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Chondromodulin 1 Stabilizes the Chondrocyte Phenotype and
Inhibits Endochondral Ossification of

Porcine Cartilage Repair Tissue

Patricia Klinger,1 Cordula Surmann-Schmitt,2 Matthias Brem,3 Bernd Swoboda,2

Jörg H. Distler,3 Hans-Dieter Carl,2 Klaus von der Mark,2

Friedrich F. Hennig,3 and Kolja Gelse1

Objective. To investigate the effect of chondro-
modulin 1 on the phenotype of osteochondral progenitor
cells in cartilage repair tissue.

Methods. Self-complementary adeno-associated
virus (AAV) vectors carrying chondromodulin 1 comple-
mentary DNA (AAV-Chm-1) were applied to cartilage
lesions in the knee joints of miniature pigs that were
treated by the microfracture technique. Alternatively,
isolated porcine osteochondral progenitor cells were
infected with AAV-Chm-1 or with AAV-GFP control
vectors ex vivo prior to being transplanted into cartilage
lesions in which the subchondral bone plate was left
intact. The quality of the repair tissue and the degree of
endochondral ossification were assessed by histochem-
ical and immunohistochemical methods. The effects
of chondromodulin 1 overexpression were also ana-
lyzed by angiogenesis assays and quantitative reverse
transcriptase–polymerase chain reaction.

Results. AAV-Chm-1–infected cells efficiently pro-
duced chondromodulin 1, which had strong antiangio-
genic effects, as verified by the inhibition of tube forma-
tion of endothelial cells. Gene expression analyses in

vitro revealed the cell cycle inhibitor p21WAF1/Cip1 as one
target up-regulated by AAV-Chm-1. Direct application
of AAV-Chm-1 vectors into microfractured porcine car-
tilage lesions stimulated chondrogenic differentiation of
ingrowing progenitor cells, but significantly inhibited
terminal chondrocyte hypertrophy, the invasion of ves-
sel structures, and excessive endochondral ossification,
which were otherwise observed in untreated lesions.
Indirect gene transfer, with infection of porcine osteo-
chondral progenitor cells by AAV-Chm-1 ex vivo, also
supported chondrogenic differentiation of these trans-
planted cells. AAV-Chm-1–infected cells maintained a
chondrocyte-like phenotype and formed a hyaline-like
matrix that was superior to that formed by uninfected or
AAV-GFP–infected cells.

Conclusion. Our findings indicate that the anti-
angiogenic factor chondromodulin 1 stabilizes the chon-
drocyte phenotype by supporting chondrogenesis but
inhibiting chondrocyte hypertrophy and endochondral
ossification.

Articular cartilage is an avascular, bradytrophic
tissue in which the chondrocytes physiologically main-
tain their unique differentiation status throughout life.
In contrast to chondrocytes of the fetal growth plate,
articular chondrocytes are postmitotic cells that do not
undergo terminal differentiation, and their extracellular
matrix does not calcify above the tidemark. Bone
marrow–stimulating techniques, such as microfracturing
of the subchondral bone plate, are simple, minimally
invasive, and cost-effective cartilage repair approaches
that are frequently applied in clinical settings. Unfortu-
nately, the ingrowing osteochondral progenitor cells
often fail to undergo complete chondrogenic differenti-
ation, which leads to the formation of inferior fibrocar-
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tilage. In addition, this technique is associated with
matrix calcification, vascular ingrowth, and inadvertent
endochondral ossification (1–3). These negative side
effects not only interfere with the clinical outcome but
are also considered to be negative predictors of potential
secondary salvage procedures, including autologous
chondrocyte transplantation (4).

Articular cartilage contains considerable amounts
of chondromodulin 1, a 25-kd glycoprotein that induces
the chondrocyte phenotype and also strongly inhibits
angiogenesis (5–7). Previously, we demonstrated that
inferior microfracture-induced fibrocartilage is charac-
terized by a lack of chondromodulin 1, which may be the
reason for the observed matrix calcification, vascular
ingrowth, and excessive ossification within the cartilage
lesions (8). The aim of this study was to determine
whether overexpression of chondromodulin 1 within
cartilage repair tissue prevents these inadvertent effects.
Due to the short half-life of recombinant proteins in
vivo, and to provide a more sustained delivery of
chondromodulin 1, we focused on gene transfer using
self-complementary adeno-associated virus (AAV) vec-
tors (9–11).

This study was performed using the knee joints of
miniature pigs, an established cartilage repair model
that is known to have poor endogenous cartilage repair
responses, comparable to human joints (8,12). To eval-
uate the potential effects of chondromodulin 1 overex-
pression within the porcine cartilage lesions, we per-
formed 2 different treatment schemes. In the first,
chondromodulin 1 gene transfer was combined with the
microfracture technique to capture the effects of chon-
dromodulin 1 on ingrowing osteochondral progenitor
cells. In the second, osteochondral progenitor cells were
infected ex vivo with AAV vectors carrying chondro-
modulin 1 complementary DNA (cDNA) (AAV-
Chm-1) and subsequently transplanted into chondral
lesions with an intact subchondral bone plate to focus on
the effect of chondromodulin 1 on transplanted osteo-
chondral progenitor cells without the interference of
invading cells from the bone marrow.

MATERIALS AND METHODS

Self-complementary AAV vectors. Human chondro-
modulin 1 cDNA was isolated from human chondrocytes and
amplified by high-fidelity polymerase chain reaction (PCR;
Fermentas). The cDNA was subcloned in the shuttle plasmid
pHpa-trs-SK under the control of a cytomegalovirus promoter
flanked by partial DNA sequences of the AAV serotype 2
genome (10). The resulting plasmid pscAAV-Chm-1 was used
for transfection studies and was further used for construction

of self-complementary AAV. AAV-Chm-1 and AAV-GFP
were constructed using the triple-transfection method estab-
lished by the UNC Vector Core Unit (Chapel Hill, NC) as
described previously in detail (10,13).

Isolation of porcine osteochondral progenitor cells
and human primary cells. For isolation of porcine autologous
osteochondral progenitor cells, miniature pigs were anesthe-
tized, and cells from the periosteum of the left tibia were
isolated and cultured as described previously (14). The cells
were characterized as progenitor cells as described previously
(14). Human osteochondral progenitor cells were obtained
from the femoral bone cavities of 4 patients undergoing total
hip arthroplasty at the Division of Orthopaedic Rheumatology
at the University of Erlangen–Nuremberg. Human articular
chondrocytes were isolated from the dorsal femoral condyles
of 4 patients undergoing total knee replacement, and cultured
as described previously (15). Informed consent was obtained
from each patient prior to surgery, and the institutional ethics
committee approved the study protocol.

Transfection procedure and immunoblot analysis. The
human immortalized chondrocyte cell line C-28a2 (established
by M. B. Goldring) (16) was transfected with pscAAV-GFP or
pscAAV-Chm-1 using Lipofectamine, according to the recom-
mendations of the manufacturer (Invitrogen). Alternatively,
porcine osteochondral progenitor cells were infected with
AAV-GFP or AAV-Chm-1 at doses of 1,000 transducing units
(TU)/cell. Supernatants were collected 4 days later and pre-
pared as described by Kitahara et al (17). Immunoblotting was
performed using goat polyclonal anti–chondromodulin 1 anti-
body (C-20) diluted 1:500 according to a protocol described
previously (15).

Tube formation assay. Human dermal microvascular
endothelial cells (HDMECs; PromoCell) were cultured in
12-well plates coated with a basement membrane matrix
(Geltrex; Invitrogen). The culture medium (Dulbecco’s modi-
fied Eagle’s medium/Ham’s F-12 and 10% fetal calf serum)
was mixed at a ratio of 1:3 with the supernatants of uninfected
C-28a2 cells or with those of pscAAV-Chm-1–transfected
C-28a2 cells. The endothelial cells were incubated for a total
of 48 hours to allow the formation of tube-like structures. Tube
formation was quantified as described previously (8) by a
modification of the method of Sanz et al (18). The angio-
genesis index was determined for each field as the total length
of connected tubes/surface of analysis. Three independent
experiments were performed.

Gene expression analysis in vitro. For quantitative
gene expression studies in vitro, human chondrocytes or osteo-
chondral progenitor cells were infected with AAV-GFP or
AAV-Chm-1 at doses of 1,000 TU/cell. After 2 weeks, RNA
was isolated for quantitative reverse transcriptase–PCR (RT-
PCR) as described previously (8). The expression levels of
human chondromodulin 1, SOX9, p21WAF1/Cip1, FOXO3A,
VEGF, and COL10A1 were quantified by real-time RT-PCR
using the ABI Prism 7900 sequence detection system (Applied
Biosystems) and Verso One-Step QRT-PCR Rox Kit
(ABgene). The relative quantification of gene expression was
performed by the standard curve method. For each sample, the
relative amount of the target messenger RNA (mRNA) was
normalized to human �2-microglobulin (�2m). Corresponding
to its low expression levels, COL10A1 was normalized to
hypoxanthine guanine phosphoribosyltransferase. A list of the
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primer and probe sets is available from the author upon
request.

Preparation of cell-loaded collagen scaffolds. Six 18-
month-old female adult miniature pigs (Ellegaard) with body
weights of 35–40 kg were used in this study. Autologous
osteochondral progenitor cells were infected with AAV-Chm-1
or AAV-GFP at doses of 1,000 TU/cell as described above.
Twenty-four hours after infection, cells were transferred to the
rough aspect of a bilayer type I/III collagen matrix (Geistlich
Biomaterials) 48 hours prior to transplantation at a density of
2 � 106 cells/cm2.

Surgical procedures. Three weeks after cell isolation,
the animals were anesthetized, the left knee joint capsule was
opened by a medial parapatellar incision, and the patella was
displaced laterally. Six lesions were created in each of the
animals, and each lesion was treated using one of the ap-
proaches described below. The lesions were in separate round
5-mm cartilage defects created in the central part of the
femoral trochlea using a biopsy punch. All lesions were clearly
separated from each other by at least 3 mm of intact cartilage
as demonstrated in previous studies (8,12). The cartilage was
carefully removed using a curette. Great care was taken to
keep the subchondral bone plate provisionally intact.

Afterward, the prepared lesions in each of the animals
were treated with the following approaches: 1) no further
treatment (empty partial-thickness lesion [control]); 2) treat-
ment with 5 microfractures (MFX) (each 1 mm in diameter
and 3 mm deep) that were covered with fibrin glue (Beriplast;
Aventis); 3) application of 10 �l of AAV-Chm-1 vector
solution (7 � 1010 TU/ml) suspended in 10 �l fibrinogen
(Beriplast) into the microfracture holes that had been cleaned
of blood, followed by application of 10 �l of a thrombin
solution (Beriplast) to allow gel formation and retention of the
vector solution within the lesion (MFX�AAV-Chm-1);
4) transplantation of matrix-bound uninfected osteochondral
progenitor cells into a nonmicrofractured lesion (matrix-
associated cell transplantation [MCT]); 5) transplantation of
matrix-bound AAV-GFP–infected osteochondral progenitor
cells into a nonmicrofractured lesion (MCT�AAV-GFP); or
6) transplantation of matrix-bound AAV-Chm-1–infected os-
teochondral progenitor cells into a nonmicrofractured lesion
(MCT�AAV-Chm-1).

All grafts were additionally sealed with fibrin glue to
prevent cell dislocation. Among the 6 animals, the different
treatment approaches were arranged in an alternating manner
within the femoral trochlea. Previous studies of other minia-
ture pigs have confirmed that no significant spatial differences
exist with respect to the thickness and morphology of articular
cartilage and subchondral bone within the treatment area of
the femoral trochlea (8,12).

Following surgery, the animals were allowed to move
freely in their cages. After 20 weeks, the animals underwent
the same operation on their right knee joints as was previously
performed on their left knee joints. Animals were killed 6
weeks later. This treatment scheme allowed 2 different fol-
lowup periods, one of 6 weeks for the right knee joints and one
of 26 weeks for the left knee joints. The knee joints were
dissected, assessed macroscopically, and then prepared for
histologic analysis as described below. The animal study was
approved by the appropriate institutional and governmental
review boards.

Histologic and immunohistologic assessment. The
porcine osteochondral specimens were fixed in 4% parafor-
maldehyde for at least 12 hours, followed by decalcification in
0.5M EDTA for 3 months. After standard processing, the
samples were embedded in paraffin. Serial transverse 5-�m
sections of the specimens were scanned and stained with
toluidine blue to estimate the proteoglycan content and with
alizarin red to visualize calcified tissue and bone structures.
Morphologic assessment was performed according to the
International Cartilage Repair Society (ICRS) Visual Histo-
logic Assessment Scale (19).

For immunohistochemical detection of chondromodu-
lin 1 and CD31, deparaffinized sections were pretreated either
with 0.2% hyaluronidase (Roche) for 60 minutes or with 10
mM Tris HCl for 5 minutes and 0.2% hyaluronidase for 15
minutes, respectively. The sections were then left to react with
either rabbit anti-human chondromodulin 1 antibodies (20)
diluted 1:400 or mouse anti-human CD31 monoclonal anti-
bodies (Abcam) diluted 1:10, respectively. Negative control
sections for chondromodulin 1 and CD31 were incubated with
isotype normal mouse IgG (Santa Cruz Biotechnology). The
sections were incubated with biotinylated anti-rabbit or anti-
mouse secondary antibodies, respectively. Bound antibodies
were visualized by exposure to a complex of streptavidin and
biotinylated alkaline phosphatase (Vectastain ABC-AP; Vec-
tor). The sections were developed with fast red and counter-
stained with hematoxylin.

Immunohistochemical detection of type I, type II, and
type X collagen was performed as described previously in
detail (14). Briefly, all deparaffinized sections were first pre-
treated with 0.2% hyaluronidase for 60 minutes. For detection
of type I and type II collagen, the sections were also treated
with 0.2% Pronase (Sigma-Aldrich) for 60 minutes. Sections
were then exposed overnight to anti-human type I collagen
antibodies (MP Biomedicals) diluted 1:200, anti-human type II
collagen antibodies (MP Biomedicals) diluted 1:500, or to
mouse anti–type X collagen IgG (21). After incubation with a
biotinylated donkey anti-mouse secondary antibody (Di-
anova), a complex of streptavidin and biotinylated alkaline
phosphatase was added. The sections were developed with fast
red and counterstained with hematoxylin.

Morphologic assessment and quantification of osseous
overgrowth. For quantification of excessive bone formation,
the relative volume of calcified/bone tissue within the cartilage
repair tissue above the virtual line of the former sub-
chondral bone plate was determined by point-counting histo-
morphometry using a grid in a modification of the method
described by O’Driscoll et al (22). To determine the percent-
age of excessive osseous tissue within the repair tissue, 5
parallel alizarin red–stained sections separated by a distance of
1 mm throughout each of the treated lesions were captured
using a Leica microscope camera and further analyzed at a
magnification of 100� by a digital imaging program, as previ-
ously described in detail (8).

Detection of chondromodulin 1 expression in vivo. For
the detection of transgenic chondromodulin 1 mRNA expres-
sion within the repair tissue, total RNA was isolated from a
50-mg biopsy sample obtained from the respective repair
tissue using an RNeasy Mini Kit (Qiagen) and treated with
DNase I for 30 minutes to remove any contaminating
genomic or vector DNA, according to the recommendations

CHONDROMODULIN 1 INHIBITS ENDOCHONDRAL OSSIFICATION 2723



of the manufacturer. After reverse transcription, transgenic
human chondromodulin 1 mRNA was detected using the
primers 5�-CTGGATCACGAAGGAATCTGT-3� and 5�-
ACCATGCCCAAGATACGGG-3� for amplification of a
180-bp fragment. A 112-bp fragment of pig �2m mRNA, ampli-
fied by the primers 5�-CTGCTATGTATCTGGGTTCCAT-3�
and 5�-GAAAGACCAGTCCTTGCTGA-3�, was used as the
internal control.

Statistical analysis. All data are presented as the
mean � SD. For the evaluation of morphologic parameters,
Kruskal-Wallis nonparametric test, followed by Dunn’s post
hoc test multiple comparison test, was performed to determine
treatment-specific differences. Excessive bone formation was
assessed by analysis of variance followed by the Tukey-Kramer
test. Tube formation and quantitative gene expression were
analyzed using Student’s 2-sided t-test. P values less than 0.05
were considered significant.

RESULTS

Validation of the gene transfer and bioactivity of
transgenic chondromodulin 1. The 25-kd mature form
of chondromodulin 1 was detected by specific immuno-
blots in the supernatants of C-28a2 cells after transfec-
tion with pscAAV-Chm-1, and in the supernatants of
porcine osteochondral progenitor cells after infection
with AAV-Chm-1 (Figure 1A). The bioactivity of se-
creted transgenic chondromodulin 1 was validated by an
angiogenesis assay. Tube formation of HDMECs was
strongly disturbed (Figure 1B), and the angiogenesis

index of the HDMECs was significantly reduced when
the cells were cultivated with conditioned medium con-
taining secreted transgenic chondromodulin 1 in super-
natants of pscAAV-Chm-1–transfected cells compared
to those of pscAAV-GFP–transfected cells (control)
(Figure 1C).

Results of gene expression analysis. Human
chondrocytes endogenously expressed chondromodulin
1 mRNA at significantly higher levels than did human
osteochondral progenitor cells (Figure 1D). In both cell
types, infection with AAV-Chm-1 increased the expres-
sion of chondromodulin 1 by �1,000-fold compared with
uninfected cells or cells infected with AAV-GFP control
vectors. The expression of SOX9 was significantly ele-
vated in human chondrocytes compared with human
progenitor cells, but was not influenced by overexpres-
sion of chondromodulin 1 (Figure 1D). We confirmed
the up-regulation of p21WAF1/Cip1 by chondromodulin 1
(Figure 1D), which was recently shown in cancer cell
lines (23). The expression of FOXO3A was not influ-
enced by chondromodulin 1. VEGF was more strongly
expressed in human osteochondral progenitor cells than
in human primary chondrocytes; however, AAV-Chm-1
infection did not influence VEGF mRNA levels. In
contrast to progenitor cells, human articular chondro-
cytes hardly expressed COL10A1. AAV-Chm-1 infection

Figure 1. Functionality assessment of transgenic chondromodulin 1 (Chm-1) in vitro. A, Detection of chondromodulin 1 within the supernatants of
C-28a2 cells transfected with psc–adeno-associated virus vectors carrying chondromodulin 1 cDNA (pscAAV-Chm-1) and of porcine osteochondral
progenitor cells (OPCs) infected with AAV-Chm-1. B, Tube-forming capacity of human dermal microvascular endothelial cells (HDMECs),
determined by angiogenesis assay. The tube-forming capacity was reduced by culturing HDMECs in a medium containing supernatants of
pscAAV-Chm-1–transfected cells. Representative results from 3 independent experiments are shown. Bar � 0.5 mm. C, Significant reduction in the
angiogenesis index after culturing HDMECs in chondromodulin 1–containing medium. Bars show the mean � SD. � � P � 0.05 versus control. D,
Expression of mRNA for chondromodulin 1, SOX9, p21WAF1/Cip1, FOXO3A, VEGF, and COL10A1, measured by quantitative reverse transcriptase–
polymerase chain reaction, in human chondrocytes and human osteochondral progenitor cells that were either uninfected (control), infected with
AAV-GFP, or infected with AAV-Chm-1. Bars show the mean � SD. � � P � 0.05; �� � P � 0.01. �2m � �2-microglobulin; HPRT � hypoxanthine
guanine phosphoribosyltransferase.
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reduced COL10A1 mRNA expression in progenitor cells
(P � 0.29).

In vivo experiments and assessment of surface
structure according to the ICRS Visual Histologic As-
sessment Scale. At 6 weeks, the untreated and MFX-
treated lesions in porcine knee joints exhibited an irreg-
ular surface (Figures 2A–L). The surface structure was
not significantly influenced by chondromodulin 1 gene
transfer. A difference between MFX-treated and
MFX�AAV-Chm-1–treated defects was observed after
26 weeks (mean � SD ICRS score 1.8 � 0.6 versus 2.8 �
0.3), although it did not reach statistical significance
(Table 1 and Figure 2). The use of a collagen matrix
(MCT) resulted in a superior surface structure at 6
weeks compared to MFX treatment; however, such
structural benefits were no longer significant at 26 weeks
(Table 1). To the contrary, the use of a preformed

cell-loaded matrix resulted in inadequate integration
with adjacent healthy cartilage. Some remaining clefts at
the defect border were still apparent after 26 weeks in
38.8% of all lesions that received a cell-loaded collagen
matrix (MCT, MCT�AAV-GFP, and MCT�AAV-
Chm-1) (Figures 2N, R, and V). However, such clefts
were observed in only 16.6% of MFX-treated or
MFX�AAV-Chm-1–treated lesions, which were not
treated with a preformed matrix. Overexpression of
chondromodulin 1 had no influence on the integration
of the repair tissue with adjacent cartilage.

Chondrogenesis and formation of repair matrix.
Both ingrowing progenitor cells from the bone marrow
in MFX-treated defects (Figures 2E–H) and trans-
planted porcine osteochondral progenitor cells bound to
a collagen matrix (MCT) (Figures 2M–P) failed to
undergo complete chondrogenic differentiation. These

Figure 2. Porcine cartilage lesions 6 and 26 weeks after microfracturing (MFX) or matrix-associated cell transplantation
(MCT). A–D, Toluidine blue staining (A and B) and staining for type II collagen (C) and type I collagen (D) in cartilage
lesions that were left empty (untreated control). Control lesions were full of fibrous tissue that was positive for type I
collagen, but negative for type II collagen. E–H, Toluidine blue staining (E and F) and staining for type II collagen
(G) and type I collagen (H) in lesions treated by MFX. MFX failed to produce hyaline repair tissue, and was associated
with subchondral bone hypertrophy. I–L, Toluidine blue staining (I and J) and staining for type II collagen (K) and type
I collagen (L) in lesions treated by MFX and with adeno-associated virus vectors carrying chondromodulin 1 cDNA
(MFX�AAV-Chm-1). Application of AAV-Chm-1 into MFX-treated defects completely inhibited excessive ossification
and generated a proteoglycan-rich matrix. M–P, Toluidine blue staining (M and N) and staining for type II collagen (O)
and type I collagen (P) in lesions treated by MCT. Q–T, Toluidine blue staining (Q and R) and staining for type II
collagen (S) and type I collagen (T) in lesions treated with MCT�AAV-GFP. Treatment with MCT or MCT�AAV-
GFP induced fibrocartilaginous repair tissue. U–X, Toluidine blue staining (U and V) and staining for type II collagen
(W) and type I collagen (X) in lesions treated with MCT�AAV-Chm-1. Transplantation of AAV-Chm-1–infected cells
resulted in a proteoglycan-rich repair matrix predominantly positive for type II collagen over type I collagen. Insets show
higher-magnification views. Arrowheads indicate defect borders. Bars � 1 mm; bars in insets � 50 �m.
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nonmodified cells rather formed inferior fibrous tissue
or fibrocartilage, which was characterized by low pro-
teoglycan content and a predominance of type I collagen
(Figures 2H and P) over type II collagen (Figures 2G
and O). Infection of the cells with the control vector
AAV-GFP (MCT�AAV-GFP) had no impact on the
quality of the repair tissue (Figures 2Q–T). In contrast,
the direct application of AAV-Chm-1 (MFX�AAV-
Chm-1) into microfractured lesions (Figures 2I–L) or
the transplantation of AAV-Chm-1–infected porcine
progenitor cells (MCT�AAV-Chm-1) (Figures 2U–X)
resulted in a significantly higher quality of the repair
matrix at 26 weeks compared with unstimulated MFX-
treated or MCT-treated lesions without vector treat-
ment, respectively. The repair tissue in MFX�AAV-
Chm-1–treated and MCT�AAV-Chm-1–treated lesions
was characterized by proteoglycan-rich matrix (Figures
2I, J, U, and V) with intense staining for type II collagen
(Figures 2K and W) but only faint staining for type I
collagen (Figures 2L and X).

With the exception of empty untreated defects, a
certain degree of maturation of the repair tissue was
observed in most MFX-treated lesions in porcine joints
from 6 to 26 weeks. The changes in the matrix ICRS
scores, however, did not reach significance (Table 1).
Treatment with MCT�AAV-Chm-1 did not influence
remodeling and maturation of the matrix within the

observation period (Table 1 and Figures 2U and V).
After 6 weeks, remnants of the collagen membrane
could be detected in MCT-treated lesions (Figures 2M,
Q, and U) with positive immunostaining for its type I
collagen component (results not shown). After 26 weeks,
the collagen membranes had largely been resorbed and
only remnants were detectable, predominantly in super-
ficial zones (Figures 2P, T, and X).

Zonal organization and cell viability. The zone-
specific cellular distribution and zonal organization of
healthy porcine articular cartilage was not achieved in
any of the treatment groups within the 26-week period.
Only nonsignificant tendencies for matrix remodeling
could be observed in the time span between 6 and 26
weeks in most of the lesions. The repair tissue was
primarily characterized by random cellular distribution
without a distinct columnar organization of the cells
(Figures 2B, F, J, N, R, and V and Table 1). Direct or
cell-mediated AAV gene transfer or the cell transplan-
tation itself (MCT with or without AAV-Chm-1 or
AAV-GFP) did not affect the viability of the cells within
the repair tissue. No pyknotic cells were detected (Table
1 and insets in Figure 2).

Chondrocyte hypertrophy and ossification. At 6
weeks, MFX-treated defects in porcine joints had disor-
ganized granulation tissue or immature calcified tissue
in subchondral areas with significantly lower “subchon-

Table 1. Evaluation of repair tissue in porcine knee joint lesions*

Treatment Surface Matrix
Cell

distribution
Cell population

viability
Subchondral

bone
Cartilage

mineralization

Untreated control lesion
6 weeks 1.6 � 0.8 0.8 � 0.5 0 � 0 3 � 0 1.6 � 0.5 2.3 � 1.0
26 weeks 2.0 � 0.7 0.8 � 0.4† 0 � 0 3 � 0 1.9 � 0.7 1.8 � 0.8

MFX
6 weeks 1.6 � 0.5 1.2 � 0.5 0.3 � 0.5 3 � 0 1 � 0.1 2.3 � 0.8
26 weeks 1.8 � 0.6 1.7 � 0.4† 0.4 � 0.5 3 � 0 1.8 � 0.4‡ 1.6 � 0.5

MFX�AAV-Chm-1
6 weeks 1.8 � 0.6 2.1 � 0.9 0.3 � 0.5 3 � 0 1.6 � 0.8 3 � 0.1
26 weeks 2.8 � 0.3 2.7 � 0.4 0.6 � 0.5 3 � 0 1.9 � 0.5 3 � 0.1§

MCT
6 weeks 1.8 � 0.4 1.4 � 0.4 0.3 � 0.4 3 � 0 1.8 � 0.9‡ 2.5 � 0.5
26 weeks 2 � 0.4 1.9 � 0.6 0.5 � 0.5 3 � 0 2.1 � 0.5 2.3 � 0.5

MCT�AAV-GFP
6 weeks 2.3 � 0.3‡ 1.0 � 0.6 0.2 � 0.4 3 � 0 1.7 � 0.4‡ 2.6 � 0.5
26 weeks 2.1 � 1.0 1.5 � 0.5† 0.5 � 0.6 3 � 0 1.9 � 0.6 2.7 � 0.3§

MCT�AAV-Chm-1
6 weeks 2.3 � 0.3‡ 2.3 � 0.3‡ 0.7 � 0.6 3 � 0 1.8 � 0.5‡ 2.9 � 0.3
26 weeks 1.9 � 0.7 2.4 � 0.5 0.8 � 0.4 3 � 0 1.8 � 0.6 2.8 � 0.3§

Healthy cartilage 3 3 3 3 3 3

* Values are the mean � SD score on the International Cartilage Repair Society Visual Histologic Assessment Scale (n � 6 samples per group).
† P � 0.05 versus microfractured lesions 26 weeks after treatment with adeno-associated virus vectors carrying chondromodulin 1 complementary
DNA (MFX�AAV-Chm-1) and versus lesions 26 weeks after treatment by transplantation of matrix-bound AAV-Chm-1–infected osteochondral
progenitor cells (MCT�AAV-Chm-1).
‡ P � 0.05 versus MFX at 6 weeks.
§ P � 0.05 versus untreated control lesions at 6 weeks.
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dral bone” scores than lesions in which the subchondral
bone plate had been left intact. At 26 weeks, subchon-
dral tissue had matured to some degree, with formation
of bone trabeculae and marrow spaces (Table 1). The
feature “cartilage mineralization” reflects calcifications
within the repair matrix above the osteochondral junc-
tion, which were partially observed in MFX-treated
defects in porcine joints, but not in AAV-Chm-1–treated
lesions or MCT-treated lesions in porcine joints (Table
1). Additional analysis was performed to quantitatively
measure the hypertrophic reaction of the subchondral
bone plate. While the subchondral bone plate was still
irregularly formed in MFX-treated lesions at 6 weeks
(Figure 2E), excessive endochondral ossification was
observed after 26 weeks (Figures 2F–H, 3B, and 3E). In
MFX-treated lesions, the outgrowths of the subchondral

bone plate amounted to a mean � SD of 20.0 � 11.1%
of the volume of the repair tissue above the original
subchondral bone plate (Figure 3E). Such hypertrophy
of the subchondral bone plate was also present in empty
untreated lesions, in which the subchondral bone plate
had initially been exposed (Figures 2A–D, 3A, and 3E).

The outgrowths of bone tissue did not arise from
intramembranous ossification, but rather, were a result
of the endochondral ossification process, since the deep-
est layers of MFX-treated repair tissue were character-
ized by terminal chondrocyte differentiation with hyper-
trophic chondrocytes and strong staining for type X
collagen (Figures 4A and F). At 26 weeks, those regions
were replaced by osseous tissue, and only a single
overlying layer of hypertrophic chondrocytes with peri-
cellular type X collagen staining was left (Figure 4G),
which indicates a cessation of the endochondral ossifi-
cation process within the period of 26 weeks.

The invasion of CD31-positive vascular structures
did not coincide spatially or temporally with chondrocyte
hypertrophy, indicating that vascular invasion does not
induce, but rather follows, chondrocyte hypertrophy
(Figures 4F and K). A few CD31-positive vessel struc-
tures were observed in the middle and upper regions of
the fibrous repair tissue of MFX-treated lesions, which
did not coincide with chondrocyte hypertrophy (Figures
4K and P).

In contrast, chondrocyte hypertrophy with peri-
cellular type X collagen staining and excessive bone
formation was nearly completely absent in MFX-treated
lesions in porcine joints both 6 and 26 weeks after
treatment with AAV-Chm-1 (Figures 2I–L, 3C, 4C, and
4D). Only a single layer of cells in the deep zone showed
pericellular type X collagen staining (Figures 4H and I),
which was comparable to the deepest calcified layer of
healthy porcine articular cartilage below the tidemark
(Figure 4J). We did not detect any staining for type X
collagen in superficial zones, either within the repair
tissue or within healthy cartilage (results not shown).
CD31-positive vessel structures were completely absent
in the cartilaginous repair tissue of MFX�AAV-Chm-
1–treated defects (Figures 4M and N) and in healthy
cartilage (Figure 4O) and were only found below the
osteochondral junction. High-magnification images
showed blood vessel structures in lacunae within the
subchondral bone marrow space (Figures 4Q–U).

In the MCT-treated lesions, the subchondral
bone plate was left intact during surgery, and it basically
retained its physiologic structure throughout the obser-
vation period. Neither relevant hypertrophy nor hypo-
trophy was observed (Figures 2M–P), and the infection
of transplanted cells with AAV-GFP did not change the

Figure 3. Evaluation of matrix calcification and excessive ossification
in porcine knee joint lesions. A–D, Alizarin red staining to visualize
calcified tissue 26 weeks after surgery in untreated lesions (A), lesions
treated by MFX (B), lesions treated by MFX and with AAV-Chm-1
(C), and chondral defects treated with transplanted perichondrial cells
modified by AAV-Chm-1 gene transfer (D). Dotted lines delineate the
level of the original subchondral bone plate; broken lines delineate the
borders of the lesions. Bar � 0.5 mm. E, Percentage of calcified tissue
in each treatment group. The volume fraction of osseous tissue above
the level of the original subchondral bone plate was related to the total
repair tissue above the original level of the original subchondral bone
plate. Bars show the mean � SD. � � P � 0.05; �� � P � 0.01, versus
lesions treated by MFX and evaluated at the same time point. See
Figure 2 for definitions. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/journal/10.1002/
(ISSN)1529-0131.
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original structure of the subchondral bone (Figures
2Q–T). The transplantation of chondromodulin 1–
infected cells rather tended to displace the subchondral
bone plate to a deeper level (Figures 2U–X). Generally,
the volume of calcified tissue in the porcine joints
treated with MCT was significantly lower than that in the
MFX-treated or control groups, in which the subchon-
dral bone plate was left untreated (Figure 3E).

Detection of chondromodulin within the repair
tissue. Chondromodulin 1 protein was detected immu-
nohistochemically in healthy porcine articular cartilage
above the tidemark, but not in bone trabeculae or

synovial tissue (Figures 5A, B, and E). The intensity
of chondromodulin 1 staining within adjacent healthy
porcine cartilage did not decrease at the defect borders
(asterisks in Figures 5F and G). Fibrocartilaginous re-
pair tissue following MFX treatment stained only
weakly for chondromodulin 1 (Figure 5A), and higher
magnifications of the defect borders showed a distinct
contrast to adjacent healthy porcine cartilage (Figure
5F). In contrast, hyaline-like repair tissue generated
by MFX�AAV-Chm-1 treatment strongly stained for
chondromodulin 1 (Figure 5B). Higher magnifications
of the defect border zone (Figure 5G) and the deepest

Figure 4. Detection of chondrocyte hypertrophy and vascularity in superficial and
deep zones of the repair tissue in porcine knee joint lesions 6 and 26 weeks after
treatment by microfracturing (MFX) or by MFX and with adeno-associated virus
vectors carrying chondromodulin 1 cDNA (MFX�AAV-Chm-1) and in healthy
porcine articular cartilage. A–E, Toluidine blue staining. Hypertrophic chondrocytes
were observed, particularly in the deepest zones of MFX-treated lesions at 6 weeks.
F–J, Type X collagen (Col 10) staining. The presence of hypertrophic chondrocytes
in MFX-treated lesions was confirmed by abundant immunostaining for type X
collagen. In AAV-Chm-1–treated lesions and healthy cartilage, type X collagen was
only present pericellularly in the deepest cartilaginous cell layer. K–O, Immunostain-
ing for CD31-positive vessel structures (arrows) in superficial fibrous tissue of
MFX-treated defects (K) and in subchondral bone marrow spaces (L–O), but not in
hypertrophic cartilage or hyaline-like repair cartilage. P–U, Higher-magnification
views of K–O. Both P (superficial zone) and Q (subchondral bone space) are
higher-magnification views of K. Arrowheads indicate the osteochondral junction.
Bars � 50 �m. Color figure can be viewed in the online issue, which is available at
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1529-0131.
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layer (Figure 5H) revealed high levels of chondromodu-
lin 1 within the MFX�AAV-Chm-1–treated lesions that
were comparable to levels in healthy porcine cartilage.
Control immunostaining using normal rabbit IgG ex-
cluded any nonspecific staining (Figures 5C and D).
Expression of chondromodulin 1 mRNA was detected
within repair tissue that was treated by direct application
of AAV-Chm-1 (MFX�AAV-Chm-1) or by transplan-

tation of AAV-Chm-1–infected cells both 6 and 26
weeks after surgery (Figure 5I).

DISCUSSION

Cellular differentiation in cartilage repair tissue
is challenged by 2 basic events. First, incomplete chon-
drogenic differentiation leads to the formation of fibro-
cartilage. Second, ingrowing osteochondral progenitor
cells have the tendency to undergo terminal chondro-
genic differentiation, which finally results in inadvertent
endochondral ossification. Thus, it can be concluded
that osteochondral progenitor cells tend to recapitulate
the processes of the fetal growth plate or those of
fracture callus, and rather adopt only a transient, instead
of the permanent, chondrocyte phenotype (24,25). The
present study confirmed observations of previous clinical
and experimental studies, in which bone marrow–
stimulating techniques resulted in inadvertent endo-
chondral ossification and outgrowths of the subchondral
bone plate (1,3,8).

So far, the mechanisms for maintaining the phys-
iologically permanent phenotype of articular chondro-
cytes have not been identified completely and may
involve the influence of a number of differentiation
factors and growth factors, as well as environmental
and biomechanical influences or epigenetic mechanisms
(25–27).

It has been well documented that avascularity
and the resulting tissue hypoxia are important for induc-
ing the chondrocyte phenotype (28–33). Under physio-
logic conditions, the avascularity within cartilage tissue
is believed to be retained by the presence of antiangio-
genic proteins, such as thrombospondins or chondro-
modulin 1 (17,34,35). While articular cartilage is rich in
these proteins, fibrocartilaginous repair tissue has been
shown to lack these factors (8), which may consequently
permit vessel structures to invade into the fibrous repair
tissue induced by microfracture. Overexpression of
chondromodulin 1 could prevent vascular invasion into
the repair tissue, and it can be assumed that the
prochondrogenic effects of chondromodulin 1 are, at
least in part, mediated indirectly by retaining avascular-
ity and tissue hypoxia.

To date, there are not much data regarding
potential direct mechanisms by which chondromodulin 1
might exert its prochondrogenic effects. Chondromodu-
lin 1 did not influence the expression of SOX9, a key
transcription factor for chondrogenic differentiation.
However, chondromodulin 1 was recently shown to
directly suppress the growth of different cancer cell lines

Figure 5. Detection of chondromodulin 1 (Chm-1) in the repair tissue
in porcine knee joints. A, Chondromodulin 1 was detected by immu-
nohistochemistry in healthy articular cartilage adjacent to the defect
borders but only to a minor degree in fibrous repair tissue 6 weeks
after treatment by MFX. B, Application of AAV-Chm-1 into micro-
fractured lesions (MFX�AAV-Chm-1) led to strong staining for
Chm-1. C and D, No nonspecific staining was evident in negative
controls for Chm-1, which were incubated with isotype normal rabbit
IgG in MFX-treated (C) or MFX�AAV-Chm-1–treated lesions (D).
E, There was strong staining for Chm-1 in healthy articular cartilage
above the tidemark (arrow), but no staining within subchondral bone.
F, The defect border of the MFX-treated defect showed high levels of
chondromodulin 1 in adjacent healthy cartilage (asterisks), but only
low levels within repair tissue. G and H, Repair tissue treated by
MFX�AAV-Chm-1 stained strongly for chondromodulin 1. Arrow-
heads indicate defect borders. I, Transgenic chondromodulin 1 mRNA
expression was detected at both 6 and 26 weeks in repair tissue treated
with AAV-Chm-1 in combination with MFX or MCT. Bars in A–D �
0.5 mm; bars in E–H � 50 �m. �2m � �2-microglobulin (see Figure 2
for other definitions). Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/journal/10.1002/
(ISSN)1529-0131.
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by up-regulation of the cell cycle inhibitor p21WAF1/Cip1

(23). We confirmed this effect on osteochondral progen-
itor cells with significant up-regulation of p21WAF1/Cip1,
which, however, seemed not to be mediated by the
upstream-acting cell cycle regulator FOXO3A. Cell cycle
arrest or cellular quiescence with up-regulation of p21
has been considered to be a characteristic feature of
postmitotic chondrocytes and was shown to induce and
stabilize the chondrocyte phenotype (36,37). On the
basis of the limited followup period of this study, it could
not be determined whether the cells within the repair
tissue had attained a permanently stable chondrocyte
phenotype that would still be maintained even after a
decline in chondromodulin 1 transgene expression.

Besides the observed prochondrogenic effects,
chondromodulin 1 strongly prevented chondrocyte hy-
pertrophy and endochondral ossification, similar to a
nude mouse model in which recombinant chondromodu-
lin 1 prevented ectopically formed cartilage tissue from
being replaced by bone (34). This effect of chondro-
modulin 1 cannot solely be ascribed to its antiangiogenic
properties, since chondrocyte hypertrophy in the deep
layers of MFX-treated lesions was neither spatially nor
temporally associated with the invasion of vessels, and
we could not demonstrate a direct interference of chon-
dromodulin 1 with the expression of the proangiogenic
factor VEGF.

Comparable to the processes within the growth
plate, vascular invasion is a step that succeeds chondro-
cyte hypertrophy. To date, the molecular mechanisms by
which chondromodulin 1 might prevent chondrocyte
hypertrophy are still largely unknown. Albeit not signif-
icantly, overexpression of chondromodulin 1 showed a
tendency to reduce the expression of COL10A1 in
cultured osteochondral progenitor cells. In a recent
study, chondromodulin 1 was shown to inhibit the STAT
signaling pathway (23), which is known to transactivate
the expression of alkaline phosphatase (38) and type X
collagen (39).

Generally, the poor repair response of microfrac-
tured lesions can primarily be attributed to the incom-
plete or unstable chondrogenic differentiation of in-
growing osteochondral progenitor cells and seems rather
independent of adjacent articular cartilage. At least in
the short-term followup period in the present study,
there was no change in the levels of chondromodulin 1
or type II collagen in the porcine articular cartilage
adjacent to the induced cartilage defects, and we did not
observe relevant diffusion of chondromodulin 1 into the
repair tissue. However, it has to be considered that the
levels of chondromodulin 1 in adjacent cartilage may
decrease with ongoing cartilage degeneration over time,

as shown in a previous experimental osteoarthritis rat
model (40). Similar to the repair tissue induced by
microfracture, a lack of chondromodulin 1 in osteoar-
thritis may explain the chondrocyte hypertrophy and
vascular ingrowth observed in degenerated joints
(41,42).

In conclusion, chondromodulin 1 exerts a stabi-
lizing effect on the chondrocyte phenotype in cartilage
repair tissue. Chondromodulin 1 not only promotes
chondrogenesis, but also significantly inhibits chondro-
cyte hypertrophy and endochondral ossification. These
effects may not only be ascribed to its antiangiogenic
properties and resulting tissue hypoxia, but may also
involve cell cycle control and other still unknown molec-
ular mechanisms and pathways. Future studies are
needed to further identify chondromodulin 1–specific
target genes, binding partners, receptor molecules, and
signaling cascades in order to gain further insight into
the mechanisms that are responsible for the mainte-
nance of the permanent chondrocyte phenotype.
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