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Abstract

Emerging evidence supports the concept that biochemical markers are clinically useful non-
invasive diagnostic tools for the monitoring of changes in cartilage turnover in patients with
destructive joint diseases such as osteoarthritis (OA) and rheumatoid arthritis (RA).
Epidemiological studies demonstrated that measurements of different degradation products
of proteins in the extracellular matrix of hyaline cartilage in urine or serum samples are (1)
increased in OA or RA patients compared with healthy individuals, (2) correlate with disease
activity, and (3) are predictive for the rate of changes in radiographic measures of cartilage loss.
The present review provides an updated list of available biomarkers and summarize the research
data arguing for their clinical utility. In addition, it addresses the question whether or not the
monitoring of biomarkers during different treatment modalities could be a useful approach to
characterize the chondro-protective effects of approved and candidate drugs. Finally, it briefly
reviews the in vitro/ex vivo experimental settings — isolated chondrocyte cultures and articular
cartilage explants — that can assist in the verification of novel markers, but also studies
assessing direct effects of drug candidates on chondrocytes. Collectively, biomarkers may
acquire a function as established efficacy parameters in the clinical development of novel
chondro-protective agents.

Keywords: Extracellular matrix, biomarkers, arthritis, clinical trials, drugs, experimental
methods

(Recerved Fanuary 2006; accepted Fune 2006)

Rational for establishing biomarkers

Cartilage is characterized by being a tissue with low turnover and a subsequent long
half-life (Christgau & Cloos 2004). The major part of cartilage is composed of the
extracellular matrix (ECM), a composite network of proteins such as collagens type 11,
IX and XI interacting with negatively charged polysaccharides and proteoglycans,
synthesized and secreted by the cells of cartilage known as chondrocytes (Archer &
Francis-West 2003). An important role of the ECM is to protect the chondrocytes
from the potential damaging forces of mechanical load. During normal cartilage tissue
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turnover, ECM production balances breakdown, thereby ensuring the continuous
renewal of this critical tissue component. However under pathological conditions,
formation cannot keep up with the degradation processes driven by harming stimuli,
and a loss of the structural integrity of the cartilage emerges as a net result (Martin &
Buckwalter 2002).

Osteoarthritis (OA) and rheumatoid arthritis (RA) are severe chronic debilitating
diseases. Their clinical manifestation is best characterized by destruction of articular
cartilage and consequent loss of peripheral joint function (Garnero et al. 2000).
However, OA and RA are two different diseases with distinct mechanisms and
pathologies. Although the hallmark of both diseases is an erosion of the articular
cartilage, RA is an autoimmune disease with a chronic inflammation of the joints,
characterized by an influx of inflammatory cells like monocytes, macrophages and
fibroblasts into the synovial fluid recruited by CD4 + T-cells, with subsequent release
of pro-inflammatory agents like cytokines from these cells, which ultimately induce
cartilage degradation through activation of different proteases (Flugge et al. 1999,
Goldring & Goldring 1999). Different from RA, OA is suggested to be a disease both
involving the cartilage and bone tissue (Felson & Neogi 2004). It is devoid of an
inflammatory process, and characterized by a destruction of cartilage (often with a
focal appearance), bone abnormalities like sub-chondral bone thickening, deforma-
tion, and the formation of cysts and osteophytes (Aakesson 1999). The underlying
mechanisms involve accelerated catabolic processes, which are accompanied by an
increased release of peptide fragments from the ECM, which can potentially be
detected in the synovial fluid, serum or urine, and therefore serve as proxies for the
rate of cartilage turnover. Because of the differences in the pathology of OA and RA,
different biomarkers would be expected to possess different potentials depending on
the disease in question. Neo-epitope degradation markers, which are dependent on
the activity of proteases may have more relevance in RA due to increased
inflammation, whereas markers released upon activation of the sub-chondral bone
might be more prevalent in OA. Each marker needs to be validated for each intended
use, including the range of distinct diseases it should cover.

Until now, the clinical diagnosis of patients with OA as well as RA has been based
on self-reported symptoms of joints and the more objective imaging techniques such
as radiography of the joints (Scott & Houssien 1996). Importantly, by the time the
characteristic radiologic signs of joint destruction emerge, the disease reaches an
advanced stage, where the only curative intervention is arthroplasty. Thus, there is a
need for diagnostic tools that can point out individuals at high rate of cartilage
degradation, who are prone to acquiring progressive joint damage and related
complications.

Monitoring of cartilage loss is a sine qua non of clinical trials that intend to assess
the efficacy of candidate drugs for chondro-protection. Although radiography is
currently the golden standard of monitoring changes in cartilage, its use is not without
limitations. Since cartilage cannot be visualized by radiography, measurements of joint
space width are only a proxy for actual articular thickness (Ory 2003). Additional
difficulties arise from the fact that the annual changes in JSW are 0.1-0.2 mm, which
underscore the need of a long follow-up period and inclusion of a large number of
individuals in clinical trials to ensure sufficient statistical power. Consequently,
clinical development of chondro-protective agents is a very time consuming and costly
process, which in turn drives high prices for marketed drugs. More dynamic measures
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with direct implications to cartilage status thus remain an ongoing wish of clinical
investigators of the field.

To date, many biochemical markers have been proposed for the non-invasive
monitoring of cartilage degradation and formation, and several new candidates can be
expected to come. As the loss of cartilage is a direct indicator of the pathological
disease activity, quantification of degradation markers reflects the degree of cartilage
erosion (Christgau et al. 2001, Downs et al. 2001, Kojima et al. 2001). In contrast to
degradation markers, formation markers reflect the levels of synthesis of cartilage: an
attempt of the chondrocytes to compensate for the loss of matrix components during
pathology. Newly synthesized molecules are not immediately found in circulation, but
have to diffuse through the ECM, pass the synovium, and then the synovial
membrane, before entering the bloodstream through the lymphatic vessel. This
increases the likelihood of post-translational modifications, such as cleavage by
proteases, making them less “true” formation markers. Thus, the distinction between
anabolic and catabolic markers may be more complex in this specific avascular tissue.
Cartilage biomarkers have also been proposed to reflect the whole turnover of the
tissue, involving both formation and degradation (Garnero et al. 2000). In contrast,
markers of bone metabolism are more easily separated into formation and degradation
markers. The turnover process in the skeletal tissue is different from cartilage and
mediated by two different types of cells; the osteoblasts, synthesizing matrix
components, and the osteoclasts, degrading matrix molecules (Burger et al. 1986).
Accordingly, more bone markers of either formation or degradation have been
identified to date, as excellently reviewed elsewhere (Garnero & Delmas 1996,
Christenson 1997, Seibel 2005).

Systemic levels of cartilage biomarkers in serum and urine give an indication of the
total metabolic activity in cartilage, originating from all the joints in the entire body,
and hence is not limited to reflection of abnormalities involving a few joints, which is
often the case in arthritic diseases (Dequeker et al. 1993). Therefore, the fact that
biomarkers by their nature are systemic, the applicability of these markers for
assessment of localized joint diseases has been questioned. The work conducted by
Hayami et al. has provided information regarding this issue (Hayami et al. 2004).
They used the rat Anterior Cruciate Ligament Transection (ACLT) model of OA,
which specifically involves the erosion of just one joint site, and assessed the response
of released biomarkers. They observed a significant increase in the release of urinary
CTX-II, which is a degradation product of the C-terminal end of type II collagen,
compared with SHAM operated rats. This study demonstrates, that an elevation in
the level of a biomarker arising from the destruction of just a single joint can indeed be
detected in urine. Meulenbelt et al. investigated if cartilage degradation in OA patients
affected at multiple prevalent joint sites (knee, hip, hand, spinal facet joints and disc
degeneration), represented by a total ROA score, was correlating to CTX-II
(Meulenbelt et al. 2005). They observed an increase in the concentrations of
CTX-II with increasing ROA score. In other words, the more diseased joints in a
patient with OA, the higher excretion of the biomarker in urine. Furthermore,
biomarker levels may be suitable tools for the identification of sub-clinical arthritis,
before any clinical symptoms are evident, which is obviously not possible by
radiological means. This, however, needs to be investigated.

Some variabilities such as age, gender, ethnicity and body mass index (BMI) may
influence background levels of some biomarkers (Jordan et al. 2003, Mouritzen et al.
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2003). More parameters, adding to heterogeneity between different individuals are the
variation of synovial clearance of metabolites into the bloodstream, and structural
changes, which sometimes occur on molecules, when entering the bloodstream from
the joint compartments. In addition, attaining a steady-state concentration of
biomarkers in the circulation after metabolic processing in the liver and/or kidney
may also be different from one person to another (Poole & Dieppe 1994). As opposed
to bone turnover markers, which have marked circadian variation (Qvist et al. 2002,
Garnero & Delmas 2003), cartilage markers in general show little diurnal variability
(Christgau et al. 2001, Garnero & Delmas 2003, Andersson et al. 2006), which
suggests, that currently, it is not necessary to standardize collection times of blood and
urine samples. A list of biomarkers from cartilage, which will further be addressed in
this review is shown in Table I.

Biochemical markers of cartilage
PIIPC

When looking at the markers reflecting cartilage synthesis, the amount of PIICP is
two- to fourfold times elevated in synovial fluid, and 7.6-fold in cartilage tissue of OA
patients compared with healthy individuals (Lohmander et al. 1996, Nelson et al.
1998). However, when measuring the biomarker in serum, decreased levels were
detected in the same OA patients (Nelson et al. 1998). Similarly, the serum level of the
splice variant ITA form of PIINP was also decreased in OA patients (Rousseau et al.
2004). Explanation to these apparent controversies is currently unknown and requires
further investigations.

Oligosaccharides

Specific oligosaccharide epitopes such as chondroitin sulfate (CS) or keratan sulfate
(KS) of aggrecan were among the first group of markers used for assessing cartilage
erosion (Fawthrop et al. 1997). The aggrecan epitope 846 is a large-size molecule,
which is suggested to reflect aggrecan synthesis (Mansson et al. 1995, Garnero et al.
2000). The binding of GAG antibodies is dependent on the length, as well as
sulphation pattern of the molecules, suggesting an issue of heterogeneity among
different individuals (Mehmet et al. 1986). Aggrecan epitope 846 is highly expressed
in OA cartilage (Rizkalla et al. 1992), and is elevated in synovial fluid (Poole et al.
1994). Circulating levels of aggrecan 846 levels are the highest in OA patients with the
longest disease period as well as greatest cartilage loss (Poole et al. 1994). But
different from OA, there is not a clear tendency in RA, as serum 846 levels seem high
in the slowly progressing, but depressed in the rapidly progressing form of the disease
(DeGroot et al. 2002). However, it should be stressed that carbohydrate epitopes of
CS and KS are found in a number of other proteoglycans of the ECM, as well as in
other tissues even though the majority resides in cartilage (Funderburgh et al. 1987,
Moller et al. 1994, Garnero et al. 2000, Perrimon & Bernfield 2000, Lemons et al.
2001, DeGroot et al. 2002). Collectively, currently existing clinical data do not
demonstrate convincing differences between CS and KS levels in serum between
progressive and non-progressive RA or OA individuals, which may diminish the use of
these markers in clinical assessment and monitoring of arthritic diseases (DeGroot
et al. 2002).
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Table I. Biochemical markers of cartilage turnover.

Characterization and in vivo function

Mean CV per cent of
intra- and interassay

References

Biochemical
Biomarker identity process Tissue specificity
Aggrecan Depends on  Found in cartilage

the epitope

Type II collagen:  Formation Found in cartilage
PIINP and PIICP marker

Hyaluronan Marker of Expressed predominantly in
turnover cartilage as well as in cells of the
synovial lining such as macrophages
and fibroblasts

YKL-40 Marker of Increased levels in RA
turnover chondrocytes, synovial
fibroblasts, macrophages,
neutrophiles, leukocytes, the
liver, brain, kidney, placenta and in
different tumour cells

Cartilage Degradation  Predominantly found in

oligomeric protein marker cartilage, but also in tendon,

(COMP) ligament, meniscus, osteoclasts,
synoviocytes and dermal
fibroblasts

Aggrecan is the major proteoglycan in
cartilage. It mediates withdrawal of water
into cartilage by osmosis, which exerts a
swelling pressure on the collagen network,
making the tissue ideal for resisting
compressive load

Cross-linked collagen molecules are
responsible for the rigid form and tensile
properties of articular cartilage
Hyaluronan is a non-sulfated GAG made
up by the repeating disaccharide
D-glucuronic acid-N-acetyl-
D-glucosamine. It functions as an
anchoring component for proteoglycans
in cartilage

YKIL-40 is a mammalian proteoglycan
with a structure similar to bacterial and
fungal

chitinases

COMP is a

disulfide-linked,

pentameric proteoglycan belonging to
the thrombospondin family. COMP is
involved in collagen fibril formation
in the presence of Zn2+ for the
maintenance of the integrity of the
collagen network

5.7%

6.8%
3.6%

8.9%

8.7%

<5%

Kiani et al. (2002) IBEX
Pharmaceuticals

Eyre (1991), Sugiyama
et al. (2003), Rousseau
et al. (2004)
Kongtawelert & Ghosh
(1990)

De Ceuninck et al.
(2001)

Crnkic et al. (2003)
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Table I (Continued)

Biochemical

Biomarker identity process

Tissue specificity

Characterization and in vivo function

Mean CV per cent of
intra- and interassay

References

Type II collagen:
Col 2-1 and Col
2-1 NO2

Type II collagen:
Glucosyl-
galactosyl-
pyridinoline
(Glc-Gal-PYD)
Type II collagen:
C2C and C1,2C

Type II collagen:
C-terminal
telo-peptide
CTX-1I

Degradation
markers

Degradation
marker

Degradation
markers

Degradation
marker

Found in cartilage

Found mostly in the
synovium and in very small amounts
in cartilage

Found in cartilage

Found in cartilage

Col 2-1 is an epitope in the triple helical
region of type II collagen with the
sequence HRGYPGLDG. The tyrosine
in the sequence can furthermore
undergo nitration resulting in Col 2-1
NO2

PYD has an anchoring function linking
the triple alpha helices of collagen type II
molecules to each other

C2C and C1,2C are neo-epitopes
created by digestion of type II collagen by
collagenases

CTX-II is a six amino acid-long
neo-epitope with the sequence EKGPDP
released from the C-terminal part of type
II collagen by collegenases

8.8%
8.4%

9.5%

13.8%
11.3%

7.8%

Deberg et al. (2005)

Gineyts et al. (2004)

Verstappen et al. (2006)

Christgau et al. (2001,
2004), Garnero et al.
(2001, 2002)
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Hyaluronan

Hyaluronan is a high molecular weight non-sulfated glycosaminoglycan (GAG). Each
chain is composed of 8000—16 000 of the repeating disaccharide D-glucuronic acid-
N-acetyl-D-glucosamine, and its main function is to work as an anchoring component
of the ECM for retaining different proteoglycans namely aggrecan, versican, neurocan
and brevican in cartilage. These proteoglycans interact with hyaluronan by a common
loop structure referred to as proteoglycan tandem repeat (Knudson & Knudson
2001).

It is predominantly expressed in cartilage, but is also synthesized by the cells of the
synovial lining such as macrophages or fibroblasts (Garnero et al. 2000, Knudson &
Knudson 2001). Majeed et al. have detected increased levels of hyaluronan in patients
with RA compared with age matched healthy controls in a prospective study after 6
and 12 months of disease onset (Majeed et al. 2004). Pavelka et al. observed that
patients with knee OA with elevated serum levels of hyaluronan had a faster
radiological progression of the knee (Pavelka et al. 2004). Still, other clinical data
support the fact that the increase of this GAG in serum of patients with arthritis
predicts a more pronounced progression of the disease state (Elliott et al. 2005).
Although a number of clinical studies do provide consistency and evidence for the use
of hyaluronan as a marker of arthritis, one major drawback for its applicability in
clinical practice is its large diurnal variability in serum of RA patients (Manicourt et al.
1999).

YKL-40

Another marker that has undergone clinical investigation is YKI-40. It is also referred
to as human cartilage glycoprotein 39 with a structure similar to bacterial and fungal
chitinases, and is found in low concentrations in normal cartilage (Henrissat &
Bairoch 1993). On the other hand, YKIL-40 expression has been detected in high
quantities in the liver, brain, kidney, placenta, tumour cells, synovial fibroblasts,
macrophages, neutrophiles and leukocytes (Hakala et al. 1993, Johansen et al. 1995,
Kirkpatrick et al. 1997, Volck et al. 1998). Though YKI-40 is related in sequence, it
does not possess glycosidase activity for substrates of chitinases, as its active site is
different from normal chitinases, still making its biological function unknown
(Henrissat & Bairoch 1993, Garnero et al. 2000). Increased serum and synovial fluid
concentrations of YKL-40 are detected in patients with active RA and late-stage knee
OA (Johansen et al. 1993). Furthermore, Conrozier et al. have also detected increased
serum YKI.-40 levels in patients with hip OA (Conrozier et al. 2000). Elevated
concentrations have also been detected in other pathological conditions involving
processes of inflammation. Consequently, YKL-40 may be regarded as an inflamma-
tion marker (Christgau & Cloos 2004). Large-scale prospective studies are awaited for
evaluating the clinical potential of this marker as a reflection of cartilage turnover
(Garnero et al. 2000).

coMPpP

Cartilage oligomeric matrix protein (COMP) is disulfide linked pentameric proteo-
glycan, which is found mostly in articular cartilage, but detection has also been
demonstrated in meniscus, tendon, dermal, synovial fibroblasts and osteoclasts
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(Oldberg et al. 1992, Dodge et al. 1998, Muller et al. 1998, Di Cesare et al. 2000). It
is a member of the thrombospondin family, which has been shown to stimulate
collagen type II fibril formation in the presence of Zn?", as well as interaction with
other matrix components and cells (Rosenberg et al. 1998). A number of cross-
sectional studies have shown elevated COMP levels in synovial fluid and serum of
patients diagnosed with OA or RA (Sharif et al. 1995, Recklies et al. 1998, Di Cesare
et al. 1999, Wislowska & Jablonska 2005). Moreover, there is a positive correlation
between serum COMP levels and the disease activity of OA (Sharif et al. 2004,
Wislowska & Jablonska 2005) as well as the radiographic progression of the joint
disease and the Western Ontarion/McMasters Universities (WOMAC) score; an index
for pain, stiffness and physical function (Vilim et al. 2002, Wislowska & Jablonska
2005). Similar findings were obtained in clinical investigations involving RA patients;
COMP levels were correlated with the disease activity score (DAS) and damage of
cartilage assessed by X-ray (Skoumal et al. 2003). However, one RA study conducted
on joints of hands and feet did not show increased levels of COMP in patients with
Larsen score progression over 5 years, nor in individuals with non-progressive disease
compared with baseline levels (Fex et al. 1997), suggesting that multiple time-points
are needed, when evaluating COMP as a disease marker in arthritis in clinical trials. In
general, most clinical studies done on COMP demonstrate, that increased COMP
levels reflect cartilage degradation in OA as well as in RA patients.

Products of protein nitration

Nitration of proteins is a prominent feature of the pathophysiology in compromising
joint diseases like arthritis. This phenomenon is caused by the interaction of
particularly aromatic residues (Van der Vliet et al. 1995) with a peroxynitrite anion
(ONOO ). This anion is a potent oxidant, formed following the reaction between
nitric oxide (NO) and superoxide anion (O5). In fact, it has been demonstrated that
type II collagen is sensitive to nitration (Paik et al. 2001). Indeed, chondrocytes
themselves are capable of producing O and NO (Henrotin et al. 1993), and
nitrotyrosine has been observed in the cartilage of individuals with arthritis (Loeser et
al. 2002). Deberg et al. have developed immuno-assays against the sequence
1HRGYPGLDG!'® in the triple helical region of collagen type II (Col 2-1) as
well as against its nitrated derivative (Col 2-1 NO,) for the quantification of type II
collagen degradation (Deberg et al. 2005). In one study, they found a marked increase
in the serum levels of both Col 2-1 and Col 2-1 NO, in OA and RA patients compared
with healthy controls. In another 3 year follow up study consisting of 75 OA patients,
they monitored the urine levels of Col 2-1 and Col 2-1 NO, and mean joint space
width (JSW). They found a negative correlation between the levels of these biomarkers
after 1 year and the 3 year change of the JSW), indicating that an increase in the levels
of Col 2-1 and Col 2-1 NO, in the circulation were indicative of Joint Space
Narrowing (JSN) and radiological OA progression (Deberg et al. 2005). More
longitudinal clinical studies in the future will shed a light on the utility of these fairly
new biomarkers, reflecting the oxidative damage to the cartilage in diseased
conditions.
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Degradation products of collagen type 11

Glucosyl-galactosyl pyridinoline (Glc-Gal-PYD). In the ECM, type II collagen fibrils are
made up by anchoring of multiple triple alpha helices, and the cross-links between
adjacent collagen molecules is mediated by a molecule referred to as pyridinoline
(PYD) (Garnero et al. 2000). Urinary secretion of PYD cross-links are commonly
used for the monitoring of bone, synovium and cartilage degradation (Delmas &
Garnero 1996, Garnero et al. 2000). However, recently, a glycolysated analogue of the
molecule: Glucosyl-galactosyl pyridinoline (Glc-Gal-PYD) has been found in
abundance in the synovium, while it is absent from the skeletal tissue, and only
observed in very low amounts in cartilage (Gineyts et al. 2001). A number of clinical
studies in the literature have already indicated its relevance in clinical assessment. One
prospective study, involving patients with early RA, conducted by Garnero and co-
workers showed 70% increase of this marker compared with healthy controls.
Moreover, the marker also correlated with JSN over a period of 1 year, and patients
having elevated levels of Glc-Gal-PYD had a higher risk of progression of the disease
(Garnero et al. 2002). In another cohort of RA patients, the level of Glc-Gal-PYD was
increased 109% compared with controls, and the elevation was even more
pronounced in patients with destructive disease compared with non-destructive
(Gineyts et al. 2001). Furthermore, an association of the urinary levels of Glc-Gal-
PYD with prevalence of knee OA, WOMAC index, JSN and osteophyte score has
been described (Garnero et al. 2001, Jordan et al. 2005) and Gineyts et al. measured
increased concentrations of Glc-Gal-PYD in OA patients with knee swelling as
opposed to those, whose knees were not swollen (Gineyts et al. 2004). In summary, a
number of clinical studies in patients with RA or OA have already provided convincing
data for the monitoring of Glc-Gal-PYD in joint diseases, and more studies in the
future will undoubtedly determine its clinical utility.

C2C and C1,2C

C2C and C1,2C are neo-epitopes created by digestion of type II collagen by specific
collagenases (Downs et al. 2001, Kojima et al. 2001), and therefore, these epitopes
are believed to give a direct reflection of cartilage destruction. In a human clinical
study, the authors concluded that the serum ratio of C1,2C/C2C correlated with
cartilage erosion and radiographic progression of OA (Cerejo et al. 2002). However,
this ratio could only predict progression for a subset of individuals with knee OA but
without OA in the hand, whereas progression was not demonstrated for patients
with both knee and hand OA. Yet other studies conducted by Billinghurst et al. and
Dahlberg et al. demonstrate that the level of C1,2C is significantly elevated in
human OA cartilage compared with control cartilage (Billinghurst et al. 1997,
Dahlberg et al. 2000). The above-mentioned clinical studies are supported by
several pre-clinical observations also showing increases of these neo-epitopes under
diseased conditions (Kojima et al. 2001, Chu et al. 2002). Elevated C2C levels have
been detected in serum of transgenic mice, where activation of human MMP-13
gene was done postnatally with the development of early lesions of articular
cartilage, as well as in rats induced with inflammatory arthritis (Song et al. 1999, El-
Maadawy et al. 2003). Higher C1,2C concentrations were observed following
treatment of bovine articular and nasal cartilage samples with the pro-inflammatory
cytokine IL-1, which is known to stimulate cartilage catabolism in vitro (Fosang
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et al. 1996, Billinghurst et al. 2000). Collectively, though it seems like different pre-
clinical models support a role for these biomarkers, more cross-sectional clinical
studies are awaited to conclude their efficacy for monitoring cartilage catabolism in
human arthritis.

CTX-1I

The most thoroughly validated marker of collagen type II fragments is CTX-II.
Urinary level of CTX-II has been reported to be associated with disease activity in OA
and RA (Christgau et al. 2001, Garnero et al. 2004, Jung et al. 2004). CTX-II levels
also correlate with the amount of joint erosion in OA and RA patients (Christgau et al.
2001, Garnero et al. 2001, 2002, Christgau & Cloos 2004). In a large population-
based prospective study (including 1235 men and women at mean age
66 years, mean follow up 6.6 years), Reijman and co-workers investigated the
association of CTX-II levels with the prevalence and progression of hip and knee OA
monitored by radiography (Reijman et al. 2004). The investigators observed that
individuals with a CTX-II level in the highest quartile had a 6.0- and 8.4-fold
increased risk for radiographic progression of knee and hip OA, respectively. Of even
more importance, they demonstrated that a high baseline CTX-II level was
significantly associated with radiographic progression of disease in both knee and
hip (Reijman et al. 2004).

The relationship between baseline levels of CTX-II and long-term radiographic
progression was also investigated in a study, where 110 patients were treated for RA
(Garnero et al. 2002). This study was a 5-year follow up based on the Combina-
tietherapie Bij Reumatiode Artritis (COBRA) study (Boers et al. 1997, Landewe et al.
2002). Garnero and co-workers found a significant correlation between CTX-II levels
at baseline and long-term radiographic progression (Garnero et al. 2002). Later it was
reported that changes in the level of CTX-II after 3 months of therapy were predictive
of long-term radiographic progression, and they concluded that the predictive value of
CTX-II was independent of changes in other measures of disease activity (LLandewe
et al. 2004).

In summary, the potential of CTX-II as a predictor of joint destruction has been
verified in multiple clinical studies, as these have shown a correlation to radiological
progression, as well as to the WOMAC score (Garnero et al. 2001, Christgau et al.
2004, Jordan et al. 2005).

Matrix merallo proteinases (MMPs) and their inhibitors as markers of inflammation

In RA, considerable attention has been given a family of enzymes referred to as
Matrix Metallo Proteinases (MMPs). MMPs are known to degrade both aggrecan
and type II collagen, and may therefore participate in the destruction of ECM
components during pathological conditions (Cawston 1996, Fosang et al. 2003).
MMPs are secreted in an inactive pro-form, which are then activated extracellularly.
Most MMPs and their inhibitors, termed tissue inhibitor of metalloproteinases
(TIMPs), are expressed by both chondrocytes and cells of the synovium (Dean et al.
1989, Walakovits et al. 1991).

MMP-3 expression is increased in early RA, and correlates with JSN and bone
erosion, and is known to cleave proteoglycan and activate other MMPs (Garnero et al.
2002, Posthumus et al. 2003). Serum MMP-3, and to a lesser extent MMP-1 levels,
are decreased after initiating anti-TNF-alpha therapy furthermore indicating their
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relevance in inflammatory related pathologies (Brennan et al. 1997). Other studies
show increased SF and serum levels of MMP-1 and MMP-3 in patients with knee
or hip OA (Lohmander et al. 1993, Ishiguro et al. 1999). Similarly, TIMP-1 and
TIMP-2 are also elevated in SF of patients with knee OA, though not to a similar
extent as MMP-1 and MMP-3, still resulting in a markedly increased MMP: TIMP
ratio in patients compared with controls (Ishiguro et al. 1999). Konttinen and co-
investigators have identified the presence of MMP-13 and MMP-15 exclusively in SF
from RA patients, by assaying a large number of MMPs through reverse transcriptase
polymerase chain reaction technique (Konttinen et al. 1999). Interestingly, high levels
of MMP-1 and MMP-3 have also been detected in other inflammatory diseases,
where joint involvement is absent like systemic lupus erythematosus (Keyszer et al.
1999). In summary, many clinical studies provide evidence for the potential of MMPs
and TIMPs as markers of inflammation, but more trials are needed to pinpoint the
ones with the greatest clinical significance (Garnero et al. 2000, Wollheim 2000,
DeGroot et al. 2002).

Changes in biomarkers during pharmacological interventions

There is an ongoing search for medications that could facilitate the prevention and
treatment of destructive joint diseases. Table II provides an overview of clinical
studies that investigated changes in the level of biomarkers in patients receiving
pharmacological agents. In a 1-year prospective study of 135 patients with RA, the
response to treatment with Adalimumab, a disease modifying antirheumatic drug
(DMARD), composed of a fully humanized antibody to tumour necrosis factor-
alpha was investigated (Garnero et al. 2004). It was observed that the level of CTX-
II was reduced by 17% compared with baseline after 12 weeks of treatment, and this
suppression was maintained until study termination. Conversely, changes in CTX-II
could not be detected in subjects treated with placebo for 12 weeks, but levels
dropped significantly after switching from placebo to Adalimumab (Garnero et al.
2004). In another study with 212 OA patients, the chondroprotective effects of
Glucosamine sulphate, as assessed by scoring the WOMAC index and X-ray analysis
was compared with changes in CTX-II (Christgau et al. 2004). They observed a
16% drop in CTX-II levels after a period of 1 year with Glucosamine sulphate
treatment in patients with an initial high baseline concentration of CTX-II. In those
patients, the change in CTX-II levels over 1 year correlated with JSN detected after
3 years, and moreover baseline CTX-II levels were associated with a worsening of
the WOMAC score.

Crnkic and co-investigators monitored the release of COMP in RA patients treated
with Infliximab and Etanercept, and observed a decrease of approximately 11 and
10%, respectively, after 3 months of treatment, which remained low after 6 months
(Crnkic et al. 2003). The decrease in COMP levels were observed in patients
responding, as well as non-responding, according to the ACR20 criteria (Crnkic et al.
2003).

These observations raise the question as to the specificity of CTX-I and CTX-II.
Are they simply different markers reflecting common metabolic processes? It has been
demonstrated that CTX-I is ninefold elevated in Paget’s disease, while CTX-II
remained in the normal range (Garnero et al. 2001). In another study, patients with
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Table II. Changes in different biomarkers of cartilage in patients with OA or RA during treatment with anti-resorptive or disease-modifying agents.

Drug Participants Duration

Biochemical markers
(marker response)

References

Biphosphonates: Risedronate 284 with OA 2 years

Non-steroid anti inflammatory 135 with RA 201 with OA 7 months 4—6 weeks 6
drugs (NSAIDS): Adalimumab 32 with RA 17 with RA months 6 months
Ibuprofen Infliximab

Etanercept

Others: BAY 12-9566 35 with OA 212 with OA 3 weeks 3 years 3 months
Glucosamine sulphate Soy 135 with OA

protein

CTX-II | 31% (after 6 months)
CTX-II || 17% (after 12 weeks)
CTX-II stabilized (4—6 weeks)
COMP || 11% (after 3 months)
COMP || 10% (after 3 months)
846 { significantly CTX-II |
16% (after 1 year) YKL-40 |
significantly

Garnero et al. (2004)

Garnero et al. (2004) Gineyts

et al. (2004) Crnkic

et al. (2003) Crnkic et al. (2003)

Leff et al. (2003) Christgau
et al. (2004) Arjmandi et al. (2004)
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knee OA had decreased concentrations of CTX-I compared with controls, and
increased levels of CTX-II (Garnero et al. 2001).

Oestergaard and co-workers used the collagen induced arthritis (CIA) rat model for
RA to enlighten the link between sub-chondral bone and cartilage turnover. At study
termination (day 23), they observed elevated CTX-I levels in serum in CIA rats
compared with controls (165%), by which time, there was a CTX-II increase of 750%
and 3297% in serum and synovial fluid respectively (Oestergaard et al. 2006).
Collectively, this study demonstrates a marked diversity in the release pattern of
CTX-I and CTX-II, and provides two important pieces of information: (1) articular
cartilage degradation proceeds erosion of sub-chondral bone, and does not seem to
raise concerns for cross-reactivity of these two markers, and (2) sub-chondral bone
turnover also seems to be affected in this animal model of RA.

In summary, it seems reasonable to assume that specific biological markers of
cartilage indeed carry noteworthy potential as diagnostic tools in arthritic diseases, as
well as for the monitoring of chondro-protective effects.

Validation of biochemical markers of cartilage turnover

Clinically relevant endpoints are often impractical to apply in the early phases of
clinical development (proof-of-principle). In trials of new drugs for rheumatoid
arthritis, improvement is most often defined by an outcome measure of the American
College of Rheumatology (ACR), reflecting a reduction in number of tender and
swollen joints plus similar improvement in at least three of five other measures; pain,
global assessment by patient and physician, self-assessed physical disability, and level
of acute-phase reactant (Felson et al. 1995). Similar, in trials of osteoarthritis
endpoints are based on various subjective measures of pain and function (e.g.
WOMAUC), and the relationship to structural indexes, e.g. radiographic measurement
of joint space narrowing (JSN), are not well developed. Obviously, these clinically
relevant outcomes, if applied early in clinical drug development, would both delay the
development process and at the same time increase the costs to an unacceptable level.
Therefore, research is ongoing to identify alternative clinical measurements (surrogate
endpoints), which can be assessed with biomarkers associated with the pathophysiol-
ogy of the disease (Rolan 1997, Lesko & Atkinson 2001). It is important to recognize
that the surrogate endpoint has to both correlate with the clinical outcome and at the
same time reflect the pathophysiology of the disease. By doing so, medical
intervention on the surrogate end point will most likely predict the effect of the
drug on the clinical end point, and this is a much stronger condition than merely being
correlated (Lesko & Atkinson 2001).

In both RA and OA, a hallmark of the disease is the irreversible loss of articular
cartilage. The thickness of the cartilage can indirectly be quantified by measurement
of the distance between the skeletal surfaces, i.e. in the medial tibio-femoral
compartment, on radiographic images of the knee joint. However, this biomarker is
responding very slowly to medical intervention, and therefore it has been investigated
if the dynamics of biochemical markers could contribute to the assessment of disease
in arthritis.

Appropriate application of any biomarker, including biochemical markers, is
dependant on the quality of its validation, and numerous approaches have been
adopted for this purpose. Usually, however, the evaluation is initiated by determining
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the association of the marker to the clinically relevant end point. Elsewhere in this
review, the association of various biochemical cartilage markers with clinical
parameters such as ACR20, WOMAUC, etc. has been described, and in addition the
response on the marker to medical intervention has been provided. However, to
address further the position of the marker in the causal chain of pathological events
leading to the clinical end point, other investigations are needed. In arthritis, as stated
above, a key finding is the destruction of articular cartilage, and therefore much effort
has been allocated to the evaluation of biomarkers in models of involving structural
damage to articular cartilage.

Articular cartilage ex vivo explants model provides the opportunity to investigate
both formation and degradation of the extracellular matrix. In this system, the
chondrocytes are embedded in their natural matrix, where the nearby environment is
preserved, including macromolecules and cell-binding proteins, and it allows a more
sensible evaluation of signals transmitted from and to the chondrocytes through the
complex architecture of the cartilage (Karsdal et al. 2002). Furthermore, the explant
model allows preservation of the chondrocyte phenotype such as their spherical
appearance (Hascall et al. 1983). The pioneering work of porcine cartilage explant
cultures were performed by Fell & Barratt (1973). Today, the explant cartilage models
are extensively used as a degradation assay, in which changes in cartilage metabolism
in response to different agents can be followed (Roy-Beaudry et al. 2003). The explant
system allows to study the cytokines involved in cartilage degradation (Saklatvala
1986), as well as to investigate the potential chondro-protective effect of proteins or
compounds that inhibit cartilage breakdown. Proteoglycan is rapidly lost during
cartilage degradation, but is easily replaced by chondrocytes under normal conditions
(Hascall et al. 1983). Loss of proteoglycan always occurs before collagen type II
degradation can be observed (Billinghurst et al. 2000), the latter being an irreversible
step in cartilage degradation, as the lost collagen cannot be replaced (Shingleton
2003). These data verify that the markers are associated with important steps in
disease development.

Alternatively, biomarkers can be associated with metabolic activity of the
chondrocyte, by studying isolated chondrocytes (Takigawan et al. 1997, Hauselmann
& Hedbom 1999, Amirahmadi et al. 2004, Ishikawa et al. 2004), chondrosarcoma
cells (Schorle et al. 2005) or differentiated mesenchymal stem cells (LLunstrum et al.
1999), although these models lack the physiological relevance achieved by having the
chondrocytes integrated into the ECM as described above. Finally, pellet cultures can
be used in a similar approach (Manning & Bonner 1967, Johnstone et al. 1998, Yoo
et al. 1998, Barry et al. 2001).

Conclusion

Intensive research in the past decade has provided a strong support for the notion that
cartilage degradation can be estimated by measurements of different degradation
products of the ECM of articular cartilage. Links between serum or urinary levels of
several biomarkers, and the severity or progression of destructive joint diseases have
been established. Furthermore, changes in biomarkers to intervention was shown to
foresee therapeutic benefits as well. There are now several in wvirro and ex wvivo
experimental set-ups that can assist in the characterization of biomarkers, and provide
information, as to what extent, they reflect catabolic or anabolic processes of cartilage
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turnover. When the latter aspects are established, monitoring of the given biomarker
may help to clarify the mechanisms of action of novel drug candidates. The use of
biomarkers as efficacy parameters in clinical drug development will likely rise in the
upcoming years and contribute to the identification of chondroprotective agents for a
better clinical management of destructive joint diseases, such as OA and RA.

Finally, levels of CTX-II, Glc-Gal-PYD and COMP have been shown to correlate
with clinically relevant endpoints like WOMAGC, and in addition, these markers are
associated with indexes of structural damage in the joints, i.e. measurements of joint
space narrowing, supporting their utility in clinical development.
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