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Abstract

Objective. To identify the collagen type IV (Col4) isoform in articular cartilage and to evaluate the expressions of Col4
and laminin in the pericellular matrix (PCM) in damaged cartilage and during cartilage repair. Design. The Col4 isoform
was determined in chondrocytes isolated from 6 patients cultured up to 6 days and in 21% O_ or 1% 02, and the gene
expression of Col4 a-chains was investigated. The distribution of Col4 and laminin in traumatically damaged cartilage
(n = 7) and clinically failed cartilage repair (microfracture, TruFit, autologous chondrocyte implantation; n = | 1) were
investigated using immunohistochemistry. Normal human cartilage was used as control (n = 8). The distribution during
clinical cartilage repair procedures was investigated in a minipig model with 6-month follow-up (untreated chondral,
untreated osteochondral, microfracture, autologous chondrocyte implantation; n = 10). Results. The Col4 isoform in
articular cartilage was characterized as alala2, which is an isoform containing antiangiogenic domains in the NCI-
terminals (arresten and canstatin). In normal cartilage, laminin and Col4 was exclusively found in the PCM. High amounts
(>50%) of Col4 in the PCM significantly decreased in damaged cartilage (P = 0.004) and clinically failed repair tissue
(P < 0.001). Laminin was only found with high expression (>50%) in 4/8 of the normal samples, which was not statistically
significantly different from damaged cartilage (P = 0.15) or failed cartilage repair (P = 0.054). Conclusions. Col4 in cartilage
contain antiangiogenic domains and may play a role in the hypoxic environment in articular cartilage. Col4 and laminin was
not found in the PCM of damaged and clinically failed repair.
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however, have demonstrated an important difference in
the chemical makeup of the PCM and interterritorial extra-
cellular matrix (ECM). While the interterritorial ECM,

Introduction

The morphological characteristics of the repair tissue fol-
lowing surgical repair of articular cartilage defects often
consist of a mixture of fibrous tissue, fibrocartilage, and
hyaline cartilage. Rarely are even small regions displaying
the architectural features of articular cartilage found (viz.,
an arcuate structure of the collagen type II fibrils compris-
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ing the hyaline cartilage and a columnar arrangement of the
chondrocytes). While many advanced biomaterials and
treatment modalities are available for surgical cartilage
repair,"” very little is known about the course of events dur-
ing the in vivo repair process that would determine the out-
comes of the cartilage repair.

Healthy chondrocytes reside in lacunae surrounded by a
layer of proteins termed the pericellular matrix (PCM), ini-
tially distinguished from the interterritorial matrix by differ-
ences in the fibrillar ultrastructure as revealed by scanning
and transmission electron microscopy.® More recent studies,
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Table 1. Tissue Specifications.
Tissue Type Species Time Treatment n
Normal cartilage Human 8
Damaged cartilage Human At treatment 7
Intermediate repair Minipig 6 months Empty chondral 2
Microfracture 3
Scaffold-supported autologous chondrocyte implantation 2
Empty osteochondral 3
Late failed repair Human >2 years Microfracture 4
Scaffold-supported autologous chondrocyte implantation 4
TruFit 3

which contributes to the majority of the dry weight of the
tissue is composed mainly of collagen type II and proteo-
glycans, the PCM consists mainly of collagen type IV and
laminin, molecules normally associated with the basement
membrane and basal lamina. Collagen type IV and laminin
have previously been identified as part of the PCM in artic-
ular cartilage and in the intervertebral disc (IVD).*” We
recently described how collagen type IV and laminin are
observed in the PCM of healthy (nondegenerated) cartilage
tissues but generally absent in degenerated and fibrotic car-
tilage tissues.® Additionally, we showed that the expression
of collagen type IV and laminin in mesenchymal stem cells
(MSCs) followed a spatiotemporal shift in pattern from a
diffused territorial and interterritorial distribution to a
defined pericellular localization, as seen in normal articular
cartilage, during chondrogenesis in a pellet assay.’ The role
of the PCM and its specific molecules has yet to be eluci-
dated but accumulating evidence is suggesting that
the homeostatic maintenance of the PCM integrity in
articular cartilage, if perturbed may be implicated in
osteoarthritis.'*"?

While laminin isoforms in articular cartilage have previ-
ously been identified as laminin-111 in adult articular carti-
lage and laminin-332 in embryonic cartilage,’ collagen type
IV isoforms remain unknown. Collagen type I'V has a triple-
helical structure composed of 3 of 6 different a-chains
(1-6). Only 3 different isoforms have been identified:
alalo2(IV), a3ada5(1V), aSa5a6(IV). In the noncollage-
nous (NC1) domain in 3 of these 6 different a-chains, anti-
angiogenic properties have been detected. These unique
protein fragments are named: Arresten (al[IVINCI),
Canstatin (a2[IVINC1), and Tumstatin (a3[IVINCI)."
Since articular cartilage is an avascular structure, collagen
type IV isoforms alala2(IV) and a304aS5(IV) with their
unique anti-angiogenic properties might be involved in the
temporal control of vascularization during cartilage repair
and in cartilage homeostasis.

The aim of the present study was to identify collagen
type IV isoforms in articular cartilage, and to evaluate the
expression level and tissue distribution of collagen type IV
and laminin in the heterogeneous repair tissues arising from

different surgical cartilage repair techniques in human sub-
jects and in a large animal model. We hypothesized that col-
lagen type IV and laminin would be found in the PCM in
normal articular cartilage and that the expression of these
molecules would be different in immature repair tissue and
in clinically failed cartilage repair tissue.

Methods
Study Design

To determine the isoforms of collagen type IV in cartilage,
gene expression analysis of all collagen type IV a-chains
was carried out on chondrocytes isolated from biopsies of 6
patients undergoing anterior cruciate ligament reconstruc-
tion. To investigate the distribution of laminin and collagen
type IV following articular cartilage damage and during
repair, we obtained cartilage tissues from human donors and
from a large animal model (Table 1). Traumatically dam-
aged articular cartilage was obtained as the debrided tissue
from patients undergoing cartilage repair procedures in the
knee using a curette. Cartilage repair tissue at intermediate
stages of repair in a minipig model (6 month) and long-term
clinically failed cartilage repair (microfracture, autologous
chondrocyte implantation [ACI], TruFit) in humans (>2
years) were obtained using a curette or oscillating saw
depending on subsequent treatment. Normal cartilage con-
trols were obtained from the intercondylar notch from eight
patients undergoing anterior cruciate ligament reconstruc-
tion using a biopsy punch.

Cell Culture

Cells were isolated as previously described." Chondrocytes
(passage 2) from 6 patients were seeded in agarose-coated
wells at a density of 2 x 10° cells/cm® for up to 6 days.
Culture media consisted of DMEM/F-12 with Glutamax
(Gibco-Invitrogen) with 10% fetal calf serum (Invitrogen),
1% streptomycin and penicillin (#P7539, Sigma-Aldrich).
To ensure physiological oxygen tension, hypoxic culture at
1% oxygen was used by culturing the cells in a closed and
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controlled workstation chamber (Xvivo System, BioSpherix),
in addition to traditional culture in ambient air."* Cells were
cultured in 37°C with 5% COz.

Gene Expression Analysis

RNA extraction was performed on days 1, 2, and 6, by Gen-
Elute Total RNA Miniprep Kit (Sigma-Aldrich). RNA con-
centration was assessed spectrophotometrically using
Quant-iT RiboGreen RNA Kit (Molecular Probes), and
RNA quality was analyzed using Agilent 2100 Bioanalyzer
(Agilent Technologies). After treating with DNasel
(Ambion), RNA was converted into cDNA using High
Capacity cDNA Archive Kit (Applied Biosystems). All
methods were performed according to the manufacturer’s
instructions. Real-time quantitative polymerase chain reac-
tion (RT-qPCR) was performed on a 7500 Fast Real-Time
PCR system using commercially available TagMan gene
expression assays (all Applied Biosystems): sex determin-
ing region Y-box (Sox)5,6,and 9, (Sox5) Hs00753050 sl,
(Sox6)  Hs00264525 ml, (Sox9) Hs00165814 ml;
Collagen type IV alpha (Col4a) 1-6, (Col4al) Hs00266237
ml, (Col4a2) Hs01098873 ml; (Col4a3) Hs01022542
ml, (Col4a4) Hs01011885_m1; (Col4a5)Hs00166712_ml,
(Col4a6) Hs00361494 ml. Gene expressions of the target
genes were normalized to BestKeeper Index and the rela-
tive gene expression was calculated ag 2C'(Bestkeepen = Ciltarget
eene) 15 A1l samples were run in technical duplicates. Three
reference genes were included in the BestKeeper Index:
Beta-2-microglobulin (B2m) Hs99999907 m1; Ubiquitin C
(Ubc) Hs00824723 m1; Custom TagMan Human Reverse
Transcriptase 1l (Rpll) forward primer sequence
GACACAGGACCACTCATGAAGT and reverse primer
sequence GTGCGGCTGCTTCCATAAG.

Experimental Animal Model

To investigate expression on collagen type IV and laminin
in different cartilage repair tissues during cartilage repair a
large animal model was applied. Six skeletally mature
Gottingen minipigs received cartilage or osteochondral
lesions in the trochlea in both hind legs. The trochlea was
exposed by a midline incision through the patella ligament.
Only one defect per knee was made. Circular full-thickness
chondral defects with a diameter of 6 mm were surgically cre-
ated using a dermal biopsy punch and a curette. Microfracture
was made after debridement of cartilage including calcified
cartilage and an awl was used to make four holes per defect.
Bleeding from the holes was observed. In the scaffold-sup-
ported ACI group, cartilage biopsies were harvested from the
proximal trochlea 1 month prior to treatment. Chondrocytes
were isolated and cultured as previously described.'® One
week prior to surgery 1 x 10° chondrocytes/cm’ were seeded
onto the ChondroGide scaffolds. The scaffolds were fixed

Table 2. Treatment of Defects in the Minipig Model.

ID Knee Treatment

| Left Scaffold-supported autologous chondrocyte
implantation

| Right Microfracture

Left Scaffold-supported autologous chondrocyte

implantation

2 Right Microfracture

3 Left Microfracture

4  Right Empty osteochondral

5 Left Empty osteochondral

5 Right Empty chondral

7  Left Empty chondral

7  Right Empty osteochondral

with fibrin glue. Cylindrical osteochondral defects with a
diameter of 6 mm and a depth of 8§ mm were created using
a curette to remove the cartilage and a 6-mm drill bit was
used to create the osseous defect. The number of defects
treated with each treatment is found in Table 2. In 2 ani-
mals, 1 knee received treatments not relevant in the present
study. These were excluded. Treatments were randomized
to each knee and no animal received the same treatment in
both knees. All animals were observed for 6 months before
euthanasia. The animal study was in compliance with the
Danish Law on Animal Experimentation and was approved
by the Danish Ministry of Justice Ethical Committee, J.nr.
2012-15-2934-00301.

Human Tissues

Human cartilage and osteochondral tissues were obtained
from 18 patients undergoing either cartilage repair surgery
or cartilage revision surgery at the Cartilage Repair Center,
Brigham & Women'’s Hospital, Boston, Massachusetts or at
the Sports Trauma Clinic at Aarhus University Hospital,
Denmark. Mean age was 31.2 years (range 18-46 years) and
male:female ratio was 26:74. Note that failed repair leading
to revision was determined by clinical symptoms such as
persisting pain and not by the appearance of the repair tis-
sue. Damaged cartilage was determined as the tissue being
debrided prior to treatment based on assessment by the sur-
geon. Normal cartilage tissue biopsies were harvested from
the non-weightbearing areas in the trochlear notch in 8
patients undergoing anterior cruciate ligament reconstruc-
tion. The normality criterion was based on the biopsy com-
ing from a knee with no clinical or radiological signs of
degeneration All tissues were full-thickness cartilage tissue.
In biopsies from healthy cartilage, orientation was not
always distinguishable. Consent was obtained and was
approved by the Institutional Review Board (United States)
or the Local Ethics Committee under the National
Committee on Research Ethics (Denmark). Patient age and
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gender was noted. The type of prior surgery was obtained
from the patient’s records.

Tissue Processing and Preparation

Human tissues were fixed in 10% phosphate-buffered for-
malin and porcine tissues in 70% ethanol for up to 1 week
(2 weeks for large tissues from total knee arthroplasty).
Tissue fixation method depended on the approved protocol
at the location of tissue collection. The tissues were dehy-
drated in a graded series of ethanol (70% to 96%), cleared
in xylene and embedded in methoxymethylacrylate. The
embedded samples were cut in 7-um thick slices and
mounted on microscopic slides. In cases where the anatomi-
cal orientation of the biopsy could be defined macroscopi-
cally, sections were cut perpendicular to the cartilage
surface. Otherwise, sections were cut with a random orien-
tation. The sections were deplastified and rehydrated in a
graded series of ethanol and rinsed in water.

Histology and Immunohistochemistry

Tissue morphology was evaluated on hematoxylin and
eosin—stained sections. Immunohistochemistry was per-
formed as previously described,®’ using primary antibodies
for polyclonal rabbit antibodies for collagen type IV
(Abcam, ab6586) and laminin (Abcam, ab11575). Briefly,
protein retrieval was achieved using protease 0.1% (#P6911,
Sigma-Aldrich) for 40 minutes. The protocol is based on
optimization on protein retrieval using the above fixatives
and tissue types. The slides were counter-stained with
Mayer’s hematoxylin. Negative controls using 1% bovine
serum albumin instead of primary antibody were applied.

Evaluation

Histological evaluation was performed on a Zeiss Axio
Imager 2 light microscope (Carl Zeiss). The tissue morphol-
ogy was evaluated on hematoxylin and eosin— and safranin-
O-stained sections. Collagen type IV and laminin
expressions for the different tissue types and time points
during repair were evaluated by estimation of their distribu-
tion in either the PCM or ECM for the tissues. We catego-
rized the distribution of collagen type IV and laminin by
assigning the amount of staining found in either PCM or
ECM into 3 categories: 1, <5%; 2, 5% to 50%; 3, >50%
based on one slide through the center of the defect. These
were correlated with the tissue morphology based on previ-
ously published criteria (hyaline cartilage, fibrocartilage,
fibrous tissue, or bone)."”

Statistics

Gene expression data were analyzed using 2-factor analysis
of variance (time in culture and oxygen concentration). When

no interaction in main effects was observed, the dependent
variables were investigated individually. Differences in col-
lagen type IV and laminin protein distribution were ana-
lyzed using chi-square test based on the semiquantitative
categories above for the different types of tissues. Two-
tailed P values less than 0.05 were considered significant in
all statistical analyses.

Results

Collagen Type IV Isoform Identification

The mean RNA integrity number (RIN) for assigning integ-
rity values to RNA was 9.0 (range 7.0-9.8; >7.0 required
quality for PCR). The chondrogenic phenotype was vali-
dated by the gene expression of the Sox5, Sox6, and Sox9,
from day 1 through 6 in culture (Fig. 1). Two-factor analy-
sis of variance revealed a statistically significant effect of
oxygen concentration on expression of Sox6 (P =0.01) and
Sox9 (P < 0.0001) in hypoxia compared with normoxia,
which was most pronounced for Sox9 after 6 days of culture
where there was a 6-fold increase compared with normoxia
(Fig. 1). No significant effect of culture time as an indepen-
dent variable was observed.

Chondrocytes expressed al and a2 chains, but not a3-6
chains neither in ambient air culture nor in hypoxia. The
expression Col4a2 (P = 0.002) but not Cold4al (P = 0.54)
was significantly increased in hypoxia (Fig. 2). The ratio of
mRNA Col4al and Col4a2 expressions is known to vary
under different experimental conditions while the ratio of
transcribed o-chains in the triple-helical alala2(IV)-
structure remains unaffected.'® Hence, the isoform of col-
lagen type IV in normal adult human articular cartilage is
expected to be alala2(IV).

Normal and Damaged Cartilage

Cartilage biopsies from normal human articular cartilage
showed chondrocytes residing in lacunae in hyaline matrix.
Collagen type IV and laminin was found in the PCM sur-
rounding all chondrocytes in the biopsies (Fig. 3). Compared
with collagen type IV, laminin was found surrounding fewer
cells than in our normal cartilage reference tissue. No positive
stain was found in the interterritorial matrix. The damaged
articular cartilage appeared either fibrocartilaginous or hya-
line with degenerative characteristics (Fig. 3). Approximately
80% of the ECM found in these biopsies was hyaline carti-
lage, but this was generally hypocellular compared with
native articular cartilage and showed increased number of
chondrocyte clusters.

Intermediate Cartilage Repair

Untreated chondral defects in minipigs showed mainly fibrous
tissue with few areas of fibrocartilage (Fig. 4). Collagen type
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Figure 1. Validation of the chondrogenic phenotype. Relative mRNA expressions of the SOX-Trio genes in chondrocytes cultured
in 21% and 1% oxygen for up to 6 days. Error bars are standard error of mean (n = 6). Significant effect (*) of oxygen tension on

expressions of Soxé and Sox9 was observed.
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Figure 2. Relative mRNA expressions of the different collagen type IV a-chains. Cells were cultured for up to 6 days in 21% or 1%
oxygen. Error bars are standard error of mean; n = 6. The a2-chain was expression 3.5-fold higher than the o.l-chain within comparable
experimental conditions (i.e., oxygen tension and culture time). Significant effect (*) of oxygen tension was found for Col4a2.

IV was distributed throughout the ECM with increased
expression in the superficial layer. In the native tissue, col-
lagen type IV expression was restricted to the PCM, sur-
rounding the chondrocytes. Laminin was absent from the

repair tissue but was present in the PCM surrounding the
chondrocytes in the native cartilage. Untreated osteochon-
dral defects (Fig. 4) showed predominantly fibrous tissue
with fibrocartilage adjacent to the bone at the bottom and at
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Figure 3. Representative immunohistochemical images of normal human articular cartilage and traumatically damage articular
cartilage stained with antibodies against collagen type IV (top row) and laminin (bottom row). Collagen type IV and laminin was
found in the pericellular matrix (PCM) of normal cartilage. Tissue from patients with traumatically damaged cartilage showed two
different morphologies. Fibrocartilage with chondrocytes in fibrous tissue or degenerative hyaline cartilage with hypocellularity and
chondrocyte clusters. The PCM in damaged cartilage was generally absent of collagen type IV and laminin, but collagen type IV was
found in areas of chondrocyte clusters. Negative control showed for comparison. Green arrows = positive pericellular staining. Low
magnification images: Bar = 200 pm. High magnification images: Bar = 30 pm.
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Figure 4. Immunohistochemical images of cartilage repair treatments stained with antibodies against collagen type IV (top row)
and laminin (bottom row) in a minipig model with 6-month follow-up. The repair tissue in all treatments except the scaffold-seeded
autologous chondrocyte implantation (ACI) was composed mainly of fibrocartilage with collagen type IV and laminin positive
pericellular matrix (PCM). Collagen type IV was found in some areas of ECM in fibrous tissue and fibrocartilage.

Green arrows = positive pericellular staining. Low magnification images: Bar = 200 pm. High magnification images: Bar = 30 pm.
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Figure 5. Immunohistochemical images of normal articular
knee cartilage from Gottingen minipigs stained with antibodies
against collagen type IV and laminin. Negative control showed
for comparison. Green arrows = positive pericellular staining.
Low magnification images: Bar = 200 pm. High magnification
images: Bar = 30 pm.

the edges of the defect. Collagen type IV was distributed
throughout the ECM in fibrous tissue and fibrocartilage
with an increased expression in the PCM of fibrochondro-
cytes present in the fibrocartilage. Laminin was also found
in PCM of the fibrochondrocytes but was absent from the
fibrous tissue. Normal articular knee cartilage in the mini-
pig is shown in Figure 5.

Fibrocartilage was the predominant repair tissue in the
microfracture-treated defects with fibrous tissue in the
superficial layer (Fig. 4). Collagen type IV and laminin
expressions were restricted to the PCM surrounding the
chondrocytes in the hyaline-like tissue while staining of
the interterritorial matrix with collagen type IV was
observed in the fibrocartilage. Fibrochondrocytes were

positive for laminin only in the PCM and not in the fibro-
cartilage ECM. In the fibrous tissue, collagen type IV
was found diffusely distributed in the ECM with no
pericellular deposition. Fibrous tissues were absent of
laminin.

The repair tissue after scaffold-seeded ACI (Fig. 4) dis-
played characteristics of hyaline cartilage and fibrocarti-
lage. Collagen type IV and laminin was found solely in the
PCM, surrounding the chondrocytes in the hyaline repair
tissue. Collagen type IV was distributed throughout the
ECM in the fibrocartilage while laminin was generally
absent from this type of repair tissue.

Clinically Failed Cartilage Repair

The tissue in biopsies from patients with failed microfrac-
ture mainly had morphological characteristics of fibrocarti-
lage (Fig. 6). Biopsies from patients with failed
scaffold-seeded ACI consisted of chondrocytes in fibrous
and hyaline ECM consistent with the morphological char-
acteristics of fibrocartilage and hyaline cartilage. The tis-
sues from the patients with failed TruFit implantation were
mixtures of bone, fibrous tissue, and fibrocartilage. Collagen
type IV positive PCM was found in 5% to 50% of the cells
in 3/11 patient biopsies and was found positive in the PCM
of chondrocytes and not in fibroblasts. Laminin present in
the PCM or ECM in <5% of the cells in all patient biopsies.
In the interterritorial matrix collagen type IV positive ECM
was accounting 5% to 50% of the tissue in 3/11 of the
patient biopsies while all patient biopsies had <5% laminin
positive ECM. Collagen type IV and laminin was not asso-
ciated with the bone except the bone marrow in the blood
vessels in the Havesian canals. Collagen type IV and lam-
inin positive blood vessel basement membranes were
observed in our internal controls in the biopsies such as in
the bone.

Comparisons of Expression Patterns

The number of samples containing significant amounts
(>50%) of collagen type IV in the PCM significantly
decreased in damaged cartilage (P = 0.004) and clinically
failed repair (P < 0.001) compared with the healthy carti-
lage control. Laminin was only found with significant
expression (>50%) in 4/8 of the normal samples, which was
not statistically significantly different from damaged carti-
lage (P = 0.15) or failed cartilage repair (P = 0.054).
Cartilage repair tissue in the minipig model showed a non-
significant decrease of these proteins in the PCM compared
with normal cartilage. Collagen type IV and laminin were
not found in the interterritorial ECM of normal cartilage
and traumatically damaged cartilage.
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Figure 6. Immunohistochemical images of clinically failed cartilage tissues stained with antibodies against collagen type IV (top row)
and laminin (bottom row). Tissue despite prior treatment generally consisted of fibrocartilage and fibrous tissue, but hyaline cartilage
was also detected in the failed ACI group. Collagen type IV and laminin was generally absent in the PCM. Green arrows = positive
pericellular staining. Low magnification images: Bar = 200 ym. High magnification images: Bar = 30 ym.

Discussion

In this study, we identified the specific isoform of collagen
type IV alala2 as the sole type in articular cartilage. In
normal cartilage, this was found in the PCM of the chondro-
cytes, but was generally depleted in traumatically damaged
cartilage and repair tissue following failed cartilage repair
procedure. In the minipig model, the expressions of colla-
gen type IV and laminin were analyzed during the course of
cartilage repair following different clinical treatments. We
found that relatively immature cartilage repair tissue (as
seen in the minipig model) was composed mainly of fibrous
tissue and fibrocartilage that expressed limited collagen
type IV in both interterritorial ECM and PCM. Laminin was
found to a lesser extent in the interterritorial ECM and its
presence in the PCM was less than that of collagen type IV.

The different a-chains in collagen type IV express homol-
ogous structure composed of an NH3-terminal, a long col-
lagenous Gly-Xaa-Yaa triple-repeat, and a noncollagenous
COOH-terminal (NC1). In COL4A1 and COL4A2 the NC1
domains are arresten and canstatin, respectively. These are
naturally occurring matrix-derived anti-angiogenic proteins.
Arresten is a 26-kDa protein fragment previously shown to
inhibit proliferation and migration of endothelial cells and to
inhibit hypoxia-induced increase in expression and vascular
endothelial growth factor (VEGF) and hypoxia-inducible
factor la (HIF-lc)."” Mutations in the COL4Algene are
associated with small-vessel disease, hemorrhagic stroke,
and hereditary angiopathy, nephropathy, aneurysms, and
muscle cramps in humans.***' The tumor suppressor p53 has

recently been shown to inhibit angiogenesis by directly and
indirectly inducing the production of arresten.” Canstatin is
a 24-kDa protein fragment originally found to inhibit prolif-
eration and migration and to induce apoptosis in endothelial
cells.” The anti-angiogenic function of arresten is facili-
tated by binding to alfl integrin. Similary, canstatin is
facilitated by aVB3 and aVBS integrins, which are all
expressed in chondrocytes.'”*** The identification of
arresten and canstatin in articular cartilage adds to the list of
naturally occurring antiangiogenic factors in the PCM,
already containing collagen type XVIII/endostatin.”® These
proteins collectively emphasize that cartilage tissue hypoxia
and anti-angiogenesis may be controlled, at least in part, by
endogenous regulation by the PCM.

The present findings of laminin distribution in normal
and damaged articular cartilage support our prior observa-
tion of depleted laminin expression in osteoarthritic articu-
lar cartilage. These findings collectively suggest that normal
adult human articular cartilage in normal cartilage homeo-
stasis is characterized by the expression of laminin in the
PCM of chondrocytes. However, in cases of immature
repair tissue during early cartilage repair or degenerated
cartilage in osteoarthritis, the expression of laminin is heav-
ily downregulated.*™’

Collagen type IV and laminin in particular was not seen in
the PCM of all chondrocytes in our normal cartilage refer-
ence tissue in humans, while it was seen in the PCM of all
chondrocytes in the native cartilage in the animal model. This
may be explained by the nature of our reference tissue,
although near normal, was harvested from patients with ACL
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tears, altered biomechanics, and subsequently some degree
of inflammation. This type of cartilage is however, the clos-
est we are able to come to normal, nondegenerative human
knee cartilage.

In the histological investigation of cartilage repair, fibro-
cartilage is a predominant tissue type. The tissue is charac-
terized by the presence of rounded cells in lacunae (i.e.,
chondrocytes) in a fibrous matrix. Immunohistochemically,
the ECM is composed mainly of collagen type I and to a
lesser extent collagen type II. In this study we find that col-
lagen type IV and laminin are found in the PCM in some
fibrocartilagenous tissues but absent in others. Based on the
differential expression of collagen type IV and laminin in
the ECM and in the PCM surrounding the chondrocytes,
repair tissues may be subdivided into a number of different
tissues and the analysis of basement membrane proteins
may prove to be a useful indicator for assessing the progres-
sive maturity of the repair tissue toward hyaline cartilage
formation.

Also of note in the present study was the significant effect
of a hypoxic environment in vitro on the expressions of
Sox6, Sox9, and Col4a2. The effect of hypoxia on the gene
expression of the transcription factor Sox9 but not Sox6
have previously been demonstrated in differentiated chon-
drocytes." The hypoxia-induced upregulation of Sox6 gene
expression has however been found in mesenchymal stem
cells and bone marrow pericytes during chondrogenic dif-
ferentiation.””® To date, increase in Col4a2 gene expression
in response to hypoxia has not previously been demonstrated
in chondrocytes or during chondrogenic differentiation.

While our focus on the cartilage PCM have been on the
basement molecules—collagen type IV and laminin—other
proteins may be equally or more important in different
aspects of cartilage homeostasis and degeneration.
Additional molecules of interest identified in the PCM in
articular cartilage encounter, collagen types VI, XV, XVI,
XVIII (endostatin precursor), and XX VII**2¢2-3!1. COMP*?;
biglycans (decorin, perlecan, netrin, nidogens)>’****; and
asporin (transforming growth factor-p-binding molecule).*®

The present study investigates the spatial distribution,
but does not address the quantitative amounts of collagen
type IV and laminin during cartilage repair and in failed
repair tissue. Stereological analysis of human tissue biop-
sies as those in the present study is not possible without the
risk of selection bias or confounding.'” Additional studies
applying quantitative protein analysis during cartilage
repair by means of targeted proteomics may provide addi-
tional quantitative information of these proteins and their
roles in cartilage repair.

In this study, we have described the distribution of the
basement membrane molecules—collagen type IV and lam-
inin—in articular cartilage damage and during different
types of surgical cartilage repair. We have further identified
the collagen type IV isoform alala2(IV) as the sole type in

articular cartilage. This isoform contains arresten and
canstatin that are anti-angiogenic protein fragments, which
may be important regulators of cartilage homeostasis.
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