and collagen cross-linking, inducing
expression of collagen type IX also might be an interesting approach to repair cartilage.
More collagen type IX might result in more effective matrix repair than seen so far
because of more efficient network formation. Overexpression by introduction of extra
copies of the collagen type IX gene however is controversial. Gene therapy is under cur-
rent investigation and might become available as future tool in modification of several
diseases including OA. Alternatively, future research might include the identification of
soluble factors that promote collagen type IX production. Care must be taken however
that induction of collagen type IX might reduce the collagen fibril diameter leading the
worsened mechanical properties 2°3. This should also be investigated.

An other approach to repair cartilage damage is engineering cartilage in vitro and
subsequent implantation of the engineered construct. For this approach, expansion of
chondrocytes is sometimes needed. FGF2 might be beneficial here because this growth
factor protects against dedifferentiation 2'. Based on our results, intra-articular injection
of FGF2 might not be sufficient in repair of cartilage lesions because it had a negative
effect on matrix deposition

Even though inhibition of collagen cross-linking resulted in an increase of collagen
deposition in vitro, in vivo it has several side effects, especially when the compound
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from our study is used, since BAPN is mutagenic/carcinogenic. Inhibiting collagen
cross-linking with BAPN as a direct therapy for cartilage regeneration is therefore not
advised. In addition, based on results in this thesis, stimulation of the formation of an
extracellular matrix network instead of preventing network formation seems important
for collagen deposition. Especially since collagen type Il production is already increased
in early OA 2% Using temporary cross-link inhibition to promote collagen deposition
in cartilage tissue engineering however seems promising. Here, inhibition of collagen
cross-link formation can be more controlled and systemic side effects in the patient are
avoided. Temporary inhibition of collagen cross-linking also seems promising when the
in vitro tissue engineered construct has to integrate in the existing matrix.

To conclude and based on the results presented in this thesis as well as the existing
literature, collagen deposition by chondrocytes can improve when not only collagen type
Il production is stimulated but also when proteoglycan deposition and collagen type IX
deposition is stimulated. On the other hand, temporarily preventing network formation
might improve integration of two opposing cartilage matrices. This knowledge will help
in the development of disease modifying osteoarthritic approaches.
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Artrose, ook wel gewrichtsslijtage genoemd, is een ziekte van de gewrichten waarbij
onder andere het kraakbeen beschadigd is. Deze ziekte komt voor in alle gewrichten
zoals de knie, heup, hand en de schouder. Bij gezonde personen bedekt het kraakbeen
de uiteinden van het onderliggende bot waardoor gewrichten soepel bewegen en
schokken worden opgevangen die tijdens het bewegen ontstaan. Door schade aan het
kraakbeen bij artrose kunnen deze functies niet goed uitgevoerd worden wat pijn bij
het bewegen en stijfheid van de gewrichten tot gevolg heeft. In ernstige gevallen van
artrose kan de kraakbeenlaag zelfs helemaal verdwenen zijn. Momenteel is er geen
goed herstel van het kraakbeen mogelijk en vindt vooral pijnbestrijding plaats. Wanneer
pijnbestrijding niet meer voldoende is en het bewegen ernstig beperkt wordt, vindt een
gewrichtsvervangende operatie plaats met een zogenaamd kunstgewricht van metaal
en plastic.

Er zijn echter aanwijzingen dat kraakbeen de mogelijkheid heeft zich te herstellen.
Eén van de meest voorkomende eiwitten in kraakbeen is collageen type 2. Van dit col-
lageen is bekend dat dit meer wordt gemaakt wanneer artrose in een gewricht bestaat.
Toch vindt er geen herstel van de schade plaats. Dit zou kunnen betekenen dat er wel
een herstelmechanisme geactiveerd is, maar dat het niet effectief genoeg is om de
schade daadwerkelijk te herstellen.

Dit leidde tot het onderzoek van dit proefschrift met de vraag of het mogelijk is de
vorming van een collageen type 2 netwerk te beinvloeden zodat dit kan bijdragen aan
effectief kraakbeenherstel bij artrose.

In ons onderzoek hebben we allereerst in hoofdstuk 2 gekeken naar vaak gebruikte
groeifactoren en hoe deze het collageennetwerk in nieuwgevormd kraakbeen bein-
vloeden. Groeifactoren zijn eiwitten die van nature in het lichaam voorkomen en daar
allerlei processen regelen. Van de bestudeerde groeifactoren resulteerde de groeifactor
IGF1 in de meest positieve effecten voor kraakbeenherstel: de productie van zowel
proteoglycanen (andere belangrijke versuikerde eiwitten in kraakbeen) als collageen
werd gestimuleerd en de hoeveelheid collageen cross-links bleef hierbij op peil. Deze
cross-links zijn verbindingen tussen de collageenmoleculen en zijn belangrijk voor de
sterkte van het collageennetwerk. De groeifactor FGF2 had weinig effect op de proteo-
glycaanproductie en remde in een hoge concentratie zelfs de collageenproductie.

Een andere groeifactor, TGFbeta2, had verrassende effecten op het collageen net-
werk omdat dit de hoeveelheid collageen cross-links verminderde. Nader onderzoek
in hoofdstuk 3 toonde aan dat het effect van TGFbeta2 afhangt van de omgeving
waarin de kraakbeencellen gekweekt worden. Wanneer TGFbeta2 toegevoegd werd
aan kraakbeencellen die op een plat oppervliak gekweekt werden, nam de hoeveelheid
collageen cross-links toe. TGFbeta2 bij kraakbeencellen in een 3-dimensionale omgeving
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zorgde voor minder collageen cross-links. De invloed van collageen cross-links op het
functioneren van het kraakbeeneiwitnetwerk (matrix) werd getest in hoofdstuk 4 door
tijdelijk de vorming van deze cross-links te remmen. Een bijkomstig voordeel van deze
tijdelijke remming was de toename in de collageenproductie. Hieruit bleek dat bij lage
hoeveelheden collageen alleen het aantal collageen moleculen belangrijk is voor de
sterkte van de nieuwe kraakbeenmatrix. Naarmate er meer collageen gevormd wordt,
neemt het belang van de cross-links toe. Dan zijn zowel de collageenhoeveelheid als
structuur (cross-linking) nodig om de matrix sterker te maken. Daarnaast bleken col-
lageen cross-links de kraakbeenmatrix te beschermen tegen afbraakenzymen

De invloed van andere kraakbeeneiwitten op het collageennetwerk is ook onder-
zocht. De productie van cartilage oligomeric matrix protein (COMP) werd in hoofdstuk
6 beinvloed door de eerder gebruikte groeifactoren: TGFbeta2 zorgde voor meer COMP,
FGF2 juist voor minder. Door met een virus specifiek de COMP productie van kraakbeen-
cellen te verhogen werd aangetoond dat een toename in COMP spiegels geen effect
heeft op de collageenproductie, de collageencross-linking en het functioneren van de
kraakbeenmatrix. Wel werden de gevormde collageenvezels dunner wanneer er meer
COMP eiwit was. Verder vonden we in hoofdstuk 7 dat kraakbeencellen die geen col-
lageen type 9 of geen collageen type 9 en COMP konden maken, minder collageen type
2 en proteoglycanen produceerden. De matrixeiwitten die geproduceerd werden, waren
ook anders verdeeld over het kweeksysteem en werden minder ingebouwd in de kraak-
beenmatrix. Er was geen verschil te zien tussen cellen zonder collageen type 9 en cellen
die zowel collageen type 9 als COMP niet konden maken wat betreft deze parameters.
Opvallend was de collageenvezeldikte gemaakt door deze cellen. Kraakbeencellen die
geen collageen type 9 konden maken, maakten collageenvezels die dikker waren dan
normaal. Kraakbeencellen die zowel collageen type 9 als COMP niet konden maken,
hadden vezels van normale dikte. Op basis hiervan lijken COMP en collageen type 9
tegenovergestelde effecten uit te oefenen op collageen.

Beinvloeden van proteoglycaanvorming in hoofdstuk 5 resulteerde ook in verande-
ringen in het collageennetwerk. De verdeling van het collageennetwerk in het kweek-
systeem veranderde, er werd minder collageen ingebouwd, minder collageencross-links
waren aanwezig en de functionaliteit was ook minder. Het collageennetwerk is dus
niet alleen belangrijk om proteoglycanen vast te houden in het kraakbeen, maar bij de
nieuwvorming van kraakbeen is een proteoglycaannetwerk belangrijk voor de inbouw
van collageen. Zelfs wanneer IGF1 of de cross-linkremmer (beide resulterend in meer
collageen) gecombineerd werden met de remmer van proteoglycaanvorming in hoofd-
stuk 8, zorgde dit voor verminderde collageen inbouw dan in de controle conditie
zonder toevoegingen.

Wanneer echter twee stukken kraakbeen aan elkaar moeten groeien, lijkt een
bestaand proteoglycaannetwerk storend te werken, evenals collageen cross-links. Beide
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factoren werken mogelijk storend voor de collageenmoleculen om de tegenoverlig-
gende matrix binnen te dringen.

Bovenstaande bevindingen kunnen gebruikt worden in het ontwikkelen van thera-
pieén voor artrose. Verder onderzoek zal uitwijzen of het toedienen van bijvoorbeeld de
groeifactor IGF1 in het kniegewricht herstellend werkt of dat de productie van collageen
type 9 inderdaad de netwerkvorming stimuleert en het herstel zal bevorderen. Afhanke-
lijk van de therapie kan gekozen worden voor juist het stimuleren van proteoglycanen
en collageen cross-links of het tijdelijk remmen hiervan.
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