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Evidence for enhanced collagen type lll deposition focally in the
territorial matrix of osteoarthritic hip articular cartilage
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SUMMARY

Objective—To determine if type 111 collagen is concentrated in the chymotrypsin-extractable
collagen pool from osteoarthritic articular cartilage to assess its potential as a biomarker of
Osteoarthritis (OA) pathogenic mechanisms.

Methods—Full thickness articular cartilage from grossly normal surfaces was analyzed from
femoral heads, obtained at hip replacement surgery, from OA (7= 10) and fracture (7= 10)
patients. Collagen, extracted by a-chymotrypsin, was characterized by SDS-PAGE/Western blot
analysis, ELISA and immunohistochemistry using monoclonal antibodies specific to collagens
types Il and I1I.

Results—a-Chymotrypsin extracted more collagen from OA than control cartilage. The
extractable pool included collagen types Il and 111 from both OA and control hips. Importantly, OA
cartilage contained 6-fold more collagen type 111 than control cartilage, based on ELISA. The
estimated total tissue ratio of collagen I11/11 was in the 1-10% range for individual OA cartilage
samples, based on pepsin-solubilized collagen using SDS-PAGE densitometry. Collagen type 1ll
N-propeptide trimers were the main molecular fragments seen on Western blot analysis of OA and
control extracts. The chymotrypsin-extracted type Il collagen gave primarily full-length a1(I1)
chains and chain fragments of a1(1l) on Western blot analysis from both OA and control tissues.
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Immunohistochemistry showed that type Il collagen was more concentrated in the upper half of
OA cartilage and in the territorial matrix around individual chondrocytes and chondrocyte clusters.

Conclusions—The findings confirm that collagen type Il deposition occurs in adult articular
cartilage but significantly more pronounced in osteoarthritic joints, presenting a potential marker
of matrix repair or pathobiology.
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Introduction

Osteoarthritis (OA) is a multifactorial disease involving the whole joint in which loss of
cartilaginous matrix is a fundamental feature. Chondrocytes have great potential to replace
the proteoglycan components of the matrix. However, in the late stages of OA when collagen
damage is far advanced, any repair attempt appears to be ineffective leading eventually to
joint failure.

The collagen network of mature human articular cartilage develops from a heteropolymeric
microfibril network of type Il collagen polymerized on and covalently bound to a type XI
collagen template and to type IX collagen molecules, which coat initial fibril surfaces".
Once laid down during development, there is little evidence that articular chondrocytes can
recapitulate the overall collagen network architecture if the mature tissue is damaged by
injury or degeneration. Collagen turnover in mature articular cartilage is very slow. A
turnover time of 400 years for collagen of human femoral head cartilage was estimated from
the synthetic rate of hydroxyprolinez. However, some remodeling can oceur’. It is possible
that the chondrocytes can remodel micro-anatomical domains of collagenous matrix (e.g.,
replacing fibril-surface molecules, damaged fibrils or pericellular collagen) more rapidly
than bulk collagen of the inter-territorial matrixl.

Several studies have shown increased synthesis of collagen in surgically induced OA in

. . 46 .
animals and in human OA cartilage . Type Il collagen was the major new product on
radiolabeling /n vivo and, though the data ruled out type I collagen”, left open the possibility
of other collagen types being expressed including type 111 collagen. Since then, direct
evidence has been provided for the appearance of type I11 collagen in the matrix of adult
articular cartilage7.

Molecular analysis of the pool of extractable collagen showed the presence of collagen type
I11 covalently linked to collagen type Il in the matrix of human knee OA cartilage . The
findings indicated that pN-type 111 molecules were self-polymerized and covalently cross-
linked to the surface of type Il collagen fibrils in the extracellular matrix. This would be
consistent with the concept that retained N-propeptides on the surface of procollagen
prevents lateral growth of fibrils in the process of assemblygvlo. Transmission electron-
microscopy, using immunogold, showed type 111 collagen on the surface of banded type Il
collagen fibrils in human articular cartilagell. Low but increasing amounts of type IlI
collagen were also detected in normal adult and OA human articular cartilage, where it was
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concentrated around chondrocytes throughout the depth7 or in the surface and upper mid-
zones of OA cartilagelz. Based on mRNA analysis, the expression of collagen type Il was
associated with expression of collagen type Il but not collagen type I in OA cartilage
Together these various findings indicate a metabolic response of chondrocytes to deposit
collagen type 111 in regions of articular cartilage, presumably as a response to mechanical
injury or other matrix damage. The effect may be akin to the wound-healing role of collagen
type Il in skin and other collagen type I-based connective tissues.

A previous study has shown that a-chymotrypsin digestion extracts more collagen from
cartilage of OA than control jointsl3. a-Chymotrypsin is believed not to attack the native
triple-helical domain of types I and 11 collagen molecules below the denaturation
temperature of the triple-helix. Based on the immunochemical detection of type 11 collagen
breakdown products in such extracts, it was concluded that chymotrypsin extracts a
denatured pool of type 1l collagen, which may already be proteolytically cleaved™.
However, it is known that native collagen type 111, unlike collagen types I and Il, is
susceptible to cleavage by trypsin, and potentially chymotrypsin, in the domain of labile
triple-helix which contains the site where tissue collagenase cleaves™. Chymotrypsin is also
a candidate telopeptidase, so it could, in theory, depolymerize and solubilize native type Il
collagen molecules by crosslink breaking cleavages in telopeptide domains.

In a study of cartilage from osteoarthritic femoral heads, more than twice as much collagen
was extracted by chymotrypsin than from non-osteoarthritic femoral heads™®. The molecular
nature of this extractable collagen has not been characterized. Therefore, the present study
was designed to examine the possibility that collagen type 111 was prominent in it, to
determine the size of the molecular fragments and to explore the potential for insights in OA
pathogenesis and the potential for a novel biomarker of the OA process. The availability of
well-characterized sets of femoral heads from clinical OA and osteoporotic fracture patients
undergoing hip replacement surgery made this collaborative study possible.

Patient tissue source

Femoral heads (10 OA and 10 controls) were obtained at total hip replacement surgery from
either patients with OA or femoral neck fracture (i.e., controls). After surgery all femoral
heads were kept frozen at —80°C. The femoral neck fracture patients were mostly elderly
females and had typical osteoporotic neck fractures. Cases of known RA and secondary OA
were excluded from the study. The cartilage of OA samples, obtained from the OA patients
at total hip replacement surgery, had Kellgren and Lawrence grade 2 or more.

Cartilage samples from five OA (patient age-range 60—-80 yr, four female) and five control
femoral heads (patient age-range 78-87 yr, five female) were analyzed for total collagen
content and chymotrypsin-extractable collagen (Experiment 1) (Table I). Cartilage samples
from another five OA (patient age-range 50-80 yr, four female) and five control heads
(patient age-range 53-87 yr, two female) were used to study pepsin-extracted collagen
(Experiment 2) (Table 11). The sampled area of cartilage was roughly 10 mm? taking full-
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depth from visibly intact articular surfaces of both fracture control and OA heads
(osteophytes and joint margins were avoided).

The study was approved by the Ethical Review Board at Lund University and each patient's
informed consent was obtained.

Collagen extraction procedures

Experiment 1—Five OA and five control cartilage samples were finely diced and digested
with a-chymotrypsin (1 mg/50 mg wet weight cartilage) in 0.05 M Tris/HCI buffer, pH 7.6
containing protease inhibitors (LmMMEDTA,1mMiodoacetamide and 10 pg/ml Pepstatin-A)
at 32°C for 16 h to extract susceptible collagen, essentially as previously described13. The
supernatants were removed, clarified by centrifugation and aliquots of extracts and tissue
residues were acid hydrolyzed and assayed for hydroxyproline, as describedlSvlﬁ. Additional
aliquots of supernatants were freeze-dried and used for competition ELISA, SDS-PAGE and
Western blot analysis using antibodies specific to collagen types Il and I1I.

Experiment 2—Five full thickness OA and five control cartilage samples were powdered
under liquid N, then extracted in 4 M guanidine HCI, 0.05MTris/HCI, pH 7.5, at 4°C for 24
h to remove proteoglycans and other matrix proteins. The residues were stored at —20°C for
pepsin digestion. Collagen was solubilized by pepsin in 3% (v/v) acetic acid for 24 h at 4°C
and then run on SDS-6%PAGE to resolve collagen types Il and 111 for quantitation by
densitometry.

SDS-polyacrylamide electrophoresis was run according to Laemmli®’ with 6% and 12.5%
gels. Proteins bands were stained with Coomassie Brilliant Blue or transblotted to PVDF
membrane for Western blot analysis, using the anti-type Il and anti-type 111 collagen-specific
mouse monoclonal antibodies. mAb 1C10 binds to a sequence-specific epitope in the
denatured a1(1l) triple-helical domain (res 934—945)18 and mAb 4G9 binds to a
conformational epitope in the collagen type Il N-propeptide globular domains. Westerns
were developed after primary antibody incubation using alkaline phosphatase-conjugated
goat anti-mouse 1gG (Jackson ImmunoResearch, Avondale, PA) and 5-bromo-4chloro-3-
indolyl phosphate/nitro blue tetrazolium as substrate for alkaline phosphatase.

Competition ELISA

Type 111 collagen was quantified in a-chymotrypsin extracts by competition ELISA in 96-
well plates (Nunc MaxiSorp from Thermo Scientific). The coating antigen was a 1 pg/ml
solution of pepsinsolubilized and denatured human type I11 collagen. Wells were blocked
with 50 mM HEPES, 0.2% BSA, 0.2% Tween. Standards were serial dilutions of the same
collagen type Illl-enriched preparation in 50 mM HEPES, 0.2% BSA, 0.2% Tween. Equal
volumes of mAb 4G9~ were added and the plates rocked for 20 h at 4°C. Goat antimouse
secondary antibody conjugated to horseradish peroxidase was added for 2 h and then
developed using tetramethylbenzidine. Plates were read at 450 nm after acidification withl
M H,SO, (Titertek Multiskan-plus plate reader). Results were expressed as relative units
using the equivalent concentration of total collagen in the standard/coat solution.
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Gel electrophoresis and mass spectrometry

Stained protein bands resolved by SDS-PAGE gel electrophoresis under reducing conditions
were cut out and subjected to in-gel trypsin digestionlg. Electrospray mass spectrometry was
performed on the tryptic peptides using an LCQ Deca XP ion-trap mass spectrometer
equipped with in-line microbore LC (Thermo-Finnigan) using a C8 capillary column (0.3 x
150 mm; Grace Vydac 208MS5.315) eluted at 4 pl/min. The LC mobile phase consisted of
Buffer A (0.1% formic acid in MilliQ water) and Buffer B (0.1% formic acid in 3:1
acetonitrile:n-propanol, v/v). Sequest search software (ThermoFinnigan) was used for
peptide identification using the NCBI protein database.

Immunohistochemistry

For immunohistochemical localization of collagen type 111, 4 um thick cartilage sections
were pre-treated (deparaffinization, rehydration and epitope retrieval) using the
EnVisionFlex High pH-Kit (DAKO, Copenhagen, Denmark) and then stained in an
Autostainer Plus (DAKO; Glostrup, Copenhagen, Denmark) with the mAb 4G9 antibody
diluted 1:1000.

Statistical analysis

Results

Exact Wilcoxon—Mann-Whitney tests were used to compare outcomeszo. The Lehmann-
Hodges—Sen estimator was used for median difference between the two groups, presented
with confidence intervals. Age-adjusted analyses were made with linear regression. In the
case of obvious deviations from homoscedasticity, we used a weighted model where
increasing variances with increasing means were adjusted for in a generalized least-squares
model*"22, P.values less than o equal to 0.05 were considered significant.

Table I shows similar amounts of total hydroxyproline in the OA and non-OA cartilages.
Based on SDS-PAGE/Western blot analyses, fragments of collagen types Il and 111 were a
prominent finding in chymotrypsin extracts of OA cartilage (Fig.1). Control cartilage from
non-OA femoral heads of hip fracture cases gave lower yields of total extractable collagen
and strikingly less type 111 collagen on Western blot analysis (Table I). Figure 1 shows the
difference between five control and five OA patient samples on Western blotting. An a1(lll)
N-propeptide trimer band dominates in the mAb 4G9 Western patterns [Fig. 1(A)]. The
prominent sharp bands that run close to 150 kDa consist of N-propeptide trimers cross-
linked to intact a1(11) chainss.

Quantitation using the same mAb 4G9 in ELISA format gave a median of almost six fold
more type I11 collagen in extracts from 5 OA than in 5 control tissue samples (Table ). On
analysis of the same extracts by SDS-PAGE using an antibody against type 11 collagen,
intact a1(Il) chains dominated together with large chain fragments of a1(1l) that contain the
sequence-specific epitope [Fig. 1(C)].

The antibody mAb 1C10 recognizes a sequence-specific epitope (residues 934-945) in the
triple-helical domain of a1(l1), so all chain fragments containing this sequence are detected.
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The ratio of type 11 to type Il collagen in full thickness OA cartilage samples (second
experiment) was estimated by densitometry of bands after SDS-PAGE of the pepsin-
solubilized collagen pool. Cartilage was powdered using liquid N, to maximize yields.
Figure 2 shows the results of interrupted electrophoresis (DTT was added to sample wells
after 20 min) to resolve al1(lll) and al1(ll) chains. Based on the al(l1)/al(ll) chain ratio by
densitometry, type 111 collagen ranged from 1 to 8% of the collagen content of OA samples
and below the limit of quantitation (<1%) in fracture control samples (Table I1). In-gel
trypsin digestion followed by iontrap mass spectrometry confirmed the identity of the human
al(I11) chain (data not shown). Figure 2 also shows no detectable type | collagen as
evidenced by lack of a detectable a2 (I) chain in the pepsin-solubilized collagen pools. This
confirms a lack of any fibrocartilage repair tissue in the samples consistent with the normal
surface appearance of the full-thickness sites from which articular cartilage was sampled.

Immunohistochemistry using mAb 4G9 was applied to tissue sections from all femoral
heads used in the biochemical analyses and from additional OA and control heads. Figure
3(A) and (B) shows representative sections of cartilage from two OA heads and Fig. 3(C)
and (D) from two control heads. The results consistently showed that type 111 collagen was
most concentrated in the upper third of OA femoral head articular cartilage and
predominantly in the territorial matrix surrounding individual chondrocytes and chondrocyte
clusters [Fig. 3(A) and (B)]. The lower concentration in articular cartilage from control
heads seen by Western blot was mirrored consistently in the immunohistochemistry analysis.
Here type I11 collagen was more sparsely distributed but still focally around cells and in the
top half of the tissue [Fig. 3(C) and (D)]. This focal distribution strongly implies
biosynthesis and deposition by the chondrocytes themselves.

In order to examine possible impact of age on molecular contents, the OA and non-OA
cartilage results were age adjusted (Tables I and I1). Results did not suggest that age was a
significant factor affecting molecular contents.

Discussion

An inherent difficulty with biochemical studies of articular cartilage in human OA is in
obtaining well-defined tissue samples and appropriate control tissue. The strength of the
present findings lies in comparing cartilage with no signs of OA, obtained from fracture
patients, with cartilage obtained from visibly intact articular surfaces of OA patients. In a
previous study we have shown that the average Mankin grades of full-depth, intact looking
cartilage from control and osteoarthritic were two and four, on a scale of 13, respectivelyls.
In the present study it was, therefore, possible to compare normal appearing cartilage from
both OA and fracture control hips as others have studied biochemically for noncollagenous
matrix components23

The findings in the present study build on previous reports that type 111 collagen can make an
appearance with aging in articular cartilage of mature joints . We extend previous findings
by establishing a significant type 111 collagen increase in OA cartilage compared with
control samples. This was obvious initially on Western blot analysis of the small pool of
collagen extracted by achymotrypsin (Fig. 1). More collagen was extracted from OA than
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control cartilage (Table 1), as also previously reportedlg. Quantitation of the extracted
collagen 111 by mAb ELISA showed a median of almost six fold higher yield from OA than
control tissue samples (Table I). The antibody used for both the ELISA assay and the
Western blot analysis recognizes a conformation-specific epitope in the collagen type 111 N-
propeptide globular cysteine-rich domain (disulfide cleavage destroys the epitope — data not
shown)8. The molecular size of the main bands on the Western blot (Fig. 1) is consistent
with disulfide-bonded trimers of the a1(l1l) N-propeptide, presumably cleaved from intact
molecules N-terminal to their N-telopeptide cross-linking sites. In a previous report, we
showed that full length molecules of pN type 111 collagen were present covalently bonded by
lysyl oxidase-mediated cross-links to type Il collagen fibrils in the matrix of articular
cartilage from an osteoarthritic human knee8.

Using a type Il collagen-specific antibody, mAb 1C10, the achymotrypsin extracts were also
shown to contain type Il collagen whole a-chains and large chain fragments. This confirms
previous studies in which collagen type Il immunoreactive peptides were quantified in
chymotrypsin digests of articular cartilage and a concept that a denatured sub-pool of type Il
collagen was a feature of OA joint524'25. However, in those early studies the molecular size
of the immunoreactive collagen fragments was not examined. The dominance of intact
al(1l) chains on Western blot analysis (Fig. 1) suggests that telopeptide cleavage by a-
chymotrypsin had depolymerized and released a pool of largely intact molecules of type 11
collagen, which give intact a-chains on SDS-PAGE.

Nevertheless, the presence of smaller fragments [Fig. 1(C)] may reflect proteolytic nicks
already present in individual chains of some native molecules that predispose such a
molecular pool to chymotrypsin cleavage. The findings in Fig. 1(C) do indicate, however,
that most of the solubilized type 11 collagen is of large molecular size not small peptides. It
should also be noted that the antibody used in the earlier study24, which recognizes a
sequence-specific epitope in al(ll), was apparently only tested for lack of cross-reactivity
against bovine, not human, a1(lll) collagen. The latter differs in sequence at the
homologous and potentially cross-reacting epitopic site [GenBank:ACZ58371.1]. It is
notable that the immunohistochemical location of this epitope, reported for human OA and
control cartilage25, is remarkably similar to the observed distribution of type I1I collagen

(Fig. 3).

The biochemical findings are consistent with the localization of type I11 collagen on the
surfaces of type Il collagen fibrils in articular cartilage, as previously seen by immunogold
. 11 o .
electron microscopy . In addition, Aigner and colleagues showed that type 111 collagen was
expressed in OA articular cartilage independently of collagen type I, but in conjunction with
.12 . .

type Il collagen expression™. The expression of collagen type Il by articular chondrocytes
appears to be relatively early in the OA process, at least before overt destruction of all
articular surfaces in an OA joint has occurred. The earliest microscopic changes observed in
animal models are swelling of the collagen network, as evidenced by hydration studies and
transmission electron microscopy” . In our previous human hip cartilage study, cartilage
swelling was indicated by increased water content, taking place before apparent macro- and

. . . 13 . . .
microscopical cartilage changes . Collagen type Il biosynthesis is stimulated globally in
joint cartilage at this early stage just 2 weeks after inducing OA surgically as seen in ACL or
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meniscectomy models4l5. Such radiolabeling studies could rule out type I collagen, but not
type 111 collagen expression in conjunction with the stimulated expression and deposition of
type Il collagen.

We speculate, therefore, that type 111 collagen could act as a collagen network glue
expressed by articular chondrocytes. This appears to be part of an attempt to repair and
constrain the existing collagen network of the extracellular matrix from further damage. This
response may be triggered by molecular or mechanical signals, resulting from the joint
trauma. The concept is illustrated in Fig. 4. The role of type IlI collagen may therefore be
considered similar to that in wound-healing and the response to damage in tissues that are

. 27 g
based on type I collagen, for example skin and tendon™ <°.

In summary, the findings imply that collagen type 111 expression is part of an early response
repertoire of articular chondrocytes in intact articular surfaces of joints undergoing
progressive osteoarthritic molecular failure. Such expression also occurs in adult normal
joints, but it clearly becomes more pronounced in OA cartilage. Whether such expression
reflects inherently pathological activity, an active repair response or both, will be important
to establish in order to develop molecular treatments.
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Fig. 1.

Wgstern blot analysis of collagen type 111 degradation products in a-chymotrypsin extracts
of OA and control femoral head cartilage samples (A). Extracts of full thickness tissue
samples from individual hips were run on SDS-6%PAGE, blotted to PVVDF membrane and
Westerns developed using anti-type 111 collagen antibody (A) or stained with Coomassie
blue to visualize total protein (B). Serum albumin is the only prominent protein by staining
(confirmed by mass spectrometry) and is more prominent in the OA cartilage, presumably
because of increased penetration from synovial fluid. Collagen type 111 N-propeptide trimers
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are consistently enriched in a-chymotrypsin extracts of OA cartilage compared with
controls. Western blot analysis of collagen type Il degradation products in chymotrypsin
extracts of OA and control femoral head cartilage samples (C). A replicate SDS-6%PAGE
gel to that shown in Fig. 1(A) was blotted to PVDF for Western development using mAb
1C10, which recognizes a sequence-specific epitope in the a1(Il) chain. The main bands are
essentially an intact a1(Il) chain and large fragments of it.
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Electrophoretic resolution of pepsin-solubilized collagen types Il and 111 from OA and
control femoral head cartilage samples. SDS-6%PAGE was run using delayed DTT addition
to separate al(lll) and a1(ll) chain components. Protein was stained using Coomassie blue,
revealing only type Il and 111 collagen chains. Collagen type I is absent based on the lack of
a2(1) which would run below a1(1l).
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Osteoarthritic Cartilage

Fig. 3.
Immunohistochemical localization of collagen type 111 in full-thickness sections of femoral

head cartilage from OA and fracture control hip joints. The mAb 4G9 was used as primary
antibody to detect collagen 11 in full depth sections of frozen articular cartilage from OA
and control joints. Representative sections from two OA samples, A (84 yr, female), B (62
yr, male) and two controls, C (59 yr, male), D (79 yr, female) are shown. Collagen type Il is
more prominent in cartilage from OA than control femoral heads consistent with the
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extracted collagen findings. In both it is most concentrated in territorial matrix surrounding
cells in the upper half of the tissue.
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Fig. 4.
Illustrated molecular concept of polymeric pN type 111 collagen filaments deposited between

and covalently attached to the surface of type Il collagen fibrils (modified from referencea).
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