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I General introduction | 

General introduction 

Rheumatoid arthritis (RA) is a chronic multisystemic disease of 

unknown cause. This disease affects about 1% of the population 

worldwide. It is characterized by chronic inflammation of the joints, 

which offen leads to destruction of cartilage and juxtaarticular bone. 

Damage of articular cartilage is a major consequence of RA and 

represents an important determinant of disease progression. The 

primary cause of cartilage destruction is the elevated activity of 

proteolytic enzymes. Regulation of enzyme activity occurs through a 

complex network of co-operating cells, cytokines, growth factors and 

hormones. In the following introduction composition of cartilage, 

several aspects of cartilage degradation and components involved in 

regulation of this degradation are described. Special emphasis is then 

given to matrix metalloproteinases, the group of enzymes which are 

thought to be important effectors in cartilage degradation. 

Articular cartilage 

Articular cartilage covers the ends of bones and protects them from compressive forces 

It is composed of relatively few cells distributed throughout an abundant extracellular 

matrix Cartilage cells (chondrocytes) are highly differentiated and produce and maintain 

the extracellular matrix of cartilage (1) The extracellular matrix is responsible for the 

mechanical properties essential for normal joint function, such as strength and elasticity 

(2) The mechanical properties are directly related to the structure and composition of 

the matrix Its' main constituents are water, collagens and proteoglycans Collagens 

accounts for the major proportion of the dry weight of articular cartilage (50-80%, mainly 

type II and small amounts of V VI, IX, XI) (3,4) This collagen is organized as a 

framework in which proteoglycans are entrapped (figure 1a) Type II collagen is the 

predominating collagen of cartilage It consists of a triple helix formed by three identical 

α-chains Type II collagen forms fibrils which provide tensile stiffness and strength to the 

cartilage The proteoglycans are predominantly responsible for hydration and 

compressive properties of cartilage Proteoglycans(PGs) are proteins which have 

negatively charged side chains of chondroitin sulfate and keratin sulfate attached to the 

core protein (5-7) The main PG found in cartilage is aggrecan (figure 1b), which is found 

as huge aggregates (upto 200 MDa), consisting out of numerous PG monomers 

noncovalently bound to hyaluronan A small glycoprotein (link protein) stabilizes 

aggregate formation to hyaluronic acid 
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I Chapter 11 

Figure 1A: Schematic illustration of the main macromolecules in the extracellular matnx of cartilage Type II 

collagen forms a network in which the proteoglycans are immobilized 

Figure 1B Schematic representation of an aggrecan monomer It consists of a core protein that is 

noncovalently attached to hyaluronic acid The fírst two interglobular domains (G1 and G2) are separated by 

the interglobular domain (IGD) Between G2 and G3 large amounts of highly negative charged 

glycosammoglycan chains are bound, consisting of both keratin sulfate (KS) and chondroitin sulfate (CS) 
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An aggrecan monomer contains three globular protein domains G1 and G2 near the N-
terminal of the molecule and the G3 domain near the C-terminal The G1 domain binds 
to hyaluronan and an interglobular domain (IGD) separates G1 from the second globular 
domain A long stretch of peptide between G2 and G3 is densely populated with 
chondroitm sulfate and keratin sulfate Besides aggrecan, several small proteoglycans 
are also identified in cartilage, such as deconn and biglycan (5,8) Other glycoproteins 
make up a small proportion of the extracellular matrix, and these have specific functions 
often linking collagene and proteoglycans (9) 

Cartilage degradation in Rheumatoid Arthritis 
Cartilage degradation during RA is characterized by consecutive processes 
Degradation starts with proteoglycan depletion, which is caused on the one hand by 
increased PG degradation and on the other hand by decreased PG synthesis of the 
chondrocytes When degradation of cartilage progresses, collagen is degraded 
Collagen degradation is thought to be a key event in cartilage degradation, since the 
collagen network is difficult to repair, probably due to slow turnover of collagen in 
cartilage (10) Therefore, collagen damage is thought to be the primary event leading to 
irreversible cartilage damage Another aspect of cartilage damage is chondrocyte death, 
which is thought to be caused by an overload of destructive mediators, like oxidative 
metabolites or enzymes The endpoint of the degradation process is loss of cartilage, 
characterized by large erosions The primary agents responsible for degradation of 
matrix components are active proteinases These enzymes are potentially secreted by 
several kinds of cells present in the inflammation or in the cartilage itself Secretion of 
these enzymes is regulated by a complex network of cytokines and growth factors 
Involvement of different cells, cytokines and enzymes in cartilage degradation is further 
explained below 

Involvement of cells in cartilage degradation 
The inflamed joint is characterized by a chronic synovitis and a synovial exudate Figure 
3 illustrates the possible involvement of cells and catabolic cytokines in cartilage 
degradation Local synovial cells (both macrophage-hke and fibroblast-like) proliferate 
and many mononuclear cells infiltrate the synovium, including monocytes, T- and B-
cells, and plasma cells One feature of RA is the property of synovium to become 
hyperplastic and locally invasive at the synovial interface with cartilage and bone This 
destructive tongue of tissue is referred to as "pannus" Synovial fluid of RA patients also 
contains a lot of exudated cells, but these mainly consist out of neutrophils (11) 
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I Chapter 11 

Of all the cells present in the inflamed joint, neutrophils have the largest capacity 

to directly inflict damage to the joint They store a large amount of proteinases in their 

granules (12,13), and these enzymes have the capacity to degrade most constituents of 

the extracellular matrix Neutrophils degranulate upon proper activation, thereby 

secreting their contents into the outer milieu Activation can occur through a variety of 

hgands present within the inflamed joint, such as the proinflammatory cytokines TNFa 

and IL-1 Another set of stimulating factors are surface adherent immunoglobulins, which 

have been demonstrated in the superficial layer of rheumatoid arthritic cartilage (14) 

These immune complexes can provide an anchorage and a trigger for PMN activation 

(15,16) This would result in release of proteinases directly into the articular surface, 

thereby escaping the large amounts of proteinase inhibitors present in the synovial fluid 

(17) The importance of the PMNs in cartilage destruction in RA remains to be 

elucidated Although they have a lot of potential, cartilage degradation is possible 

without exudating cells (18), which rules against a major role of PMNs in cartilage 

degradation 

иияияшя 

latent active 

MMPs aggrecanaae 

Figure 3: Schematic illustration of involvement of different cell types and catabolic cytokines (mainly IL-1) in 

cartilage degradation 
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Another potentially destructive cell is the activated synovial fibroblast These cells are 
seen in high amounts in synovial pannus in human RA Synovial expiants show that 
fibroblasts are potent producers of proteinases (19,20) Engraftment of RA synovial 
fibroblast in immunodeficiency (SCID) mice showed that these fibroblasts are destructive 
to the cartilage (21) 

Macrophages are also present in large amounts in the inflamed synovial lining 
Upon activation they also produce elevated levels of proteinases (22-25) Direct 
cartilage degradation by macrophages has been found (26) However, the main role of 
macrophages in cartilage destruction is thought to be through release of large amounts 
of proinflammatory cytokines (27-29), which stimulate other cells to produce enzymes 

Besides enzyme release originating from the inflammatory cells outside the 
cartilage, enzymatic degradation of cartilage can also occur through release of enzymes 
inside the cartilage Chondrocytes release a whole range of enzymes upon activation by 
proinflammatory cytokines (30-32) These enzymes can escape from the large amounts 
of enzyme inhibitors present in the synovial fluid, and could therefore be of great 
importance in cartilage degradation 

Cytokines involved in cartilage degradation 
The integrity of the extracellular matrix is thought to be maintained by an equilibrium 
between the effects of catabolic cytokines and anabolic cytokines Alterations in 
concentrations of any of the components of the cytokine network may shift the 
equilibrium in favor of either overproduction of matrix proteins or towards degradation 

Among the large group of known cytokines and growth factors, two main catabolic 
cytokines have been identified for cartilage IL-1 and TNFa, both produced in large 
amounts by activated macrophages Besides an important role in onset and duration of 
inflammation of both cytokines, particularly IL-1 is also important in cartilage degradation 
(33,34) IL-1 is the pivotal cytokine involved in PG synthesis inhibition, since 
neutralization of IL-1 during experimental arthritis results in normalization of the PG 
synthesis (35,36) In vitro incubation of cartilage with IL-1 results in PG degradation (37) 
and in vivo injection of IL-1 into knee joints of rabbits or mice is followed by PG loss of 
the cartilage (38-40) IL-1 may act by stimulating fibroblasts and chondrocytes to 
produce proteinases (19,41-45) TNF is less effective in inducing PG loss in vitro and 
higher concentrations are needed to accomplish the same effect as IL-1 (31) 
Furthermore, in contrast to IL-1, TNF blockade during experimental arthritis does not 
result in amelioration of cartilage degradation (36,46) 
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Proteinases involved in cartilage degradation 

Active proteinases are thought to be responsible for degradation of collagen and PG in 

cartilage Proteinases are divided into four mam classes Cysteine and aspartate 

proteinases cleave protein at acid pH In contrast, serine and metalloprotemases act at 

neutral pH Each enzyme class has been implicated in cartilage degradation during 

rheumatoid arthritis and is able to cleave cartilage components Moreover, 

representatives of all four classes are found in higher concentrations at sites of cartilage 

destruction (47-52) 

The extracellular matrix of cartilage is buffered at a pH of 7 4 and this would 

argue against a role of acidic enzymes in cartilage degradation However, it s possible 

that the pericellular region of the chondrocytes has an acidic pH analogous to the ruffled 

border of the osteoclast (53) A second argument in favor of involvement of acidic 

enzymes is the claim that certain acidic proteinases retain some activity at neutral pH 

The involvement of neutral proteinases, serine and metalloprotemases, has been 

less controversial, since they are active at physiological pH In the last decade most 

attention has been given to the matrix metalloprotemases (MMPs) 

Matrix metalloprotemases 

The first vertebrate MMP, collagenase-1, was discovered in 1962 (54) and was the first 

of a still growing family of MMPs MMPs are characterized by a zinc ion, which is bound 

at the active center and the catalytic mechanism of these enzymes depends upon this 

ion Each enzyme is secreted in a proform (except for the membrane-bound MMPs), 

including a propeptide, which is cleaved off when the enzyme is activated The MMP-

family can be divided into four groups Stromelysms, collagenases, gelatinases and 

membrane type metalloprotemases This division is made upon the size and the proteins 

they digest (table 1) (55) The first class, the stromelysms have a broad substrate 

specificity Stromelysin-1 (MMP-3) is able to degrade aggrecan, link protein, fibronectm, 

laminin, gelatins, collagen cross-links, procollagen, but is also able to activate other 

MMPs, like MMP-1, -Θ, -9 and -13 (56,57) Normally, stromelysin-1 is not widely 

expressed, but it can easily be induced by growth factors and cytokines (19,58) The 

second group of MMPs, the collagenases consists of 3 members These enzymes are 

the only known enzymes which are able to cleave the triple helical part of collagen type 

I, II and III at a single site producing 3A and % fragments 

When collagen is first cleaved by one of the collagenases, the denatured 

collagen can be further degraded by gelatinases The gelatinases, the third group of 

metalloprotemases, consists of two members, a 72kD and 92kD form Gelatinases 
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are thought to be important in tumor invasion, since specific gelatmase inhibitors can 

inhibit tumor invasion and metastasis in a mouse model (59,60) The last class of MMPs, 

the membrane type MMPs, have been discovered only recently and 

Enzyme 

Collagenases 
Collagenase-1 
CoUagenase-2 
Collagenas e-3 
Collagenase-4 (Xenopus) 
Gelatinöses 
Gelatinase-A 
Gelatinase-B 
Stromelysins 
Stromelysin-1 

Stromelysin-2 

Stromelysin-3 

Matrilysin 

Membrane-bound MMPs 
MT-MMP-1 
MT-MMP-2 
MT-MMP-3 
MT-MMP-4 
Other enzymes 
Metall oelastase 
Unnamed 

M MP No. 

MMP-1 
MMP-8 
MMP-13 
MMP-18 

MMP-2 
MMP-9 

MMP-3 

MMP-10 

MMP-11 

MMP-7 

MMP-14 
MMP-15 
MMP-16 
MMP-17 

MMP-12 
MMP-19 

Substrate 

Collagen type 1. II, 111, VI, X, gelatins 
Collagen type 1, II, III 
Collagen type 1,11, 111, gelatin 
Collagen type 1 

Gelatin collagene I, IV, V, VII, X, 
Gelatin, Collagens IV, V 

Aggrccan, fibronectin, lamimn, elastin, 
gelatin, collagens III, Г , V, X etc 
Aggrecan,gelatin, collagens 111, IV. V , 
fibronectin 
fibronectin, lamimn, collagen Г 
aggrecan gelatin 
Gelatin, proteoglycan, fibronectin, pro-
collagenase 

pro-MMP-2, -13, collagens I, 11 III, 
9 

pro-MMP-2 
9 

Elastin 
? 

Table 1: The matrix metalloproteinase family Shown are the subgroup names and names of individual 

enzymes with their corresponding MMP-number and subsrates they cleave 

consists of 4 members (61 -63) Not much is known about the function of these enzymes, 

but one of them has been implicated in activation of gelatinases during tumor invasion 

(64) 

Besides their proposed role in cartilage and bone destruction in arthritis, MMPs 

are also implicated in pathological destruction of tissues in a variety of other diseases 

which include wound healing (65), periodontal disease (66), tumor growth and 

metastasis (67-69) and arteriosclerosis (70) 
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Regulation of MMPs 

The regulation of MMPs is complex and occurs at three different levels (illustrated in 

figure 4) synthesis and secretion, activation of latent enzyme, and inhibition Synthesis 

and secretion of these enzymes is regulated by cytokines and growth factors IL-1 and 

TNFa can stimulate synthesis and secretion of all MMPs (43-45) PDGF and EGF are 

also able to induce MMP secretion (71,72) On the other hand, TGFß is able to 

antagonise the effects of proinflammatory cytokines (73,74) Furthermore, other 

cytokines like IL-4, IL-10, INFy and IGF are also able to downregulate MMP synthesis 

(75-77) All these cytokines regulate MMP production at the mRNA level, leading to up-

or downregulation of the amount of mRNA present in the producing cells Analysis of the 

promotor sequences of several MMPs revealed a possible molecular basis for the 

inducibihty of MMPs by cytokines and growth factors (78,79) The promotors contain an 

AP-1 site, which regulates basal levels and inducibihty of MMPs (80,81) Transcription 

factors that recognize and transactivate through the AP-1 site are the proto-oncogenes 

c-fos and c-jun (82) Activation of these proto-oncogenes, through cytokine and growth 

factors, could therefore stimulate synthesis of MMPs through the AP-1 element Of 

course, the AP-1 element is not the only component involved in expression of MMPs, 

since there are several examples in which one of these MMPs is selectively stimulated 

without having an effect on the other (19,83-86) In general however, the AP-1 element 

seems to be important, while other elements may contribute to the fine tuning of the 

inducibihty of MMP genes (87,88) 

The second level of regulation is activation of latent MMP All MMPs are secreted 

in a proenzyme form and need further activation in order to be able to cleave its 

substrates Latent MMPs are activated by cleavage of the N-termmal propeptide 

Activation of proMMPs by proteinases proceeds generally in a stepwise matter (89-91 ) 

The initial activation step is induced by activator proteinases such as the serine 

proteinases plasmm, tissue plasminogen activator (tPA) and urokinase plasminogen 

activator (uPA), which have been implicated as the physiological activators of MMPs 

(92) The final activation step is usually catalyzed by a MMP For example, stromelysm 

is, once activated, in its turn able to activate collagenase-1, -2 and -3 (93-95) Although 

other proteases are able to activate collagenase, further cleavage of collagenase by 

stromelysm results in a marked increase (5-8 fold) in catalytic activity (93) This suggest 

a carefully controlled cascade activation mechanism in vivo which involves different 

members of the MMPs 
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C y t o k i n e * 

P r o M M P ^ _ ^ _ ^ - »cuve M M P 

^^^^ activating 
— enzym n 

growth car t i lage degrad al ion 
Taclnrs 

Figure 4: MMPs are regulated at 3 different levels Induction and secretion, activation of latent enzyme and 

inhibition of latent and active MMP 

The third level of regulation is by specific inhibitors MMPs have specific, natural 
occurring inhibitors, which are called the tissue inhibitors of metalloproteinases (TIMPs) 
(96) Upto now four members have been found TIMP-1 and -2 are the best described 
They both bind to a MMP in a 1 1 stoichiometry (97) The TIMPs control the connective 
tissue breakdown by binding to active MMPs , but also by preventing the activation of 
latent enzymes (98) Interestingly, the mouse TIMP promotor also contains an AP-1 site 
and induction of TIMP mRNA can be facilitated by many of the same agents that activate 
stromelysin or collagenase (99) 

Involvement of MMPs in cartilage degradation 
There is a large body of indirect evidence for the involvement of MMPs in cartilage 
degradation They are produced in high amounts by the inflamed synovial lining, 
whereas normal synovial lining produces little MMP activity (100,101) In situ 
hybridization and immunolocalisation studies showed that the cells that produce the 
enzymes are activated fibroblasts and mesenchymal cells (102-105) Also in animal 
models of arthritis large amounts of MMPs have been found in the lining (58,106-108) In 
synovial fluid of RA patients high levels of MMPs are detected, but the enzymes were all 
in their inactive proform (109,110) Direct evidence for involvement of MMPs in cartilage 
degradation remains limited One way to characterize enzyme activity is to look at 
specific protease-generated matrix-degradation products Ammo acid sequence analysis 
of proteoglycan breakdown products in human synovial fluid has defined two major sites 
of proteolytic cleavage in aggrecan, both found within the first interglobular domain of the 
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aggrecan core protein (figure 5) (111,112). These occur between amino acid residues 

Asn341-Phe342 and glu373-Ala374 (human sequence enumeration) Several MMPs 

(MMP-1,-2.-3,-7,-8,-9,-13) have been found to cleave aggrecan at the first site (113-

117) Cleavage at this site results in the neoepitope FVDIPEN which remains in the 

cartilage The second cleavage site is caused by the putative enzyme activity 

'aggrecanase', which results in the neoepitope NITEGE left in the cartilage Monoclonal 

antibodies against MMP and aggrecanase neoepitopes have been prepared and used in 

order to elucidate the role of both enzymes in cartilage degradation (118-122). Both 

neoepitopes have been found in cartilage of arthritis patients (123) and also during 

murine collagen induced arthritis (124,125). 

® 

<§> 

'® 

Figure 5: Two major cleavage sites found in the IGD of aggrecan. one is mediated by aggrecanase and the 

other is mediated by MMPs 

"Aggrecanase" 

In vitro studies, using IL-1 and retinole acid as catabolic agents, showed that degraded 

proteoglycan fragments resulted only from aggrecanase cleavage and not MMP 

cleavage (117,126-128). In vivo however, both neoepitopes are found in cartilage of RA 

and OA patients (123) The enzyme responsible for "aggrecanase" activity has not yet 

been elucidated, in spite of intensive research in that area over the past few years The 

only known MMP which is able to cleave at the aggrecanase site is neutrophil 

collagenase (MMP-8) (129) This enzyme, however, prefers the MMP cleavage site (130). 

Recently, it was shown that cleavage of MMP-8 at the aggrecanase site is clearly distinct 

t G l J ^ V D I P E N . FFGVG 

t 
H®> 

/ MMP 1,2,3,7,8,9,13 

Hyaluronic acid 
\ Aggrecanase 

І 
\GlJ —NITEGE A R G S V I ^ Ï K S 

l i e i 



I General introduction | 

Recently, it was shown that cleavage of MMP-8 at the aggrecanase site is clearly distinct 

from the naturally occurring cleavage site (130) Aggrecanase mediated release of 

aggrecan from cartilage can be blocked with synthetic MMP inhibitors (130,131), 

suggesting that aggrecanase might be an MMP or is dependent on an MMP However, 

TIMP-1, which can inhibit all known MMPs, is not able to block aggrecanase activity 

This argues against aggrecanase being an MMP A new group of enzymes, the ADAM 

(a desintegnn and metalloprotemase) family of proteins have been under a lot of 

attention lately, and about 20 members are already known (132-134) These ADAMS 

show structural homology to the snake venom hemorraghic metalloproteinases One of 

these hemorraghic metalloproteinases, atrolysin C, has recently been shown to cleave 

aggrecan at both the MMP site as well as the aggrecanase site (135), which indicates 

that one of the ADAMs might be aggrecanase 

Murine arthritis models 

Studying the mechanism of cartilage destruction during RA is difficult in humans 

Cartilage of early stages of RA cannot easily be obtained Cartilage is poorly capable to 

repair itself properly, making it ethically unacceptable to take biopsies Studies with 

human cartilage are usually done with material obtained at joint replacement surgery, 

which reflects end stage disease In addition, studies in humans are complex because of 

the enormous variation between individuals both environmentally as well as genetically 

To further understand the mechanisms involved in cartilage degradation, animal models 

are of decisive importance Mice have the advantage of well characterized inbred 

strains Moreover, histological examination of joints is easy and facilitates detailed 

analysis of the destructive process of cartilage and bone Several murine arthritis models 

have now been established with variable severity of induced cartilage damage I will 

briefly name three arthritis models that are used in this study 

Zymosan induced arthntis is an acute aspecific inflammatory response, which does not 

show a chronic phase It is induced by injection of yeast particles into the knee joint It 

results in relatively mild cartilage damage which can be repaired within a few weeks after 

induction 

Antigen induced arthntis is based on an immune response against a foreign antigen to 

which the animals are sensitized prior to induction of arthritis Inflammation is induced by 

local injection of the antigen into the knee joint The inflammation is characterized by an 

acute phase directly after induction, followed by a chronic phase It results in variable 

cartilage damage, which depends on the sensitization against the foreign antigen 

preceding the arthritis induction Full recovery of cartilage damage can be accomplished 

within a few weeks, when a mild form of AIA is elicited On the other hand, in case of a 
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severe AIA, persistent cartilage damage is achieved, with sites of chondrocyte death and 

erosions Flare-ups of arthritis can be induced during the chronic phase of the 

inflammation by antigen rechallenge or injection of IL-1 into the hyperreactive joint 

Collagen induced arthntis is an autoimmune response against the cartilage component 

type II collagen It is a systemic disease involving multiple joints This type of arthritis is 

very aggressive and results in complete cartilage destruction within a relatively short 

period of time 

Aim and structure of this study 

The aim of this study was to investigate the role of MMPs in different stages of cartilage 

degradation during murine experimental arthritis Involvement of MMPs can be studied at 

three different levels mRNA, protein, and degradation products 

First, a method was developed to study mRNA levels in different compartments of the 

murine knee joint (chapter 2) In this chapter isolation of well-defined compartments of 

the murine knee joint is described and RNA is isolated This RNA is used in a 

(semi)quantitative RT-PCR assay 

In chapter 3 involvement of MMPs in cartilage degradation was studied in both the initial 

and the flare phase of arthritis by studying mRNA levels of MMPs and MMP specific 

neoepitopes Furthermore, a possible role for MMPs in the enhanced vulnerability of 

cartilage to a second arthritic insult was investigated 

Besides MMPs also aggrecanase has been implicated in cartilage degradation In 

chapter 4 involvement of MMPs and aggrecanase in different phases of cartilage 

destruction was studied This was done by detection of specific neoepitopes in three 

different arthritis models which differ in induced cartilage damage ZIA, AIA and CIA 

Chapter 4 indicated late involvement of MMPs in cartilage degradation and correlation of 

VDIPEN epitopes with severe cartilage damage In chapter 5 expression of MMP 

induced aggrecan neoepitopes was compared to collagenase induced cleavage sites in 

collagen Furthermore, the role of stromelysm in induction of both neoepitopes was 

investigated by using stromelysm deficient mice Chapter 4 showed that MMP epitopes 

were induced during AIA and CIA, but not during ZIA A difference between ZIA on the 

one hand and AIA and CIA on the other hand is the presence of immune complexes on 

the cartilage surface in the latter In chapter 6 we investigated whether immune 

complexes are involved in induction of VDIPEN epitopes, by induction of a passive 

immune complex arthritis In addition, the role of stromelysin-1 in induction of immune 

complex mediated VDIPEN expression was investigated in this chapter 

IL-1 is thought to be important in cartilage degradation and is able to upregulate activity 

of MMPs Therefore the role of IL-1 in expression of the MMP-mduced neoepitopes was 
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investigated in chapter 7 IL-1 was blocked during antigen induced arthritis by systemic 

treatment with IL-1 Ra Subsequently, the effect of this treatment on cartilage degradation 

and induction of MMP specific neoepitopes was studied 
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Abstract 

We developed a method to isolate well defined joint specimens 
from different compartments of normal and arthritic murine knee 
joints in which mRNA levels of stromelysin and IL-1 were 
semiquantified using RT-PCR. Joint capsule specimens were 
isolated on medial and lateral sides of the patella with a biopsy 
punch. Cartilage layers were isolated from patellae after a mild 
decalcification with EDTA. EDTA treatment had no effect on the 
amount and efficiency of amplification of mRNA when tested on 
isolated chondrocytes. After induction of experimental arthritis, 
stromelysin mRNA was elevated approximately 50 times in both 
joint capsule and cartilage. IL-1 was elevated 100 times in joint 
capsule but only 10 times in cartilage. Kinetic analysis of mRNA 
levels in cartilage during arthritis showed a prolonged elevation of 
stromelysin mRNA compared to IL-1. The variation in mRNA levels 
between joints of individual mice proved to be low, showing that 
sampling of the specimens and subsequent RT-PCR can be 
performed reliably. The current method offers a valuable approach 
to study gene expression in knee joints during murine experimental 
arthritis. 

Introduction 

Animal models of arthritis and osteoarthritis are widely used to study the 
pathogenesis of these diseases Apart from studies in rabbits and rats, many models 
are now established in mice, which have the advantage of availability of well 
characterized inbred strains Moreover, histologic examination of joints is more easy 
and facilitates detailed analysis of the destructive process of cartilage and bone The 
mam disadvantage of the relatively small murine joints is scarcity of material 

Apart from (immuno)detection of mediators within joints, also mRNA analysis 
may improve our understanding of the underlying pathogenic process of arthritis 
Gene expression is often studied by Northern blot analysis, but due to scarcity of 
material,this technique cannot be used in mouse joints Therefore, we analyzed the 
potential applications of the more sensitive technique of PCR (Polymerase Chain 
Reaction) 

In this study we developed a new method to isolate well defined joint capsule 
and cartilage specimens from knee joints of mice Using these isolation procedures, 
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sufficient RNA can be extracted from joint capsule and cartilage to reliably quantify 

specific mRNA levels by PCR technology As an example, mRNA expression was 

analyzed in normal and inflamed joints after arthritis induction with zymosan RT-

PCR was done for IL-1, a pivotal cytokine in murine arthritis and stromelysin, an 

enzyme which is thought to be involved in cartilage degradation 

Materials and methods 

Animals and induction of arthritis 

The 10-12 week old C57BI/6 mice were kept in cages with a wood chip bedding in a 

room kept at a constant temperature They were given a standard laboratory diet 

(Hope Farms, Deventer, the Netherlands) and water ad libitum 

Mice were anaesthetized with ether and the right knee joints were injected once 

intra-articularly with 6μΙ of 30 mg/ml zymosan suspension in phosphate buffered 

saline (PBS) [1] The left knee joints, which were not injected, served as controls 

Two days after induction of arthritis, mice were killed and tissue samples were 

isolated 

Isolation of joint capsule and cartilage specimens from the murine knee joint 

Patellae including patellar ligament and joint capsule were isolated from knee joints 

in a standard manner which is described in detail in the results section Two pieces 

of joint capsule with a diameter of 3 mm (area 7mm2) were isolated using 3 mm 

biopsy punches (Stiefel Laboratorium GMbH, Offenbach am Mam, Germany) The 

isolated joint capsule specimens were immediately frozen in liquid nitrogen To 

isolate the cartilage layer from the patella, the remaining tissue, including the 

patella, was decalcified in 3 5% EDTA 0 1 PBS for 4 hours at 4 °C The tissue was 

briefly washed in 0 9% NaCI after which the cartilage layer was carefully removed 

from the underlying bone using forceps and a dissection microscope 

Histology 

Tissue samples were fixed in phosphate-buffered formalin (pH7 4) for 4 days, 

decalcified in 5% formic acid, and embedded in paraffin wax To study the joint 

capsules, 7μιτι cross-sections were made and stained with haematoxylin-eosin To 

study the cartilage layer, tissue samples were sectioned lengthwise and stained with 

Safranin O/fast green 
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Isolation of individual cell populations 

Macrophages 

Murine peritoneal macrophages were collected from the peritoneal cavity two days 

after intraperitoneal injection of 40цд of LPS The macrophages were allowed to 

attach to plastic surfaces for one hour, and cells were collected by scraping the 

surface Cytospins confirmed that the isolated cells were macrophages 

Polymorphonuclear cells (PMNs) 

Murine neutrophil granulocytes were isolated using a method developed by 

Middleton and Campbell [2] Gelatin sponges (Willospon, Zwanenberg, The 

Netherlands) were cut into 10x10x12mm pieces and soaked into PBS Mice were 

anaesthetized with chloralhydrate In every mouse, two sponge pieces were inserted 

subcutaneously After 6 hours the sponges were removed and cells were collected 

by squeezing the sponge pieces in RPMI Cells were washed once and resuspended 

for use Cytospins confirmed that the cell suspension contained only PMNs 

Fibroblasts 

Fibroblasts were isolated from knee joint capsules Joint capsules were isolated from 

the murine knee joint, minced and placed into a tissue culture flask containing 

RPMI+10% fetal calf serum (FCS) Fibroblasts were allowed lo grow from the expiant 

culture When fibroblasts had grown from the expiant, cells were trypsmized and 

seeded again in new tissue flasks The cells were grown to confluence and used for 

experiments 

Muscle cells 

The quadriceps femoris was dissected from the upper leg and the inner part of the 

muscle was isolated Muscle was isolated both near a normal knee joint and a knee 

joint two days after induction of arthritis 

Articular chondrocytes 

Chondrocytes were isolated from bovine metacarpophalangeal joints. Cartilage 

slices were digested for 2 hours at 37°C in 0 9% NaCI containing 2 mg/ml pronase E 

(Sigma) After incubation with pronase E, slices were incubated for 24 hours at 37°C 

in a humified 5% C 0 2 atmosphere in RPMI supplemented with 1 mg/ml collagenase 

В (from Clostridium histoloyticum, Boehnnger Mannheim, Germany) Subsequently, 

chondrocytes were washed three times with 0 9% NaCI and cells were seeded at a 

density of 5 105cells/ml RPMI containing 20% FCS and grown for 1 day in culture 

flasks Cells were trypsmized and used for experiments 
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RNA preparation 

Total RNA was isolated using TRIzol Reagent (Life technologies ine ), which is 

based on the method developed by Chomczynski and Sacchi [3] Joint capsule 

specimens were homogenized in a freeze mill and defrosted in TRIzol reagent 

Cartilage specimens were directly put in 1 ml TRIzol reagent Isolated RNA was 

treated with DNAse (Life Technologies) before it was reverse transcribed into cDNA 

Reverse transcription and semiquantitative PCR 

For every reverse transcription (RT) reaction, 0 5μg RNA was used In case of the 

small cartilage samples, exact quantification of RNA is impossible and therefore total 

amount of isolated RNA was used in the RT-reaction Twenty microhtre reverse 

transcription mixture contained RNA, 50mM tris pH8 3, 75mM KCl, 3mM MgCI2, 

10mM dithiothreitol, 0 5mM dNTPs, 20 unit of RNAsin(Promega), 0 5 дд oligo(DT)15 

and 200 units of moloney murine leukaemia virus reverse transcriptase (Life 

Technologies) This mixture was incubated at 39°C for 60 minutes, heated to 95°C 

for 10 minutes, and then quickly chilled on ice 

1/50 of the total cDNA was used in one PCR PCR was performed at a final 

concentration of 50mM KCl, 20mM Tris pH8 4, 1 5mM MgCI2, 200μΜ dNTPs, 0 4μΜ 

of each primer and 40u/ml Taq-polymerase (Life Technologies) The mixture was 

overlaid with mineral oil and then amplified in an Omnigene temperature cycler 

(Hybaid Limited, Middlesex) The amplification profile involved denaturation at 94°C 

for 1 minute, primer annealing at 60°C for 1 minute and extension at 72°C for 1 

minute 

The primers used were glyceraldehyde phosphate dehydrogenase(GAPDH) 5'-

AACTCCCTCMGATTGTCAGCA-3',3'-ATGTCGTTGTCCCACCACCT-5', which 

resulted in a 553 bp product, ß2Microglobuline 5'-TGACCGGCTTGTATGCTATC-3', 

3'-GATATAGGACCGAGTGTGTGAC-5', which resulted m a 222 bp product, 

stromelysm-1 5'-TAGAAAACTACTATGGCCTTGC-3', 3'GGAGATCATTATGTCAGC-

CTC-5', which resulted in a 373 bp product, and IL-1 5'-TTGACGGACCC-

CAAAAGATG-3', 3'-ACTCCTGTACTCGTGGAAGA-5', which resulted in a 204 bp 

product 

In case of bovine IL-1, the following primers were used 5'-

CCGACGAGTTTCTGTGTGACG-3' , ^-GGGATTTCTTTCGGTATGGGT-S' which 

resulted in a 477bp product 

Semiquantitative PCR was performed by removing ahquots(5 ml) of the PCR 

reaction after increasing numbers of cycles The PCR products were electrophonsed 

in 1 6% agarose gels containing ethidium bromide The cycle number at which the 
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product was first detected on the agarose gel was taken as a measure for the 
amount of specific mRNA present in the originally isolated RNA GAPDH was used 
to verify that equal amounts of RNA were put in the reaction 

Internal standard and competitive PCR 
Competitive PCR was used for quantification of mRNA levels The internal standard 
DNA that was used for quantification of IL-1 and the housekeeping gene ß2-
microglobulme was obtained from a cloned synthetic DNA construct, Pmus, which 
was generously provided by dr D Shire [4] The synthetic DNA construct gives rise 
to a PCR product that is about 100 bp larger than the PCR product from cDNA The 
internal standard DNA that was used for stromelysin was obtained by amplification of 
genomic DNA, which also resulted in a product that is about 100 bp larger than the 
PCR-product after amplification of cDNA Each PCR contained all amplification 
reagents and 1/50 of the total amount of cDNA Serial dilutions of the internal 
standard were added and reaction mixtures were amplified for 40 PCR cycles When 
the two obtained bands are equally intense, the initial amount of cDNA and 
competitive DNA are the same [5] For each sample the amount of ß2Microglobuline 
mRNA was quantified to correct for the amount of total RNA that was put in the RT-
reaction 
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Results 

Standard isolation of joint capsule specimens 

The patella with surrounding joint capsule was isolated as is depicted in figure 1a. 

The majority of the muscle was removed to facilitate isolation of joint capsule 

(incision nr 1). Next, the patellar ligament was cut close to the tibia (incision nr 2) 

and this incision was extended as far as possible both on medial and lateral sides of 

the joint. From there, the joint capsule was cut towards the patellar plate (incision nr 

3). This resulted in a well defined, triangular joint capsule specimen, which is 

pictured in figure 1b. With the use of a disposable biopsy punch two pieces of joint 

capsule with a 3 mm diameter were taken on defined sites close to the patella, one 

on the lateral and one on the medial side of the patella. 

Figure 1. a) Schematic drawing of the standard isolation of joint capsule and patella from a murine 

knee joint. The incisions that are made during isolation are numbered in order of performance. (For 

further explanation see results section) The isolated joint capsule is drawn schematically, from the 

interior side of the joint capsule. Two pieces of joint capsule adjacent to the patella are punched out. 

b)Picture of a joint capsule and patella. Two joint capsule specimens are punched out on both sides of 

the patella. P=patella, PP-patellar plate, L=ligament, CS=capsule specimen, M=muscle, F=femur, 

T=tibia 
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Figure 2a and 2d show the site of biopsy specimens on frontal sections of total knee 
joints Histological cross-sections of joint capsules show that various cell types are 
present in the punched specimens (figure 2b,c and 2e,f) Lining and sublming cells 
can be identified, which mainly consist of fibroblasts and macrophages Furthermore, 
muscle cells are seen under the sublming layer In case of inflammation, the joint 
capsule is thickened by proliferation of resident cells and influx of inflammatory cells 
The inflammation is not restricted to lining and sublming, but extends throughout the 
muscle 

mRNA quantification in joint capsule specimens 
Total RNA was extracted from joint capsule specimens of five normal and five 
arthritic knees Specimens isolated from normal joints yielded 1-2 mg RNA per 
specimen and up to three times more RNA was isolated from arthritic specimens 
Subsequently, mRNA levels of IL-1 and stromelysin were analyzed in a pool of five 
normal and five arthritic joint capsule specimens 

First a semiquantitative mRNA analysis was performed Figure 3a shows that 
the amount of stromelysin and IL-1 mRNA was much higher in arthritic joint capsules 
if compared to normal capsules Stromelysin and IL-1 mRNA signals were detected 
subsequently 6 and 9 PCR cycles earlier in arthritic capsules if compared to normal 
capsules 

Next a quantitative analysis was performed by competitive PCR In this 
approach, ß2-microglobulm served as a control gene and was used to correct for the 
amount of RNA that was put in the RT-reaction Figure 3b shows that the stromelysin 
mRNA level is upregulated approximately 50 times in arthritic joint capsules In case 
of IL-1 the mRNA level is approximately 100 times higher in arthritic capsules 
compared to normal joint capsules 

To get an impression of the variation between samples, measurements were 
also done in five individual specimens of normal and arthritic joints Semiquantitive 
analysis showed that the variation was low under both normal and arthritic 
conditions, stromelysin expression for example, showed at the most a variation of 
one PCR cycle This indicates that the variation between mice is low in this respect, 
and furthermore proves that the sampling of specimens is reliable and does not 
cause unacceptable scatter 
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Figure 2. Frontal sections of whole knee joints from a normal joint(a) and an arthritic joint (d). The site 

of biopsy specimen are depicted by arrowheads. Cross-section of the patella with adjacent tissue from 

a normal murine knee joint(b,c) or arthritic knee joint(e.f). P=patella, C=joint capsule, f=fibroblasts, 

pmn=polymorphonuclear cells, m=macrophages, mu=muscle, Fe=femur. 
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Figure 3. Semiquantitative and quantitative 

analysis of stromelysm and IL-1 mRNA in joint 

capsule specimens from normal joints and 

arthritic joints (zymosan day 2) 

ajSemiquantitative mRNA analysis PCR 

products are shown after several numbers of 

cycles from reactions with pnmers specific for 

GAPDH, stromelysm and IL-1 

b)quantitative mRNA analysis Competitive 

PCR specific for ß2-Microglobulm, stromelysm 

and IL-1 

The elevation of mRNA levels of IL-1 and stromelysm found in arthritic joint capsule 
may be a result of infiltrated inflammatory cells like neutrophils and macrophages or 
a result of local activation of resident cells, like lining cells, fibroblasts, and muscle 
cells The observed elevation of mRNA expression in inflamed tissue may be due to 
dominant cell populations at various stages of arthritis To sense to what extend this 
is true, mRNA expression was analyzed in purified cell populations 

Macrophages and PMNs were isolated from inflammatory exudates, in order 
to mimic as closely as possible activated cells that are present during an arthritis 
Figure 4 shows that the GAPDH mRNA level is approximately the same for all cell 
populations tested 

Stromelysm is expressed in all cells, but is extremely elevated in muscle 
which was isolated adjacent to an inflamed area In case of IL-1, a completely 
different expression pattern can be seen Macrophages and especially PMNs 
expressed IL-1 to a much higher extent than fibroblasts and muscle cells 
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Figure 4 GAPDH, stromelysm and IL-1 mRNA levels of different cell populations which can be found 

in inflamed synovial tissue PCR products are shown after several number of cycles for reactions with 

primers specific for GAPDH, stromelysm and IL-1 

Isolation of defined murine cartilage specimens 

In order to isolate the cartilage layer in a standard manner, decalcification of the 

patella is necessary After isolation of joint capsule specimens, the patella plus 

remaining soft joint tissue was incubated with EDTA Following this treatment the 

patellar cartilage layer could be removed completely from the subchondral bone 

(figure 5) This appeared possible for cartilage layers derived from normal joints as 

well as for those isolated from arthritic joints 

Effect of decalcification on RNA 

To investigate wether EDTA treatment might have had an impact on the stability of 

mRNA, the effect of EDTA exposure was tested on isolated chondrocytes Table 1 

shows that four hours EDTA exposure at 4°C did not have an effect at either the 

amount of isolated RNA nor at the efficiency of amplification by PCR for GAPDH, 

stromelysm and IL-1 A similar experiment was done with murine capsule specimen 

and again no effect of EDTA was found When older mice are used, a higher dose of 

EDTA (10%) is needed to remove the cartilage layer in 4 hours Again no effect on 

the amount of isolated RNA or the efficiency of amplification by PCR was found (data 

not shown) 
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Figure 5. Longitudinal cross-sections of patellae from normal joints before (5a) and after (5b) removal 

of the cartilage layer. C=cartilage, B=bone 

Treatment Amount of RNA GAPDH stromelysin IL-1 

extracted fag) mRNA signal mRNA signal mRNA signal 

no treatment 

PBS 

3.5% EDTA 

11.7±0.7 

10.5 ±0.5 

11.3 ±0.3 

Figure 6. The amount and amplification efficiency of RNA isolated from EDTA-treated chondrocytes. 

PCR products are shown from reactions specific for GAPDH, stromelysin and IL-1. In case of 

GAPDH, the PCR products are shown after 15, 20, 25 and 30 cycles. In case of stromelysin and IL-1 

the products are shown after 20, 25, 30 and 35 PCR cycles. 
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mRNA quantification in cartilage 
mRNA levels of stromelysin and IL-1 were studied in normal and arthritic cartilage. 
Figure 6 shows that IL-1 and stromelysin mRNA signal in arthritic cartilage were 
detected respectively 4 and 7 PCR cycles earlier as compared to that in normal 
cartilage. Competitive PCR showed that elevation of mRNA expression of IL-1 in 
arthritic cartilage was approximately 10 times, whereas the elevation of stromelysin 
mRNA was at least 50 times. The current method provides sufficient RNA from one 
cartilage layer to allow for semiquantitative analysis of mRNA levels of unto 10 
different genes (data not shown). If competitive PCR is used to quantify mRNA 
levels, the expression level of maximal two genes can reliably be studied, because 
more material is necessary to perform this analysis. The variability in mRNA levels 
between cartilage layers proved to be low. When five individual cartilage layers were 
analyzed for stromelysin mRNA levels, the cycle number at which the PCR product 
was first detected varied at the most by one PCR cycle. 

control zymosan d2 

A 
cyclus number 25 28 31 34 25 2S 31 34 

GAPDH 

cyclus number 31 34 37 40 31 34 37 40 
stromelysin ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ _ 

Figure 7. Semiquantitative and quantitative 

mRNA analysis in cartilage isolated from 

normal knee joints and arthritic joints, 

ajsemiquantitative mRNA analysis. PCR 

products are shown after increasing numbers of 

cycles from reactions with primers specific for 

GAPDH, stromelysin and IL-1. bjquantitative 

mRNA analysis. Competitive PCR specific for 

ß2-Microglobuline, stromelysin and IL-1 e 

mRNA analysis in cartilage isolated at different 

time points after induction of arthritis. 

To illustrate that variations in upregulation between different genes can be detected 

with the present method, a time course of arthritis was performed. Figure 7 shows 

that the stromelysin mRNA level is highly elevated during the whole time period 
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day 1 
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day 7 
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Cycle 
difference 8 

• stromelysin 

2 4 6 

days after arthritis induction 

Figure 8. Semiquantitatie mRNA analysis in cartilage isolated at different time points after induction of 

arthritis a) PCR products are shown after several number of cycles for GAPDH, stromelysin and IL-1. 

b) The cycle number at which the product is first seen on the ethidium coloured gel is taken as a 

measure for the amount of mRNA present in the original isolated RNA. Amount of cycles gene of 

interest - amount of cycles GAPDH = cycle difference. The control cartilage is taken as a reference 

point. 
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Discussion 

In order to study the potential involvement of mediators in the pathological 

processes of rheumatoid arthritis and osteoarthritis, it is of importance to be able to 

measure mRNA levels in various compartments of the joint mRNA levels have 

frequently been studied in human synovial tissue and cartilage taken by biopsy or 

during operations at end stage disease [6-9] In contrast, in murine models of 

inflammatory arthritis and osteoarthritis, detailed analysis is absent and whole joints 

have been used for mRNA analysis [10,11] The present study provides a standard 

approach to quantify mRNA levels with RT-PCR in well-defined specimen from both 

cartilage as well as capsule tissue from the murine knee joint The potential 

application of this method is further substantiated by low variation and defined 

kinetic patterns of IL-1 and stromelysm mRNA expression at various stages of 

arthritis 

The patella was used to isolate articular cartilage In earlier studies, patellae 

of mice have been used successfully for a number of assays to measure metabolic 

processes in the articular cartilage [12,13] In order to isolate cartilage in a standard 

manner, the cartilage was fully stripped from the underlying bone of patellae after a 

mild EDTA-treatment This decalcification procedure proved not to be of harm to 

mRNA levels of mediators such as IL-1 and stromelysm The effect of EDTA on 

mRNA in bone has been studied with in situ hybridisation, and was found to have no 

effect on the level of detection of collagen mRNA [14] However, it can not be 

excluded that small changes might occur in mRNAs that are less stable It is 

therefore advised to screen for potential EDTA effects, when application of our 

method is extended to any other mRNA Apart from using the patella as a source of 

cartilage, it is also possible to apply the same technique to femoral or tibial plateau 

cartilage (own observations) Instead of the patella, which on itself is an anatomic 

entity, these structures will provide variable fragments of cartilage Additional 

standardization can be achieved with a defined punch, as has been shown for 

analysis of chondrocyte metabolic activity [15] 

The amount of RNA isolated from one patella will easily allow the 

semiquantification of mRNA levels of 10 different genes When competitive PCR is 

used, at least 5 times more material is needed Therefore, competitive PCR seems 

to be of limited application when mRNA-analysis of a broad range of mediators in 

cartilage is envisioned When joint capsule specimens are used however, these 
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limitations are not applicable because the amount of RNA isolated from one capsule 

specimen is at least 50 times higher In case of IL-1 and stromelysm expression 

during arthritis the elevations of mRNA levels are very large and precise 

quantification by competitive PCR seems of limited additional value Recent mRNA 

analysis in our lab of several growth factors and matrix components revealed only 

small differences in mRNA levels, giving need for more precise measurements 

(manuscript in preparation) 

The isolation of joint capsule specimens proved reliable when biopsy punches 

were applied, providing standardized options of both lateral and medial sites 

Histological analysis showed that the muscle layer present under the synovial lining 

was thinner in the medial compartment compared to the lateral compartment This 

suggests that the medial specimen gives a better impression of synovial processes 

However, it was also observed that cell influx was not always fully symmetric in both 

sites of the joint capsule A combination of material from both medial and lateral sites 

is probably the best approach when an impression of pathological events in 

synovium of the whole knee joint is wanted 

During arthritis, cellular influx can be found in synovial membrane and other 

structures of the joint The cartilage however, remains free of infiltrating cells A shift 

in mRNA levels measured in cartilage can therefore be interpreted as an activation 

of chondrocytes A similar shift in mRNA level in joint capsule can be due to local 

activation of resident cells or to infiltrating inflammatory cells The amount and 

composition of cell populations present in joint capsules may vary considerably with 

the stage of arthritis Our data further indicate that the relative contribution of various 

cell types is highly dependent on the mediator under study It was apparent that IL-1 

message is high in activated granulocytes and macrophages and a marked 

contribution by cell influx in the increase in IL-1 mRNA at the onset of arthritis seems 

likely In contrast, stromelysm expression seemed to be high in muscle cells if 

compared to other cells This expression was even more pronounced in activated 

muscle cells This suggests that a spreading of the inflammation to adjacent muscle 

cells gives rise to an elevated stromelysm mRNA level in this compartment Whether 

this phenomenon is important to the overall destruction process in the joint is not 

clear and remains to be studied If more precise information is needed on the 

relative contribution of each cell type to the elevated mRNA levels in joint capsules, 

the present technique has to be combined with in situ hybridisation on joint sections 

In this study large elevations of IL-1 and stromelysm mRNA levels in both 

cartilage and joint capsule were detected during experimental arthritis In human 

arthritic joint tissues, high levels of both mediators are found [6-8] Also in 
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experimental arthritis models elevated levels can be found in synovium and cartilage 

[16-20] The kinetics of stromelysin and IL-1 mRNAs has never been studied during 

the whole course of experimental arthritis This study shows defined kinetic patterns 

of IL-1 and stromelysin mRNA levels in cartilage during zymosan induced arthritis, 

with a prolonged elevation of stromelysin compared to IL-1 mRNA 

With the current method, mRNA levels can be (semi)quantified in standard 

isolated joint capsule specimens and articular cartilage of the murine knee joint This 

is a valuable technique in order to study the pathological mechanisms underlying 

cartilage destruction in experimental arthritis and osteoarthritis models in mice 
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Abstract 

Objective: Murine antigen induced arthritis (AIA) is a chronic, 

smouldering inflammation. Flares of arthritis can be induced by 

antigen rechallenge or exposure to inflammatory mediators like IL-1. 

These flares are characterised by a fast and marked proteoglycan 

depletion if compared to the initial arthritis. In this study we 

investigated the involvement of metalloproteinases in both the initial 

and the flare phase of arthritis. 

Methods: Messenger RNA levels ofMMP-1 and -3 were studied by RT-

PCR. MMP activity in cartilage was studied by immunodetection of 

MMP specific neoepitopes in aggrecan (VDIPEN). Cartilage just prior 

to flare induction was analysed for presence of MMPs at the mRNA 

level as well as at the protein level by zymography. 

Results: At the onset of AIA, a fast upregulation of mRNA levels for 

stromelysin and collagenase was noted. However, no VDIPEN 

epitopes were detected during this early phase of arthritis. They 

appeared when PG depletion was severe at day 7 of arthritis and 

disappeared when cartilage was repaired. IL-1 injection into a knee 

joint at week 4 of AIA caused a flare-up of arthritis, coinciding with a 

fast and marked PG degradation. This degradation was characterized 

by accelerated expression of VDIPEN epitopes if compared to the 

expression in primary AIA. Analysis of cartilage at week 4 of AIA 

showed still elevated mRNA levels of MMP-1 and MMP-3. Moreover, 

elevated levels of latent MMPs were present as well, since АРМА 

activation induced profound VDIPEN epitope. In vitro exposure to IL-1 

did show enhanced PG breakdown but no VDIPEN expression, 

suggesting that factors in addition to IL-1 are needed to cause the in 

vivo VDIPEN expression. 

Concusions: Cartilage which has just recovered from an arthritic 

insult is highly vulnerable for a second insult. The accelerated 

expression of VDIPEN epitopes found during a flare-up of arthritis is 

liked to enhanced levels of latent enzyme already present in this 

cartilage before induction of arthritis. 
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Introduction 

The destruction of joint cartilage is a characteristic feature in Rheumatoid Arthritis 

(RA) Metalloprotemases (MMPs) have been implicated in this process, but lately 

involvement of MMPs in cartilage destruction has been a matter of debate Although 

high amounts of MMPs are found in synovial tissue and synovial fluid of arthritis patients 

(1-6) most of the enzymes are present in the inactive proform (7,8) Analysis of 

proteoglycan (PG) fragments in synovial fluid of RA patients showed products resulting 

from two major cleavage sites in aggrecan One results from cleavage at the Asp 341-

Phe342 bond and is specific for MMPs (9-13) The other is a result of cleavage at the 

Glu373-Ala374 bond and this site is caused by an unto now unidentified enzyme activity 

named aggrecanase (14-16) Involvement of MMPs in cartilage degradation during RA 

has been demonstrated by detection of MMP specific neoepitopes both in synovial fluid 

as well as in cartilage of RA patients (17) We have recently shown that blocking IL-1 

during murine antigen induced arthritis reduces expression of the MMP induced 

neoepitope VDIPEN (18), showing that IL-1 is involved in induction of MMP induced 

neoepitopes in vivo 

Rheumatoid arthritis is characterised by a fluctuating disease course with periods 

of smouldering inflammation and acute exacerbations This aspect of human disease 

can be mimicked by murine antigen induced arthritis (AIA) (19) AIA is characterised by 

an acute inflammation shortly after antigen injection, followed by a chronic phase During 

this phase, cartilage can be repaired, depending on the destructive character of the 

initial inflammation (20) In the present study, a mild form of AIA is elicited, in order to 

retain a fully restored cartilage at week 4 of AIA When inflammation has fainted at week 

4 of AIA, exacerbations can be induced by antigen rechallenge (21), resembling the 

clinical picture seen in human We found that such flares are highly destructive to the 

articular cartilage and show strong IL-1 dependence (22) Moreover, injection of IL-1 into 

the hypersensitive postarthntic knee joint is also capable of inducing a flare-up of arthritis 

and a marked PG depletion (23) 

The aim of this study was to investigate the involvement of MMPs in cartilage 

degradation during both the initial phase of AIA, as well as the IL-1 induced flare-up of 

arthritis This was done by studying mRNA levels of two important MMPs MMP-1 and -3 

MMP activity was studied by detection of the MMP specific neoepitope VDIPEN 
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Materials and Methods 

Animals 

Male 8-10 week old C57BI6 mice were used They were kept in cages with a wood chip 

bedding The animals were maintained on a commercial pellet diet (Hope farms,Deven

ter, The Netherlands), tap water was provided ad libitum 

Induction of antigen induced arthritis 

Mice were immunized with 100 μg of methylated BSA (mBSA, Sigma) emulsified in 100 

μΙ FCA Injections were divided over both flanks and footpads of the forelegs Heatkilled 

Bordetella pertussis (2x109 organisms) was administered intraperitoneal^ as an 

additional adjuvant Two subcutaneous booster injections with 50 μg mBSA/FCA were 

given in the neck region one week after the initial immunisation, without further boosting 

with Bordetella Pertussis Two weeks after these injections, arthritis was induced by 

intraarticular injection of 60 μg mBSA in 6 μΙ saline into the right knee joint, resulting in 

semi-chronic arthritis 

IL-1 injections 

Mice were injected intra-articularly with 10 ng recombinant murine IL-1 α once every day 

for 4 days One day after the last injection, mice were euthanised and knee joints were 

dissected for histology 

Histology 

Knee joints were dissected and subsequently fixed in phosphate buffered formalin 

(pH7 4), decalcified in 5% formic acid, and embedded in paraffin wax Semisenal frontal 

whole knee joint sections (7μηι) were stained with safranm О and fast green Adjacent 

sections were used for immunohistological staining of the MMP-mduced neoepitope 

Immunolocalisation of MMP-induced neoepitope 

For immunohistochemical analysis, sections were deparaffinized, rehydrated and 

digested with chondroitmase ABC (SIGMA, 0 25 U/ml 0 1 M Tns-HCI pH8 0) for 1 hour at 

37°C, to remove chondroitin sulphate from the proteoglycans Sections were then treated 

with 1 % H2O2 m methanol for 20 mm and subsequently 5 mm with 0 1 %(v/v) triton X-100 

in PBS After incubation with 1 5%(v/v) normal goat serum for 20 mm, sections were 

incubated with affinity-purified anti-VDIPEN IgG overnight at 4°C These antibodies have 

been characterised before (24, 25) In addition, sections were incubated with biotinylated 

goat anti rabbit IgG and detected using avidme-peroxidase staining (Elite kit, Vector 
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Labs , Ine , Burlingham, CA) Development of the peroxidase product was done using 

nickel enhancement and counterstaming was done with orange G (2%) for 5 minutes 

Proteoglycan degradation assay 

Whole murine patellae were dissected and prelabeled for 3 hours with 20 цСі/тІ [^S]-

sulphate in RPMI, which labels the newly synthesized proteoglycans In addition, 

patellae were cultured for 3 hours in RPMI without any substitutions in order to process 

the labelled proteoglycans After exposing the patellae to different mediators, the amount 

of labeled [MS]-sulphate left in in the patellar cartilage was measured and expressed as 

a percentage of the [^SJ-sulphate content of normal patellae cultured without these 

mediators (26) 

Isolation of patellar cartilage 

The cartilage layers from patellae were isolated after decalcification with 5% EDTA for 4 

hours at 4°C Subsequently, the patellae were washed in 0 9% NaCI and the cartilage 

layer was carefully removed from the underlying bone using forceps and a dissection 

microscope 

RNA isolation and RT-PCR 

Messenger RNA quantification in murine cartilage was done as described earlier (25) 

Briefly, cartilage layers from patellae were obtained and total RNA was isolated using 

TRIzol Reagent (Life technologies Ine ) The total amount of mRNA was reverse transcri

bed into cDNA using Moloney murine leukaemia virus reverse transcriptase (Life 

technologies) 1/20 of the total cDNA was used in one PCR PCR was performed at a 

final concentration of 50mM KCl, 20 mM Tris pH8 4, 1 5 т М MgCI2, 200тМ dNTPs, 

0 4 т М of each primer and 40u/ml Taq-polymerase (Life technologies) 

Semiquantitative PCR was performed by removing ahquots (5μΙ) of the PCR reaction 

after increasing number of cycles The PCR products were electrophonsed in 1 6% 

agarose gel containing ethidium bromide The cycle number at which the product was 

first detected on the agarose gel was taken as a measure for the amount of specific 

mRNA present in the originally isolated RNA GAPDH was used to verify that equal 

amounts of RNA were put in the reaction 

Isolation of MMPs and zymography 

Cartilage was extracted for 24 hours at 4°C in 10mM cacodylate buffer (pH 6) containing 

0 3M NaCI, 5mM CaCI2, 1mM ZnCI2, 0 02%(v/v) NaN3, 0 1%(v/v) TntonX-100 and 0 7 
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mg/ml pepstatin Ten cartilage layers were extracted in 1 ml extraction buffer, after which 
this extract was dialysed against water and concentrated 10 times to a volume of 100ml 
Gelatmase activity was determined by zymography according to modification of the 
method of Heussen and Dowdle (28) Slab gels containing 2mg/ml gelatin (Difco Lab , 
Detroit, Ml) were copolymenzed in 10% Polyacrylamide After electrophoresis, SDS was 
removed from the gel and subsequently incubated in 50mM Tris (pH7 5), 5mM CaCI2, 
1mM ZnCI2 and 1 %TntonX-100 for 18 hours at 37 °C Gels were stained in Coomassie 
blue Enzymes were detected as clear bands within the blue background 

Results 

Involvement of MMPs in PG degradation during primary antigen induced 
arthritis 
A mild form of antigen induced arthritis (AIA) is characterised by an acute inflammation 
directly after antigen injection, followed by a chronic phase of smouldering arthritis Mild 
cartilage degradation is already evident at day 1 of arthritis and increases further to 
maximal PG depletion at days 7 and 14 of arthritis In the following 2 weeks, the synovial 
infiltrate declines and most of the cartilage is repaired At week 4 of arthritis, PG content 
of the cartilage is restored To study metalloproteinase involvement in cartilage 
degradation seen during the acute phase of AIA, first mRNA levels of stromelysin and 
collagenase were analyzed In addition induction of MMP-induced neoepitopes was 
evaluated and compared to both MMP mRNA levels and PG depletion seen during AIA 

Stromelysin and collagenase mRNA levels during antigen induced arthritis 
Stromelysin and collagenase mRNA levels were already still elevated at week two of 
arthritis (fig 1) Upregulation of mRNA levels of stromelysin was pronounced but 
collagenase mRNA showed only a small elevation In contrast to prolonged elevation of 
mRNA of the two MMPs, IL-1 mRNA showed a short raise during the first 2 days of 
arthritis after which it returned to basel levels This identifies prolonged elevation of MMP 
mRNA levels as a specific event, not reflecting nonspecific upregulation of all 
inflammation related genes 
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Figure 1: Semiquantitative mRNA analysis in cartilage dunng antigen induced arthritis 

At several time points after arthritis induction patellar cartilage was collected and RNA was isolated 

Semiquantitive mRNA analysis was done using RT-PCR PCR products were analysed on an ethidium-

coloured gel The cycle number at which the product is first detected is taken as a measure for the amount 

of mRNA present in the onginal isolated RNA GAPDH was used to venfy that equal amount of RNA were 

used Amounts of cycles gene of interest - amount of cycles GAPDH= cycle difference Control cartilage is 

taken as a reference point 

PG degradation and VDIPEN expression during antigen induced arthritis 

To study whether the enhanced mRNA levels resulted in MMP activity, MMP induced 

neoepitopes were studied in time and compared to PG depletion At day 1 and 3 of AIA, 

PG depletion is already visible but no VDIPEN epitopes were seen (fig 2a,b), suggesting 

a limited role of MMPs in cartilage breakdown PG depletion increased in the next few 

days and reached its maximum approximately one week after arthritis induction At this 

time point VDIPEN was expressed focally, and showed a distinct expression pattern if 

compared to the PG depletion which was homogeneously distributed throughout the 

cartilage layers (fig 2c,d) The VDIPEN epitopes disappeared from the cartilage when 

cartilage was repaired and at day 28 of arthritis the major part of the VDIPEN epitopes 

had disappeared 
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Figure 2: Proteoglycan depletion and VDIPEN expression in primary antigen induced arthritis 

Adjacent frontal knee joint sections were stained with safranin о (a, c,) and immunostained with anti-

VDIPEN(b, d). a-b day 1 of AIA, c-d day 7 of AIA. P=patella, F=femur. 

PG degradation and VDIPEN expression during IL-1 induced flare-up 

When IL-1 was injected into a knee joint at day 28 of AIA, a marked exacerbation of 

arthritis was induced. This short lasting inflammation was characterised by a pronounced 

PG depletion, which is not seen when the same amount of IL-1 is injected into a naive 

knee joint (fig 3a-c). 

Involvement of MMPs was studied by neoepitope detection. At day 1 after IL-1 

injection, VDIPEN epitopes were widely expressed in cartilage throughout the joint, 

clearly showing an accelerated expression of the MMP induced neoepitopes in 

comparison with the primary antigen induced arthritis (fig 3d-e). In contrast, when IL-1 

was injected into a naive knee joint four times, once daily, mild PG depletion was 

induced, but no VDIPEN epitopes were detected (figure 3f). 
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Figure 3: PG depletion and VDIPEN expression during IL-1 induced exacerbation. Ten ng of IL-1a was 

injected into a knee joint of day 28 AIA. Frontal whole knee joint sections were stained with safranin о (a-c) 

and anti-VDIPEN (d-f). a,d Knee pint of day 28 AIA b,e day 1 afterIL-1 α injection into postarthritic knee joint 

c,fday 1 after IL-1 α injection into a naive knee joint 

Presence of MMPs in cartilage of week 4 AIA 

To understand the mechanism behind this accelerated breakdown and VDIPEN expression 

postarthritic cartilage was further analyzed. At week 4 after arthritis induction, mRNA levels 

of stromelysin and collagenase were still elevated (fig 4). The most pronounced was the 

stromelysin level, which showed an elevation of at least 50 times compared to the level in 

normal cartilage (cycle difference is 7; 1.87>50). 
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Figure 4: Elevated mRNA levels in postarthritic cartilage. 

RNA was isolated trom cartilage at week 4 of AIA (postarthritic cartilage) and semiquantitative mRNA 

analysis of several genes was done using RT-PCR. The cycle number at which the product is first detected 

is taken as a measure for the amount of mRNA present in the original isolated RNA GAPDH was used to 

verify that equal amount of RNA were used Amounts of cycles gene of interest - amount of cycles GAPDH= 

cycle difference. Contralateral cartilage was used as a reference point. 

To study whether the prolonged elevation of MMP mRNA levels also coincided with 

enhanced enzymatic activity in postarthritic cartilage, cartilage extracts were subjected to 

zymography. Figure 5 shows that gelatinolytic activity was enhanced in postarthritic 

cartilage Two bands of ±60 kD were enlarged, which probably correspond to different 

forms of gelatinase A EDTA inhibited this gelatinolytic activity, indicating that the 

enzymes were MMPs To detect activity of stromelysin, casein was also tried as a 

substrate for zymography, but no caseinolytic activity could be detected either in control 

or postarthritic cartilage. This indicates that stromelysin activity in cartilage of week 4 AIA 

is anyway below the detection limit of this assay 

Figure 5: Enhanced gelatinolytic activity in 

postarthritic cartilage. 

Pooled extracts of 5 patellar cartilage layers, 

were subjected to zymography, using gelatin 

as a substrate. Postarthritic cartilage (P) was 

taken at week 4 of AIA and compared to 

contralateral cartilage (C) Clear bands on the 

dark gel indicate gelatinolytic activities 50KD 
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When postarthritic cartilage was taken out of the joint and incubated with АРМА, which 

activates latent MMPs, VDIPEN epitopes were strongly induced (figure 6), clearly 

identifying the presence of enhanced levels of latent MMPs in this cartilage. Such АРМА 

activation did not induce VDIPEN epitopes in normal cartilage. 

Figure 6; Enhanced amount of latent MMPs in postarthritic cartilage 

Patellae of week 4 AIA were incubated with (A) or without (В) АРМА in RPMI for 18 hours and cross 

sections were immunostained for VDIPEN. 
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Postarthritic cartilage is more vulnerable for IL-1 induced degradation 

To study whether such postarthritic cartilage shows enhanced vulnerability, it was 

exposed to IL-1 in vitro IL-1 induced proteoglycan degradation was markedly higher in 

postarthritic cartilage as compared to normal cartilage (fig 7a) 

However, no VDIPEN expression could be detected in IL-1 stimulated cartilage (fig 7b), 

suggesting that factors in addition to IL-1 are needed to provoke this expression in vivo 

cimlage 

breakdown 

Figure 7-.Enhanced IL-1 induced proteoglycan degradation in postarthritic knee joint 

Cartilage was pulse-labeled with ^SJ-sulphate and subsequently incubated with 10 ng/ml IL-1 for 24 hours 

The amount of fbS]-sulphate retained in the cartilage was measured and expressed as a percentage of the 

^SJ-content of cartilage cultured without IL-1 

A В 

~Ψ> 

Figure 8: No VDIPEN expression m IL-stimulated postarthritic cartilage Patellae of day 28 AIA were 

incubated with (A) or without (B) IL-1 for 18 hours and cross-sections were immunostamed for VDIPEN 
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Discussion 

In this study we investigated the involvement of MMPs in cartilage degradation during 

the initial phase of AIA as well as during the IL-1 induced flare-up of arthritis We 

demonstrated a fast and marked PG degradation during the flare-up, if compared to the 

initial phase of arthritis This correlated with accelerated expression of MMP-mduced 

neoepitopes Furthermore, we found that mRNA levels of MMP-1 and -3 in cartilage do 

not correlate with detectable MMP-activity in cartilage, which suggests that translation or 

activation of latent MMP activity is a key step in overall MMP activity in this model The 

fact that АРМА activation induced abundant neoepitope expression in postarthntic 

cartilage implies enhanced levels of latent enzyme as the mechanism behind 

accelerated VDIPEN expression in a flare-up of arthritis 

During the initial phase of arthritis, early PG depletion is not accompanied by 

expression of MMP-mduced neoepitopes, which indicates that MMPs are not involved in 

the first phase of PG degradation At later time points, when PG depletion is severe, 

VDIPEN epitopes appear, which implicates a linkage with advanced cartilage damage 

In line with this finding is a recent study which showed that MMP activity correlated with 

IL-1 induced collagen degradation and not with PG degradation (29) In a separate 

study, we found colocahsation of VDIPEN with collagenase cleavage sites in collagen 

(chapter 5), which couples VDIPEN inducing MMP activity to initiation of collagen 

damage As collagen damage is thought to be a key event in irreversible cartilage 

damage (30), this further supports the linking of VDIPEN appearance in cartilage to 

severe cartilage damage 

The present study shows that injection of IL-1 into a postarthntic knee joint results 

in a marked PG depletion one day later This depletion is accelerated if compared to the 

initial phase of AIA, in which the same kind of depletion is only reached a couple of days 

later In line with that observation was the accelerated expression of VDIPEN epitopes, 

demonstrating early involvement of MMPs In light of earlier stated coupling of VDIPEN 

with severe cartilage damage, these results indicate the destructive character of flare-

ups of arthritis and an enhanced vulnerability of cartilage which has just recovered from 

an arthritic insult In aggreement with this is an earlier study showing that human arthritic 

cartilage is more vulnerable for inflammatory mediators if compared to control cartilage 

(31) 

Postarthntic cartilage showed enhanced mRNA levels of stromelysin and 

collagenase, which suggests a still activated stage of the chondrocytes This might be 

caused by the smoldering inflammation in the joint at later stages of AIA, which keeps 

the chondrocyte in an activated condition On the other hand, not all inflammation 
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dependent genes showed a prolonged activation, since IL-1 was only elevated for a 

short period of time This indicates that the elevated level of MMPs is a specific event 

Furthermore, we showed enhanced gelatmolytic activity present in postarthntic cartilage, 

probably in the inactive proform, since no VDIPEN epitopes were detected in this 

cartilage Moreover, MMP activity could be induced by АРМА incubation, which activates 

latent MMPs The presence of latent proteinases provides a big risk for postarthntic 

cartilage, as a slight catabohc insult could directly trigger massive destruction to the 

cartilage 

The present study emphasizes the importance of activation of latent MMPs as a 

controlling step in overall MMP activity Activation of MMPs occurs through proteolytic 

cleavage of a propeptide (38-40) A possible candidate for in vivo activation of pro-

MMPs is plasmin Plasminogen activators originating from inflammatory cells can 

activate plasminogen, the precursor of plasmin A recent in vitro study showed that IL-1 

in combination with plasminogen causes collagen degradation via activation of IL-1 

induced pro-MMPs (41 ) Plasminogen is abundantly present in synovial fluid and serum 

of RA patients (42) However, no evidence has been found that cartilage is able to 

synthesize plasminogen Since our expiant cultures are done in serum free condiotions, 

this could explain the presence of MMP-neoepitopes after IL-1 challenge in vivo, and the 

absence of these epitopes after in vitro IL-1 incubation of cartilage 

The involvement of MMPs in IL-1 induced cartilage degradation has been a 

matter of debate Although inhibition of IL-1 induced PG degradation could be accom

plished by specific MMP inhibitors, high concentrations of those inhibitors had to be 

used than expected (32, 33) IL-1 is known to enhance mRNA levels of MMPs and also 

the amounts of enzyme synthesized (34-36) However, the produced enzymes are in the 

latent form and need further activation in order to be able to cleave the extracellular 

matrix Neo-epitope detection after IL-1 incubation of normal cartilage showed no 

degradation products that resulted from MMP cleavage (37) This suggests that in 

normal cartilage, MMPs are not involved in IL-1 induced proteoglycan degradation This 

holds also true for the in vivo situation, where repeated injections of IL-1 into a naive 

knee joint failed to induce VDIPEN epitopes In case of the postarthntic knee joint, IL-1 

did induce VDIPEN epitopes in vivo, showing that active MMPs are present during IL-1 

induced exacerbations However, in vitro incubation of postarthntic cartilage with IL-1 

failed to induce MMP neoepitopes This indicates that active MMPs seen during IL-1 

induced exacerbations are not a result of direct activation of chondrocytes by IL-1 alone, 

but are generated by cofactors originating from the inflammatory reaction 

The fact that in vitro IL-1 did induce enhanced PG degradation but no MMP 

epitopes, suggests that another enzyme activity is responsible for this enhanced 
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breakdown A likely candidate is aggrecanase activity, since this enzyme activity has 

been identified to be the cause of IL-1 induced PG breakdown (13,37,43,44) We have 

tried to detect aggrecanase induced neoepitopes (NITEGE) in postarthntic cartilage, 

both before and after IL-1 challenge However, NITEGE epitopes were already present 

in very high amounts in postarthntic cartilage if compared to control cartilage, and further 

increase could not be demonstrated This high amount of aggrecanase epitopes in 

repairing cartilage indicates a role for aggrecanase in normal turnover, besides the role 

in cartilage degradation 

The differences in vulnerability to degradative stimuli like IL-1 between normal 

and postarthntic cartilage seen in this study, could be of importance when related to 

human disease Classic RA manifests itself as a fluctuating disease, with periods of 

active exacerbations and remissions During remissions, cartilage can recover from the 

arthritic insult, but becomes more vulnerable for the next arthritic insult, eventually 

leading to irrepairable damage to the cartilage 
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Abstract 

Two major cleavage sites have been identified in aggrecan: One 

site is mediated by metalloproteinases (MMPs) and the other site 

by an as yet unidentified enzyme termed aggrecanase. Cleavage 

activity of these enzymes results in the C-terminal neoepitopes 

VDIPEN (MMPs) and NITEGE (aggrecanase), which are left behind 

in the cartilage. To learn more about relative contribution of these 

enzymes during cartilage degradation, we studied the occurrence 

of both neoepitopes in murine arthritis using immunolocalisation. 

Furthermore, we studied the correlation between neoepitope 

formation and different aspects of cartilage damage. Reversible 

cartilage damage was induced in the zymosan-induced 

arthritis(ZIA), partly irreversible cartilage damage in the antigen-

induced arthritis(AIA) and irreversible, destructive cartilage damage 

was studied in the collagen-induced arthritis(CIA). 

In normal cartilage no VDIPEN epitopes were detected, but a limited 

amount of NITEGE epitopes was already present. During the early 

phase of proteoglycan depletion, NITEGE expression raised 

substantially in all models. VDIPEN epitopes were not detected in 

this early phase of cartilage destruction. When proteoglycan 

depletion progressed towards advanced cartilage damage, VDIPEN 

epitopes were induced. During ZIA minimal induction of VDIPEN 

was observed, AIA showed strong but partly reversible VDIPEN 

staining, whereas extensive presence and persistence of the MMP 

induced neoepitope was seen during CIA. When VDIPEN epitopes 

were intensely present, NITEGE epitopes were greatly reduced at 

that site in the cartilage. During cartilage repair, VDIPEN epitopes 

were absent, whereas NITEGE epitopes were intensely 

(re)expressed. In conclusion, involvement of VDIPEN inducing 

MMPs seems to correlate with severe cartilage damage, but these 

enzymes have a limited role in early proteoglycan degradation 

during murine arthritis. In contrast, aggrecanase epitopes are 

induced before VDIPEN epitopes appear, but they disappear with 

progression of cartilage damage. NITEGE epitopes are reexpressed 

concomitant with cartilage repair. 
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Introduction 

Aggrecan is the major proteoglycan in cartilage and provides the mechanical 

characteristics, such as compressibility and elasticity, to cartilage During 

rheumatoid arthritis proteoglycans (PG) are lost from the cartilage due to proteolytic 

cleavage Two major cleavage sites have been identified between the first two 

globular domains of aggrecan The first one is between amino acid residues Asn3 4 1-

Phe342 and it results in the C-terminal neoepitope VDIPEN (1-3) This cleavage site 

is specific for all known matrix metalloproteinases(MMPs) The second site is 

between amino acid residues Glu373-Ala374 and is caused by the putative enzyme 

aggrecanase (4-7) Cleavage at this site results in the neoepitope NITEGE that 

remains in the cartilage 

The so far unidentified enzyme activity aggrecanase has been a matter of 

extensive research over the last few years N-terminal sequencing of aggrecan 

fragments in synovial fluids from RA patients showed that most of the aggrecan 

fragments result from aggrecanase cleavage (4) Furthermore, it was shown that IL-1 

induced degradation in vitro, using bovine cartilage, only results in released 

aggrecanase neoepitopes and not in MMP epitopes (8) Attempts to identify the 

enzyme responsible for this activity have been unsuccessful thus far The enzyme 

activity appears to be metallodependent because MMP inhibitors can inhibit the 

degradation (9-10) The only known MMP that is able to cleave at the aggrecanase 

site is MMP-8 (11) However, this enzyme prefers the MMP cleavage site and 

requires very high concentrations to show aggrecanase activity (12) 

Recently it was reported that MMP neoepitopes can also be identified in 

human RA and OA synovial fluids (13) The detected fragments were very small and 

that might be the reason why they were missed in earlier research Furthermore, it 

was shown that in murine autoimmune collagen arthritis and proteoglycan arthritis, 

MMP neoepitope appearance seems to correlate with advanced cartilage destruction 

(14) Finally, careful analysis of epitope expression in a large series of cartilage 

samples from controls, OA and RA patients revealed clear evidence for both MMP 

and aggrecanase activity in both diseases (15) It also showed that epitope 

accumulation occurs with age However, further studies in human material on kinetic 

involvement of these enzymes is seriously hampered by the lack of consecutive 

sampling of defined cartilage pieces in one patient 

The objective of the present study was to evaluate the role and kinetics of 

both enzymes in cartilage degradation and to study the neoepitope expression in 

relation to different aspects of cartilage damage Therefore, appearance of 
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aggrecanase and MMP neoepitopes was studied in 3 distinct murine arthritis 

models, which differ greatly in degree and type of cartilage damage 

Zymosan-mduced arthntis(ZIA) is a nonspecific inflammation directed against 

yeast particles and results in reversible cartilage damage (16,17) The antigen-

induced arthntis(AIA) is characterized by a mixture of persistent cartilage damage at 

defined loci and attempts at repair on other sites (16,18) The third arthritis model 

that was studied, collagen-induced arthntis(CIA), is highly destructive, showing 

massive chondrocyte death and eventually loss of cartilage No cartilage repair is 

seen(19,20) 

Aggrecanase and MMP neoepitope appearance was studied using immuno-

localisation, on whole knee joint sections taken at various days after onset of 

arthritis Special attention was given to kinetics of appearance of both epitopes in 

relation to PG depletion 

Materials and methods 

Materials: 

TntonX-100, H202, EDTA were from Merck (Darmstadt, Germany) Protease free 

chondroitmase ABC, methylated bovine serum albumin (mBSA), zymosan, Orange 

G, amonium nickelsulphate, lysine, sucrose and sodium periodate were from Sigma 

Chemical Co (St Louis, MO) Safranm О and Fast green were from Gurr certistam 

(BDH Laboratory supplies, Poole, England) Freunds' complete adjuvant (FCA) was 

from Difco Laboratories, Detroit, Ml, USA Bordetella Pertussis was obtained from 

the National Institute of Public Health (Bilthaven, The Netherlands) Human 

recombinant stromelysin was from Celltech Ltd , Slough, United Kingdom Normal 

goat serum and biotmylated goat anti rabbit IgG were from Vectastain elite ABC kit 

from Vector Laboratories, Ine , Burlingame, CA 

Animals 

For induction of zymosan-mduced arthritis and antigen-induced arthritis C57BI/6 

mice were used DBA-1/BOM mice were used for induction of collagen-induced 

arthritis C57BI/6 mice were obtained from Charles rivers and DBA-1/BOM mice were 

purchased from Bomholdgard, Denmark Mice were given a standard laboratory diet 

and tap water ad libitum 
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Induction of murine arthritis models 

Zymosan-induced arthritis 

Arthritis was induced by intraarticular injection of yeast particles (zymosan) Arthritis 

was induced in the right knee joint by injecting 180 цд sterilized zymosan in 6 μΙ 

pyrogen-free saline 

Antigen-induced arthritis 

Methylated BSA at a concentration of 2mg/ml saline was emulsified with an equal 

volume of FCA Mice were immunized with 100 μΙ of this emulsion divided over two 

subcutaneous injections into the flank skin and two into the footpad of both forelegs 

Heat-killed Bordetella pertussis (2x109 organisms) were administered 

intraperitoneal^ as an additional adjuvant On day 7, two subcutaneous booster 

injections of 50 μΙ of the same emulsion were given in the neck region with an 

additional 2x109 organisms Bordetella Pertussis intraperitoneal^ Arthritis was 

induced 14 days after these booster injections by intraarticular injection of 60 μ9 

mBSA in 6 μΙ saline 

Collagen-induced arthritis 

Bovine type II collagen at a concentration of 2 mg/ml 0 05M acetic acid was 

emulsified in an equal volume of FCA Collagen type II was obtained from articular 

cartilage from the metacarpophalangeal joints of 1-2-year-old cows, and was 

prepared as previously described (20) Mice were immunized mtradermally at the 

base of the tail with 100 μ9 of collagen (100 μΙ emulsion) On day 21, mice received 

a booster injection intraperitoneal^ with 100 μg collagen in PBS Onset of arthritis 

was around 28 days post the first immunization 

Sections of knee joints 

Serial frontal sections of whole knee joints were made This resulted in reproducible 

sections In this study, we focused on the patellar-femuro region of the knee joint 

The femuro-tibial region did show similar results, but with more variation 

Safranin О staining 

Frozen sections were fixed in phosphate buffered formaline (pH7 6) for 30 minutes 

and decalcified with 5% formic acid for 15 minutes Subsequently, the sections were 

stained with 0 05% fast green for 5 minutes and then stained with 0 1 % Safranin О 

for 10 minutes Proteoglycan depletion was determined by decreased uptake of 

Saranm О dye Scoring of the degree of PG depletion was done in a blinded manner 

by two different observers Proteoglycan loss from the noncalcified cartilage layer 
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was graded on a scale from 0-3 0=no loss, 1 = 30% loss of red staining, 2- 60% loss 

of red staining, 3= 100% loss of red staining 

Immunohistochemistry 

Undecalcified frozen sections were digested with proteinase free chondroitmase 

ABC (0 25 U/ml Tns-HCI pH8 0) for 1 hour at 37°C to remove chondroitin sulfate 

from the PG Subsequently, sections were fixed with penodate-lysine-

paraformaldehyde fixative (21) for 20 minutes Sections were then treated with 1% 

H2O2 for 20 minutes followed by 5 minutes with 0 1% triton X-100 in PBS After 

incubation with 1 5% normal goat serum for 20 minutes, sections were incubated for 

18 hours with the primary antibody either recognizing the sequence VDIPEN or 

NITEGE These antibodies have been characterized and were reported to be 

specific for the epitopes (7,14,15,22) Then sections were incubated with biotmylated 

goat anti-rabbit IgG and were detected using avidine-peroxidase staining Develop

ment of the peroxidase product was done using nickel enhancement 

Counterstaining was done with orange G 

NITEGE and VDIPEN staining was scored in a blinded manner Staining was graded 

on a scale from 0-3 0=no staining, 1=mmor staining, 2=marked staining, 3=maximal 

staining 

Results 

Expression of neo-epitopes in normal murine cartilage 

To investigate whether NITEGE and/or VDIPEN epitopes were present in normal 

cartilage, total knee joint sections of naive mice were investigated from both mice 

strains Cartilage from young adult mice without any signs of PG depletion did not 

show any VDIPEN staining (figure 1a) However, VDIPEN staining was present in 

articular cartilage of 2 year old mice (figure 1 b) 

In contrast, NITEGE epitopes were present in normal cartilage from young 

adult mice (figures 1c and d) Staining was higher in cartilage of the patella-femoro 

region compared to the femuro-tibial compartment Cartilage of the patellar-femoro 

region showed staining of the upper layer of the cartilage, including central and 

more marginal regions, and was localized in the interterritorial matrix and not in the 

pericellular matrix (figure 1c) 
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On the other hand, cartilage of the femuro-tibial region only showed NITEGE 

expression at the joint margins (figure 1d). Two year old mice showed more intense 

staining but still in the same areas as young adult mice. 

No differences were observed between the two mouse strains used in this study. 

DBA/1 mice showed the same staining pattern of both VDIPEN and NITEGE epitopes 

in normal cartilage compared to C57BI/6 mice. 
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Figure 1: Immunoperoxidase staining in naive control joints. 

VDIPEN labelling is absent in three month old mice (figure la), but is visible in 2 year old mice (figure 

1b). NITEGE labelling is already present to a limited extent in 3 month old mice, patella-femur area 

(figure 1c) and femur tibia area (figure 1d). Figure a and с are sequential cryosections. Original 

magnification 200x. P=patella, F=femur, T=tibia. 

Kinetics of cartilage damage in three arthritis models 

The occurrence of neoepitopes was examined in three arthritis models which differ 

markedly in terms of kinetics and degree of articular cartilage damage. Figure 2 

shows the characteristics of cartilage damage in the various stages of the models. 
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Early depletion of PG is found in all models, but in contrast to the reversibility of ZIA 

persistent PG depletion and occurrence of chondrocyte death is apparent in both 

AIA and CIA Moreover, full erosions were noted in CIA The latter type of arthritis is 

the most destructive and full erosions can occur within weeks 
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Figure 2: Cartilage damage during 3 murine arthritis models. 

Three parameters of cartilage damage are shown during 3 arthritis models upto 4 weeks after arthritis 

induction Zymosan induced arthntis(ZIA) shows marked, but transient proteoglycan depletion 

Antigen induced arthntis(AIA) shows partly persistent cartilage damage, of which the extent can vary, 

as indicated by two lines, the maximal and minimal extent of damage Collagen induced arthntis(CIA) 

shows rapid cartilage destruction, which leads to loss of cartilage The scores shown are approximate 

and the mean of several experiments (3=maximal score) 

Expression of epitopes during early cartilage damage 

To study the role of aggrecanase and MMPs in the first phase of cartilage damage 

we studied the kinetics of neoepitope expression shortly after onset of arthritis 

Figures 3a and b show kinetics of both epitopes in comparison to PG depletion in 

the early phase of ZIA and AIA In both models, marked PG depletion was present 

by day 3 of arthritis At the same time a significant increase in NITEGE epitopes was 

seen, but no VDIPEN epitopes could be detected during the first days of arthritis 

These observations are further illustrated in figures 4 a,b and c, displaying pictures 

of day 3 of arthritis, which show the absence of VDIPEN staining (figure 4c) and 

pronounced NITEGE expression (figure 4b) during the early phase of PG depletion 
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Figure 3: Neoepitope labelling during early arthritis. Kinetics of neoepitope expression incartilage of 

the patellar/femur region and PG depletion during the first week of zymosan induced arthritis (figure 

3a) and antigen induced arthritis (figure 3b). PG depletion and neoepitope staining was scored blinded 

in an arbitrary way from 0-3 by two independent observers. 

In CIA, special attention was given to obtain samples from early stages of disease. 

Because the onset of knee joint arthritis was spontaneous, and difficult to judge 

macroscopically, a series of macroscopically negative knee joints were obtained 

around the time of expected arthritis onset and these were sectioned. In some of the 

knee joints studied, influx of inflammatory cells had just begun, as illustrated in 

figures 4 d,e, and f. From these photographs it can be seen that also in an early 

stage of CIA some regions with mild PG depletions can be identified (figure 4d) in 

which no VDIPEN epitopes (figure 4f) were detected, but at the same sites NITEGE 

epitopes were intensively expressed (figure 4e). 
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Figure 4: Immunoperoxidase labelling during early cartilage damage 

During early PG depletion, a lot ofNITEGE staining was found, but no VDIPEN labelling. 

Sequential cryosections of a knee joint of day 3 of AIA are stained with [a] Saranin O, [b] NITEGE 

staining, [c] VDIPEN staining. Sequential cryosections of a knee joint just after onset of collagen 

induced arthritis [d] Safranin О staining, [e] NITEGE staining, and [f] VDIPEN staining. Original 

magnification 200K C=cartilage, JS=joint space. 
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Differential VDIPEN and NITEGE expression in stages of advanced 

cartilage damage 

In contrast to the consistent increase in expression of NITEGE in early stages of all 

models, the pattern of neoepitope expression varied markedly at later stages In ZIA 

VDIPEN expression was hardly detected at day 7, a stage still characterized by full 

PG depletion and a further increase in NITEGE expression (figures 5a,b,c) Some 

diffuse, mostly pericellular, VDIPEN staining was found throughout the cartilage 

layers, as illustrated in figure 5c 

In AIA consistent but focal VDIPEN expression was now noted, along with 

pronounced NITEGE expression (figure 5def) Areas of intense VDIPEN staining 

were found (figure 5f), mainly localized to the femur and the edges of the patella 

Remarkably, these predilection sites are the same sites which late in the disease do 

not repair, suggesting a link between VDIPEN expression and late irreversible 

destruction The most abundant and wide spread expression of VDIPEN was seen in 

CIA, consistently coinciding with reduced NITEGE staining (figures 5g,h,i) 

Next page: 

Figure 5: Neoepitope staining in stages of advanced cartilage damage 

In the ZIA, with its reversible cartilage damage, limited amounts of VDIPEN epitopes were found (5b), 

but NITEGE epitopes were abundantly seen (5c) Dunng AIA, with partly persistent cartilage damage 

both VDIPEN (5e) and NITEGE (Sf) epitopes were found (figure 5def) Dunng irreversible, destructive 

cartilage damage in the CIA, abundant VDIPEN staining was found (5h) and limited amounts of 

NITEGE (figure 5i) [a,b,c] Sequential cryosections from a stifle joint at day 14 of ZIA, original 

magnification 200χ, [d e,f] day 14 of AIA, original magnification 200x, [g,h,i] week 2 of CIA, ongmal 

magnification 200χ [a,d,g] Saframn О satining, [b,e,h] NITEGE staining, [c,f,i] VDIPEN staining 

P=patella, F=Femur 
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Link between NITEGE and VDIPEN epitopes 

NITEGE epitopes showed a clearly different expression pattern when compared to 

VDIPEN Although NITEGE epitopes were upregulated early in arthritis, they were 

consistently lost at sites where VDIPEN epitopes were intensively present This 

resulted in strikingly complimentary patterns of neoepitope expression when 

successive sections were stained with either NITEGE or VDIPEN, during advanced 

cartilage damage in AIA (figure 5e and f) and CIA (figure 5h and ι) Sometimes 

colocalisation of both neoepitopes was seen (figure 6) When present, the 

colocalization pattern was strongly cell associated, with groups of chondrocytes 

staining intensely for both VDIPEN (figure 6b) and NITEGE epitopes (figure 6a) in 

the pericellular matrix 

In an earlier study it was found that stromelysm digestion of cartilage sections 

did not result in disappearance of NITEGE epitopes (23), making it unlikely that the 

loss of NITEGE was simply reflecting strong stromelysm activity However, in those 

initial studies stromelysm exposure was limited to 30 minutes and when the 

stromelysm digestion of whole knee joint sections was prolonged from 30 minutes to 

2 hours, we were able to remove the NITEGE epitopes from the cartilage Table 1 

shows NITEGE staining of cartilage after stromelysm digestion Besides the longer 

digestion time of stromelysm, we also tried digestion with reduced concentrations of 

stromelysm, which resulted in insignificant or no reduction of NITEGE staining 

Table 1: NITEGE epitope staining after stromelysm digestion 

Incubation time concentration stromelysm 

100цд/тІ ЗЗцд/шІ Юцд/тІ 

30 min н ND ND 

60 min +/- ND ND 

120 min - + ++ 

120 min ++ ND ND 

+EPTA 

Whole knee joint sections of day 3 after induction of antigen induced arthntis were incubated with 

various concentrations of recombinant human stromelysm-1 in 25 mM Tris Hel pH7 9, 10 тМ СаСІ? 

0,15 M NaCI2, for various incubation periods Subsequently, sections were immunostamed with rabbit 

anti-NITEGE IgG ++ = normal staining, + = reduced staining, ± = minor staining, -=no staining, ND = 

not done 
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Figure 6: VDIPEN and NITEGE positive 

chondrocytes. Groups of chondrocytes 

which were positive for both VDIPEN and 

NITEGE were sometimes found. Pictures 

are from sequential sections from a knee 

joint at day 3 of AIA. [a] NITEGE 

staining, [b] VDIPEN staining. Original 

magnification 200χ. F=femur, JS=joint 

space. 

Resulting cartilage damage: destruction or repair 

At 4 weeks after arthritis induction a whole range of cartilage damage could be seen 

in the various models, ranging from full recovery of PG deletion in ZIA to variable, 

site specific recovery or no recovery at all in AIA and CIA, respectively. 

When cartilage could not be repaired, exemplified by sites of chondrocyte 

death in AIA and CIA, chondrocytes stained intensely for VDIPEN and NITEGE 

staining was absent. Intensive expression of the MMP induced epitope was also 

present at sites of erosions (figure 7e). No aggrecanase epitopes could be detected 

at these sites (figure 7b). 

Repair of cartilage could be identified by the reappearance of pericellular 

safranin О staining, resulting in distinct red halo formation in still interteritorially 

depleted cartilage (figure 8a). During such regeneration of cartilage, NITEGE 

epitopes were abundantly present (figure 8b). Typically, VDIPEN epitopes were not 

found at sites of repair (figure 8c). 
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Figure 7: Neoepitope staining and erosions of cartilage. When cartilage was lost by erosions of 

cartilage, VDIPEN staining was intense, but NITEGE was absent. A site of active erosion is indicated 

by arrow heads. Pictures are from sequential sections of a knee joint of advanced CIA. [a] Safranin О 

staining, [b] NITEGE, [c] VDIPEN staining. Original magn-ifìcation 200χ. T=tibia, M=meniscus. 
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Figure 8: Neoepitope staining during cartilage repair. 

During cartilage repair, NITEGE staining was intense, but VDIPEN staining was absent. Sequential 

sections were stained with [a] Safranin O, [b] NITEGE, [c] VDIPEN. Original magification 200χ. 

P=patella, F=femur, JS=joint space 

Discussion 

Earlier studies have identified aggrecanase and MMP neoepitopes in human 

synovial fluids of OA and RA patients (3-5, 13). Recently both neoepitopes were also 

demonstrated in the cartilage of such patients and expression appears related to 

severity of damage (15). In these studies cartilage samples were obtained from 

patients undergoing joint replacement surgery, and findings reflect relatively late 

stages of disease and provide little insight into the mechanisms of cartilage 

destruction early in the disease process. Moreover, analysis of samples from 

patients of increasing ages must take into account the clear increase of epitope 

expression with age, seen even in subjects with no history of joint disease. In the 

present study we focused on kinetics of enzyme involvement in early and late stages 

of arthritis, using 3 murine arthritis models which differ in severity and kinetics of 

cartilage destruction. Aggrecanase epitopes are present in normal murine cartilage, 

but a pronounced increase of these neoepitopes was seen early in arthritis, in a 

phase before VDIPEN epitopes appeared VDIPEN expression appeared relatively 

late and correlated with severe cartilage damage. 

Normal cartilage from young adult mice showed no presence of VDIPEN 

epitopes, but NITEGE epitopes were already present to a limited extent. The latter is 
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consistent with the demonstration of aggrecanase induced neoepitopes in normal 

cartilage of human or bovine origin (15, 24) In normal cartilage of old mice VDIPEN 

epitopes could be found, in line with observations in human cartilage (15) However, 

the amount of VDIPEN and NITEGE epitopes that was detected in normal murine 

cartilage, was much less compared to that of human cartilage at roughly the same 

ages This might be explained by the much higher turnover rate of murine cartilage 

and by the relatively high cellulanty which might result in a faster clearing of the 

cartilage and less accumulation of epitopes in the extracellular matrix 

During the first phase of cartilage degradation, a significant increase in 

NITEGE epitopes could be identified This was seen in all 3 arthritis models studied 

and was found at sites of PG depletion indicating a link between aggrecanase 

activity and PG degradation at least during early arthritis This is in line with in vitro 

observations, linking aggrecanase activity to early PG loss (7,8) Metalloproteinase 

generated neoepitopes could not be found during the early phase of cartilage 

degradation in vivo, which strongly suggests that these enzymes are of limited 

importance during the initiation of PG depletion 

In earlier studies we found a correlation between VDIPEN expression and PG 

depletion during murine IL-1 accelerated CIA (14), which seems contradictory 

However, early IL-1 treatment accelerates the clinical progression of CIA, causing 

rappid appearance of advanced markers of pathology In the present study, special 

care was taken to obtain joints just after onset of arthritis and at later stages of 

arthritis In this material, it was possible to distinguish between early proteoglycan 

depletion and late severe cartilage damage We could identify a short stage of mild 

depletion of the cartilage without VDIPEN epitopes present, providing clear evidence 

that also during CIA, mild PG depletion proceeded VDIPEN expression, with 

uncoupling of MMP involvement 

The lack of correlation between MMP activity and early PG depletion is in line 

with the fact that in vitro MMP neoepitopes could not be induced by catabolic factors 

like IL-1 and retinole acid (6, 8, 25) It is known that IL-1 stimulates the synthesis of 

MMPs, but these MMPs are latent and have to be activated (26,27) The MMPs 

could in fact be synthesized together with aggrecanase, but because of the need for 

activation they may act at a later time point compared to aggrecanase 

VDIPEN epitopes were mainly found at sites of severe cartilage damage and 

their expression differed markedly in the 3 arthritis models studied During ZIA, with 

pronounced but reversible PG depletion, VDIPEN epitopes were only minimally 

detected During AIA domains of intensive VDIPEN staining were seen at defined 

sites Some of these areas were not able to recover from the induced cartilage 
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damage, and showed chondrocyte death, again linking MMP involvement to 

irreversible damage Along this line, pronounced VDIPEN staining was present in 

advanced CIA, with intense VDIPEN staining at sites of full erosions In recent 

experiments, colocahsation was seen of VDIPEN with collagenase-mduced collagen 

cleavage sites, which further supports a role for MMPs in advanced cartilage 

damage (manuscript in preparation) It is tempting to speculate that stromelysin-1 

(SLN-1 ) is a major player in this destruction It is a known activator of collagenase 

and might be an important enzyme in irreversible cartilage damage (28-30) In 

support of this hypothesis is a recent study in which MMP activity correlated with 

collagen breakdown in cartilage expiants seen after prolonged incubation with IL-1 

and not with PG breakdown which was seen in the first week of IL-1 incubation (31) 

However, elimination of the SLN-1 gene did not alter the patterns or levels of 

VDIPEN expession in murine CIA, strongly suggesting that other MMPs might 

function in a manner similar to SLN-1 during cartilage destruction (32) 

Aggrecanase induced neoepitopes were much less prominent in advanced 

cartilage damage when compared to VDIPEN Typically, when intensive VDIPEN 

staining was seen, NITEGE epitopes disappeared This might be explained by the 

fact that MMPs cleave the aggrecan molecule 32 amino acids closer towards the 

hyaluronic acid residue if compared to aggrecanase Whether this occurs in the 

same molecule is a matter of considerable debate The finding of the 2 types of 

neoepitopes on seperate PG fragments in human material (13) suggests 

discoordmate involvement of the enzymes Moreover, we reported earlier that active 

stromelysin was not able to remove the aggrecanase sites present in frozen whole 

ankle joint sections of murine paws (23), which suggests a resistance of 

aggrecanase sites to further cleavage by MMPs However, in the present study we 

demonstrated that this is a matter of time and concentration When we prolonged the 

incubation of stromelysin on our frozen whole knee joint sections, we were clearly 

able to remove the aggrecanase neoepitopes Whether this occurs and to what 

extent this occurs in vivo probably depends on spatial concentrations of the various 

enzymes and might be different in human and murine cartilage, the latter showing a 

much higher cell to matrix ratio In this context it is interesting that in serial sections 

stained for NITEGE and VDIPEN, regions that were VDIPEN positive on one section 

were NITEGE-negative on the next section This suggests that local MMP activity 

might reduce or totally eliminate local NITEGE expression by N-termmal aggrecan 

cleavage 

During cartilage repair, NITEGE epitopes were intensively expressed, 

whereas VDIPEN epitopes were not induced during regeneration of the PG content 
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This suggests that aggrecanase is also involved in normal PG turnover, besides 

enhanced activity of this enzyme during early PG degradation It might also suggest 

that NITEGE-hke neoepitopes are expressed on new PG in remodeling tissue 

Metalloproteinases on the other hand, seem to be prominently involved in only the 

pathologic PG degradation 

The fact that during ZIA almost no VDIPEN epitopes were induced is an 

intriguing observation One possible explanation could be the critical involvement of 

immune complexes in generation of VDIPEN epitopes during arthritis Shortly after 

onset of AIA and CIA, immune complexes are abundantly present at the surface of 

the cartilage, directing the adherence of synovial exudate cells, mainly granulocytes, 

to the cartilage In that way, immune complexes can target cells to cartilage, with 

direct release of enzymes into the matrix and escape from the large amount of 

inhibitors present in the synovial fluid (30) It is tempting to speculate that enzymes 

from granulocytes contribute to cartilage degradation only in the presence of trapped 

immune complexes, either causing direct damage or activating latent enzymes such 

as stromelysm Of note, most pronounced adherence of granulocytes to the cartilage 

surface is found in CIA, the model showing the most severe cartilage destruction and 

highest VDIPEN expression Expression of VDIPEN epitopes is however possible 

without involvement of granulocytes, since OA cartilage samples also showed 

extensive VDIPEN staining (15) 

The involvement of IL-1 in cartilage destruction is becoming more and more 

clear Apart from its critical involvement in suppression of chondrocyte PG synthesis 

inhibition during arthritis (34-36), we recently found that blocking of IL-1 with 

sustained administration of IL-1 ra did not result in complete prevention of early PG 

loss but markedly reduced persistent cartilage destruction in AIA The latter 

coincided with impressive reduction of expression of the VDIPEN epitope 

(manuscript in preparation), linking IL-1 to VDIPEN induction and progressive 

damage The present data further support that VDIPEN expression is not an early 

phenomenon in PG degradation 

Our data show that both aggrecanase and MMPs are active in cartilage 

destruction, with an emphasis on MMP involvement in the late, irreversible stage 

This might suggest that future treatment of human arthntides with inhibitors of 

aggrecanase may only yield partial protection and warrants additional control of 

other MMPs, such as stromelysm The latter can be approached by treatment with 

enzyme inhibitors, but probably also by optimal control of excessive amounts of IL-1 
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Abstract 

The destruction of articular cartilage during arthritis is due to 

proteolytic cleavage of the extracellular matrix components. This 

study investigates kinetic involvement of metalloproteinases 

(MMPs) in degradation of the two major cartilage components 

aggrecan and type II collagen during murine antigen induced 

arthritis (AIA). Selective MMP cleavage products were identified by 

immunolocalization of the MMP-specific neoepitope in aggrecan, 

VDIPEN, and the collagenase cleavage site neoepitope in type II 

collagen, which is recognized by the COL2-3/4C antibody. In 

addition, the role of stromelysin-1 in induction of both neoepitopes 

was studied with use of stromelysin-1 deficient (SLN-1KO) mice. 

In AIA, the VDIPEN epitopes in aggrecan appeared after initial 

proteoglycan(PG) depletion, and were present at sites more 

extensively depleted from PG. The collagenase-induced type II 

collagen neoepitopes colocalized with VDIPEN epitopes. 

Remarkably, cartilage of arthritic SLN-1KO mice showed neither 

induction of VDIPEN nor collagen cleavage site neoepitopes during 

AIA, suggesting that stromelysin is a pivotal mediator in this 

process. PG depletion, as measured with loss of saranin О 

staining, was comparable in SLN-1K0 mice as comppared to wild 

type strains. Furthermore, in vitro induction of MMP-specific 

epitopes in aggrecan and type II collagen, upon exposure of 

cartilage to IL-1, could not be accomplished in SLN-1KO mice, 

whereas intense staining was achieved for both epitopes in 

cartilage of wild type strains. 

This study emphasizes that SLN-1 is essential in induction of MMP 

specific aggrecan and collagen cleavage sites. It suggests that 

SLN-1 is not a dominant enzyme in proteoglycan breakdown, but 

that it activates procollagenases and it is crucial in irreversible 

collagen damage. 

Introduction 
Cartilage destruction is a major complication of chronic joint inflammation and 

markedly contributes to disablement of patients with rheumatoid arthritis The role of 

matrix metalloprotemases(MMPs) in cartilage degradation is still a matter of debate 
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There is a large body of indirect evidence for the involvement of MMPs in cartilage 

degradation They are produced in high amounts by the inflamed synovium and 

cartilage of arthritis patients (1-3) Also in animal models of arthritis, large quantities 

of these enzymes are found in extracts of synovial biopsies and in synovial fluid (4-

7) MMP-inhibitors have been used to demonstrate their active involvement in 

cartilage destruction in vitro (8), but in vivo studies are scarce 

An elegant and direct way to identify enzyme involvement in vivo is to look at 

specific protease-generated matrix-degradation products (9) Ammo acid sequence 

analysis of cartilage proteoglycan breakdown products in synovial fluid of RA 

patients has defined two major sites of proteolytic cleavage in aggrecan, both found 

within the interglobular domain (between G1 and G2) of the aggrecan core protein 

(10,11) One is between ammo-acid residues Glu373-Ala374, and is caused by the 

unidentified enzyme activity called aggrecanase The other is between Asn241-

Phe242, and is cleaved by most of the known MMPs (12-15) The neoepitope that 

remains in the cartilage after this cleavage is the carboxytermmal amino acid 

sequence VDIPEN This neoepitope is present in large amounts in articular cartilage 

of RA and OA patients (16) Furthermore it is abundantly induced in murine 

collagen-induced arthritis (17) and antigen induced arthritis (18) IL-1 is important in 

the induction of these epitopes because IL-1ra treatment results in prevention of 

VDIPEN expression (18) Preliminary kinetic data suggests that VDIPEN expression 

is a late event in protoeglycan breakdown, making it unlikely that it reflects enzyme 

activity involved in initial proteoglycan cleavage 

Apart from proteoglycan degradation the breakdown of collagen is a major 

event in cartilage destruction Repair of a damaged collagen network is far more 

difficult to accomplish by the cartilage than repair of a proteoglycan depleted matrix 

(19) Collagenases are the only known enzymes that can cleave the triple helical 

domain of fibrillar collagen I, II and III at physiologic pH, which results in 

characteristic % and % fragments Degradation of the collageneous network is 

excessive in human arthritis (20,21), and is thought to be caused by collagenase 

(22) Stromelysin-1 (MMP-3) has a broad substrate specificity (23,24) and is able to 

activate latent collagenases in vitro (25,26) It is generally believed that proteoglycan 

degradation precedes collagen breakdown in the cartilage of an inflamed joint, 

herein increasing the vulnerability of the denuded collagen bundles, but the exact 

cascade of enzymes involved in this process in vivo is not yet established 

The aim of the present study was to characterize the expression of the MMP-

mduced neoepitope VDIPEN at defined sites in the joint and to identify a possible 

relationship with collagenase mediated collagen damage, as measured by type II 
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collagen neoepitopes Murine antigen induced arthritis was used (27-30) which 

induces cartilage proteoglycan(PG) loss at all sites of the superficial, non-calcified 

layer of the cartilage After a few weeks, areas are noted with chondrocyte death and 

surface erosions, still showing full depletion of PGs, whereas at other sites, repair 

and replenishment of PGs is noted The potential role of stromelysm-1 in aggrecan 

and collagen neoepitope expression during arthritis was established by comparing 

the expression pattern in wild type and stromelysm-1 knock-out (SLN-1KO) mice 

Materials and methods 
Animals 

Stromelysin-1 knock out (SLN-1KO) mice were generated in congenie 129SvEv mice 

and outcrossed to C57BI/6 mice as described earlier (31) Homozygous 

C57BI6/129SvEv knock out mice were outcrossed to B10RIII mice (Jackson 

laboratories) F1 outcross mice were twice backcrossed to B10 Rill mice Knock out 

mice showed no gross histopathological abnormalities Age-matched congenie 

B10 Rill and C57BI/6 mice were used as wild type Mice were kept in cages with 

wood chip bedding in a room kept at constant temperature They were given a 

standard laboratory diet (Hope Farms, Deventer, The Netherlands) and water ad 

libitum 

Induction of antigen-induced arthritis 

Methylated bovine serum albumin (mBSA, Sigma) at a concentration of 2 mg/ml 

saline was emulsified with an equal volume of Freund's complete adjuvant (Difco 

Laboratories, Detroit Ml, USA) Mice were immunized with 100 μΙ of this emulsion 

divided over two subcutaneous injections into the flank skin and two into the footpad 

of both forelegs Heat-killed Bordetella pertussis (2x109 bacteria) (National Institute 

of Public Health, Bilthoven, The Netherlands) were administered as an additional 

adjuvant On day 7 two subcutaneous booster injections of 50μΙ emulsion were 

given in the region of the neck, again with Bordetella pertussis as an additional 

adjuvant Arthritis was induced 14 days after these booster injections by 

intraarticular injection of 60цд mBSA in 6μΙ saline into the right knee joint 

Skin testing 

Fourteen days after immunization, the development of an Arthus reaction and 

delayed type of hypersensitivity (DTH) were tested for by injecting Юцд mBSA 
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subcutaneous into the left ear (5μΙ) Ear thickness was measured after 6 and 48 

hours with an industrial micrometer Values are expressed as left/right (L/R) ratios 

Antibody determination 

Methylated BSA specific antibodies were determined in sera of individual mice with 

an Enzyme Linked Immunosorbent Assay (ELISA) Polysterene microtitre plates 

(Costar, Cambridge, MA, USA) were coated overnight at 4°C with 100μΙ mBSA 

(10цд/тІ in phosphate buffered saline [PBS]) per well The plates were washed 

three times with 0 05% Tween-20 in PBS, and coated with 150μΙ 1% gelatin 

dissolved in PBS for 1 hour at room temperature After washing, plates were 

incubated with two-fold dilutions of the sera (in 0 5% gelatin in PBS for 1 hour at 

room temperature) The plates were washed three times and then incubated with 

horse radish peroxidase labeled goat anti-mouse total IgG (Nordic, Tilburg, The 

Netherlands) After washing five times, substrate was added (10 ml 50mM 

phosphate buffer pH 6 0, 8mg 5-ammosalicylacid, and 8 μΙ 30% H202), and after 10 

minutes the extinction was measured at 450 nm 

Histology 

Knee joints were dissected and fixed in 4% paraformaldehyde in phosphate buffer 

(pH 7 4) for three days Subsequently, joints were decalcified in 10% EDTA in 

phosphate buffer (pH 7 4) and embedded in paraffin wax Coronal whole knee joint 

sections were prepared Sections were stained for proteoglycans with safranin О 

and fast green 

For immunohistochemical staining of the collagen neoepitope, knee joints were 

embedded in OCT-compound and frozen in liquid nitrogen Undecalcified coronal 

whole knee joint sections were prepared and stored at -80CC until further use 

Determination of proteoglycan content and amount of inflammation 

Cartilage proteoglycan content is reflected in safranin О staining intensity 

Proteoglycan depletion was visualized by diminished staining of the matrix Safranin 

О staining was scored arbitrarily in a blinded way by two independent observers 

Scoring was from 0 no PG depletion, 1 minimal, 2 moderate and 3 complete PG 

depletion The amount of inflammation was scored in a blinded way by two 

independent observers Inflammation was scored for the amount of exudated and 

infiltrated cells The amount of cells were graded on a scale from 0-3, 0 no cells, 1 

minimal, 2 moderate and 3 maximal number of cells 
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Immunohistochemical VDIPEN staining 

Sections were digested with proteinase-free chondroitinase ABC (Sigma, 0 25 U/ml 

0 1M Tris-HCI pH 8 0) for 1 hour at 37°C to remove chondroitin sulfate from the 

proteoglycans Subsequently, sections were fixed with nakane's fixative (32) and 

then treated with 1% H202 in methanol for 20 minutes and 5 minutes with 0 1% 

TntonX-100 in PBS After incubation with 1 5% normal goat serum for 20 minutes, 

sections were incubated with affinity-purified rabbit anti-VDIPEN IgG overnight at 

4°C This antibody has been extensively characterized before (17,33) In addition, 

sections were incubated with biotinylated goat anti rabbit IgG, the binding of which 

was detected using avidine-streptavidin-peroxidase staining (Elite kit, Vector Labs , 

Burlingham, CA) Development of the peroxidase staining was done using nickel 

enhancement (34) Counterstaining was done with orange G 

Immunohistochemical staining of type II collagen by collagenase 

Undecalcified cryosections were fixed in 4% formaldehyde for 5 minutes and then 

washed in PBS Sections were decalcified in 10% EDTA and subsequently 

incubated with 1% hyaluronidase (type l-s, Sigma, St Louis, MO) for 30 minutes at 

37°C, to remove proteoglycans After treatment with 1% H202 for 30 minutes, 

nonspecific staining was blocked by incubation with 10% normal goat serum with 1% 

BSA Sections were incubated overnight with the primary rabbit antibody "COI2-3/4C 

short" directed against the carboxy-terminal neoepitope generated by cleavage of 

native human type II collagen by collagenases, which has been described and 

characterized previously (21) After extensive rinsing, sections were incubated with 

biotinylated goat anti-rabbit IgG and detected using biotm-streptavidin/peroxidase 

staining (Elite kit, Vector Labs , Burlingham, CA) Development of the peroxidase 

staining was done with 3',3'diammobenzidine (Sigma) Counterstaining was done 

with Mayer's hematoxylin 

In vitro cartilage assay 

Whole murine patella's were isolated leaving the patella in a minimal amount of 

surrounding tissue Patella specimens were cultured in RPMI supplemented with 

0,25цд/тІ IGF and with or without 10 ng/ml recombinant murine 1L-1 β After a 24 

hour culture at 37°C in 5% C02 , the medium was replaced by RPMI with 0,25цд/тІ 

IGF with or without 1mM p-ammophenyl-mercuric acetate (АРМА) and incubated for 

24 hours at 37°C Patella specimens were subsequently embedded in OCT and 

frozen in liquid nitrogen Sagittal cryosections were prepared and subsequently 

stained with safranm O, anti-VDIPEN and COL2-3/4C short 
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Quantitative analysis of immunohistochemical staining 

Areas of immunostaming were measured using image analysis Images of histologic 

sections were recorded with a Sony CCD/RGB color video camera and displayed on 

a computer monitor Immunostamed areas were marked by hand, and marked areas 

were quantified in μπι2 by the computer For every knee joint, 4 sections, spaced 

approximately 140 μπι apart, were measured, and the mean of these measurements 

was recorded 

Results 

Kinetics and specific localization of VDIPEN epitopes during AIA 

In control cartilage no sign of PG depletion was detected by safranin 0, and no 

VDIPEN was detected When arthritis was induced, PG depletion was observed at 

day 1 of arthritis, but no VDIPEN epitopes were detected yet (figures 1a and b) 

When proteoglycan depletion progressed towards maximal PG depletion at day 7 

and 14 of arthritis, VDIPEN epitopes were induced, but not uniformly Although 

proteoglycan depletion was evident throughout the non-calcified cartilage layer, 

VDIPEN staining appeared at defined sites of the femur and the edges of the patella 

in the femoral-patellar region of the knee joint (figures 1c and d) In the femoral-tibial 

region, VDIPEN was most often detected at the lateral and medial borders of the 

cartilage, sometimes extending into the middle region (figures 1e and f) Typically, 

these VDIPEN positive sites were more extensively depleted from PGs than areas 

not stained with VDIPEN, for example the central part of the patella (figures 1c and 

d) 
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Figure 1: PG degradation and MMP-induced neoepitopes during primary AIA 

Safranin О staining of cartilage (А, С and E) was compared with immunostaining for VDIPEN (B, D 

and F) in adjacent knee joint sections 3 and 7 days after arthritis induction. A and В show staining of 

day 3 of arthritis. Note the absence of VDIPEN staining at day 3 of arthritis (B) and the PG depletion 

present in the same area (A). C-F show a typical staining pattern of a knee joint at day 7 of arthritis 

C,D patello-femoral region ; E,F femoral-tibial region. Original magnification 200x. P=patella, F=femur. 
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VDIPEN neoepitope and collagenase cleavage site neoepitope in type II 

collagen 

The kinetic study of VDIPEN epitope expression suggested a linkage of VDIPEN 

with advanced cartilage damage, since VDIPEN staining was only found when PG 

depletion was complete Severe cartilage damage is thought to be associated with 

cleavage of collagen fibers Therefore, we investigated whether VDIPEN neoepitope 

expression was linked to the induction of type II collagen cleavage during AIA 

Sequential sections were immunostamed with either anti-VDIPEN IgG or anti-C0L2-

3/4C short and staining was compared Strikingly, VDIPEN neoepitopes and the 

collagenase cleavage sites in type II collagen colocalized both in time and place 

Tabel 1 shows PG depletion as determined by safranin О staining, as well as 

immunohistochemical staining of both VDIPEN epitope and COL2-3/4Cshort at 

several days after induction of AIA As shown, the aggrecan and collagen 

neoepitopes appeared at the same time Maximum staining was found at day 7 of 

arthritis, with both territorial as well as interterritorial staining An example of 

immunostaimng at day 7 is shown in figure 2 Pairs of sequential sections are 

shown, each pair is spaced approximately 140цт apart from the next pair Sections 

were stained with either anti-VDIPEN or with COL2-3/4C short At sites where 

VDIPEN was present also COL2-3/4C was found, whereas other sites did not stain 

for either epitope After day 7, VDIPEN and COL2-3/4C immunostaming decreased, 

which was mainly due to loss of interterritorial staining 

Table 1 PG depletion and immunodetection of VDIPEN and COL2-3/4C neoepitopes during antigen 

induced arthritis 

Time (days) PG depletion COL2-3/4C VDIPEN 

1 1,2 ± 1 

3 2,3 + 0,9 

7 2,5 ± 0 , 3 

14 2,8 + 0,3 

28 2,3 ± 1 , 2 

Proteoglycan depletion in femoral cartilage dunng antigen induced arthritis was assessed by safranin 

О staining Scoring was done in a blinded way by two independent observers on a graded scale from 

0-3 0=no PG depletion, 3=complete PG depletion Immunolocahzation with anti-VDIPEN and COL2-

3/4C was scored from 0 to maximal staining (+++) Maximal staining represents approximately 30% of 

the total cartilage layer n=5 

0 

0/+ 
+++ 
++ 
+ 

0 
0/+ 
+++ 
++ 
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F/gure 2: Colocalization of the NINIP induced neoepitope VDIPEN in aggrecan and the collagenase-

induced neoepitope in type II collagen. Semiserial sections, spaced 140μτη apart, obtained from the 

same knee joint on day 7 of antigen induced arthritis were stained for VDIPEN and compared to 

immunostaining for the cleavage site in collagen (COL2-3/4C) in adjacent sections. A,C and E, 

VDIPEN immunostaining; B,D and F, COL2-3/4C immunostaining. Original magnification 200x. 

P=patella, F=femur 
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Figure 3: Testing of immunity in stromelysin deficient mice and in wild type controls. 

A. Cellular immunity was tested by skin reactions (DTH) DTH-values were measured at 6 and 48 

hours. Values are represented by left/right(L/R) ratios B. Humoral immunity was tested by measuring 

antigen-specific antibody titers to mBSA in serum by ELISA. Values are the mean ± standard 

deviation, n=10 fbrBWRIII and SLN-1KO, n=S for C57BI/6 . 
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At day 28, staining of both COL2-3/4C and VDIPEN was mainly restricted to the 
territorial compartment of the extracellular matrix The colocahzation between MMP-
generated neoepitope in aggrecan and collagenase-induced neoepitope in type II 
collagen is compatible with a coupling of both cleavage activities through one 
enzyme 

The role of stromelysin in VDIPEN expression during antigen induced 
arthritis 
Former studies showed that stromelysin (SLN-1) is able to activate collagenases, 
and can generate the VDIPEN epitope, we next investigated whether stromelysin-1 
plays a role in generation of VDIPEN epitopes and collagenase cleavage sites in 
vivo Antigen-induced arthritis was induced in SLN-1 KO mice Since these mice 
have a B10RIII background, age-matched B10RIII and C57BI/6 were used as wild 
types As different mice strains may differ in their immune response against an 
antigen, cellular and humoral immunity to mBSA was tested after immunization 
Cellular immunity of the mice was tested by DTH reactions elicited in the ears of the 
mice These showed no statistical difference between the three strains (figure 3a) 

Humoral immunity was tested by determining the titer of mBSA specific 
antibodies in serum The antibody titer of the control strain C57BI/6 was slightly less, 
but no differences were found between SLN-1 KO mice and its proper control strain 
B10 Rill As no disturbing differences were found in immunological parameters, we 
next investigated the inflammatory response and cartilage damage after arthritis 
induction No significant differences in both inflammation and PG depletion were 
found between SLN-1 KO mice and the controls (figure 4) However, the amount of 
VDIPEN epitopes was strikingly different between the wild type strains and SLN-
1KO B10RIII and C57BL\6 mice showed areas of intense VDIPEN neoepitope 
staining (figure 5b, figure 6) while this neoepitope was virtually absent m SLN-1 KO 
mice (figure 5e) In line with the expression of VDIPEN epitopes, the collagenase 
cleavage site neoepitope was strongly reduced in SLN-1 KO mice (figure 5f), 
compared to wild type controls (figure 5c) 
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Figure 4: Proteoglycan depletion and inflammation in stromelysin deficient mice. 

On day 5 after arthritis induction, knee joints were dissected and prepared for histologic study 

Synovial cell exudate and cellular infíltrate and PG depletion was scored arbitrarily, graded from 0to3 

(3=most severe) (n-10). 
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Figure 6: Marked reduction of VDIPEN neoepitopes in stromelysin-1 deficient mice. 

Antigen induced arthritis was induced in SLN-1KO mice, and the two control strains At day 5 after 

arthritis induction knee joints were studied for VDIPEN expression. Immunostaining was measured 

using image analysis For every knee joint 4 sections were measured, and the mean of these 

determinations is depicted as 1 data point. 
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Figure S: Immunostaining of VDIPEN epitopes and collagenase induced cleavage sites in stromelysin 

deficient mice. 

Adjacent sections of knee joints at day 5 of arthritis were stained with safranin O (A, D), and 

immunostained for VDIPEN (B, E) and COL2-3/4C short (C, F). The controls showed abundant 

presence of both neoepitopes in the same sites (Α-C), but in knee joints of stromelysin-1 deficient 

mice VDIPEN and COL2-3/4C neoepitopes were virtually absent (D-F). Original magnification 400χ. 

F=femur. 

I 107 | 



I Chapter 5 I 

The role of stromelysin in VDIPEN and COL2-3/4Cshort expression in 

vitro 
In an earlier study we found that IL-1 is important in induction of VDIPEN expression 

during antigen-induced arthritis, probably by stimulating chondrocytes to produce 

MMPs (18). We now investigated whether the prominent role of stromelysin in 

VDIPEN expression seen during antigen-induced arthritis is also evident in IL-1 β 

induced cartilage damage in vitro. Murine patellae were first cultured with IL-1 β and 

subsequently with АРМА to activate latent MMPs. Incubation of cartilage with IL-1 β 

alone or with АРМА alone did not result in induction of VDIPEN epitopes (not 

shown). However, when IL-1 incubated patellae were subsequently exposed to 

АРМА, intense VDIPEN staining was seen (figure 7a). When the collagenase-

induced neoepitope COL2-3/4Cshort was studied, it was observed that collagen 

cleavage was induced with this treatment at identical sites (figure 7b), whereas this 

was found in the controls. 

A , В 

Figure 7: No induction of MMP-induced neoepitopes in vitro in stromelysin deficient mice. 

Murine patellae were first cultured with IL-1 β (10ng/ml) for 24 hours and subsequently incubated with 

АРМА to activate latent MMPs. Large amounts of both VDIPEN (A) and COL2-3/4C short (B) 

neoepitopes were detected after incubation of cartilage from both C57BI/6 and B10RIII with IL-1 β and 

АРМА. Patellae from SLN-1KO mice did not show VDIPEN neoepitope expression (C) In addition 

COL2-3/4Cshort neoepitope staining was also strongly reduced in SLN-1KO mice (D). Original 

magnification 400χ 
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When cartilage of SLN-1KO mice was incubated with IL-1 and subsequently with 

АРМА, no induction of VDIPEN epitopes (figure 7c) nor COL2-3/4Cshort 

neoepitopes was detected (figure 7d) This observation further underlines the pivotal 

involvement of stromelysin in induction of both the MMP-induced cleavage site in 

aggrecan as well as the collagenase-induced cleavage site in type II collagen 

Discussion 

Ample data suggests that MMPs might be involved in cartilage degradation during 

arthritis Correlation between the presence of MMPs and cartilage degradation was 

found in samples of RA and OA patients (1,35-37) as well as in animal models of 

arthritis (4-7) A more direct approach to demonstrate MMP-activity was provided by 

the detection of the MMP-specific neoepitope in aggrecan, VDIPEN This neoepitope 

was shown to be present in articular cartilage of arthritis patients (16), and also 

identified in murine collagen induced arthritis (17) Recently, we showed that early 

proteoglycan depletion was not accompanied by induction of this MMP-specific 

neoepitope VDIPEN during murine antigen induced arthritis (18) However, marked 

VDIPEN expression appeared in late stages In the present study we characterized 

the site specificity and the relationship between presence of VDIPEN epitopes and 

collagenase-induced type II collagen degradation, as measured by immuno-

histochemistry of both epitopes We demonstrated for the first time that presence of 

the VDIPEN neoepitope in aggrecan exactly colocalized with presence of 

collagenase cleavage sites in type II collagen Moreover, stromelysm-1 was found to 

be essential in induction of both neoepitopes, which convincingly demonstrates that 

stromelysin-1 is pivotal in activation of collagenase during antigen induced arthritis 

and is a major enzyme in cartilage destruction 

During the first days of antigen-induced arthritis PG depletion was already 

evident, but no VDIPEN epitope was detected This implies that MMPs are not 

important in the initial phase of PG degradation A likely mediator of early PG 

degradation is the putative enzyme activity aggrecanase (38-40) Earlier in vitro 

studies have indicated that IL-1 induced PG degradation is the result of the as yet 

unidentified enzyme activity aggrecanase (40,41) In line with these studies, we have 

also found that in vitro incubation of murine cartilage with IL-1 results in a marked 

increase in aggrecanase neoepitopes in the cartilage (data not shown) When we 

studied the appearance of aggrecanase neoepitopes in vivo, we saw an increase of 
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neoepitopes during early PG depletion (manuscript in preparation), which suggests 
that aggrecanase is involved in the early phase of PG degradation during arthritis 

The colocahzation between occurrence of the MMP-specific neoepitope in 
aggrecan and the collagenase-mduced neoepitope in type II collagen suggests a 
coupling of both cleavage activities through one enzyme One possible important 
enzyme in this process is stromelysm-1 Stromelysin has been suggested as an 
important member of the MMP-family because of its broad substrate specificity and 
its ability to cleave proteoglycans very efficiently (23,24) Moreover, stromelysin is 
able to activate latent collagenase 1, -2, and -3 in vitro (25,26,42,43) Our present 
studies in SLN-1KO mice provided definite proof that stromelysm-1 is pivotally 
involved in cleavage of type II collagen at the collagenase site Moreover, it is also 
essential in IL-1 induced MMP activity in vitro Although collagenases are the only 
known enzymes which are able to cleave collagen within the triple helical domain, 
stromelysin has also been shown to be effective in degrading the collagen network 
in non-helical sites (44,45) Incubation of cartilage with stromelysin resulted in 
degradation of collagen type II and IX, and subsequent swelling of the cartilage (46) 
So, besides an activating role of stromelysin on latent collagenase as emphasized in 
the present study, stromelysin might also be important in unraveling the collagen 
network via another direct pathway Whether this direct activity plays a role in vivo 
remains to be identified 

As mentioned above, collagenases are thought to be essential in initiation of 
collagen degradation since they are the only known enzymes which can cleave type 
II collagen in the intact, helical state General proteases (e g elastase, 
chymotrypsin, cathepsin etc ) cannot degrade collagen at neutral pH Collagenase-
cleaved collagens become susceptible to further degradation by other proteinases, 
and therefore collagenase can be considered the rate limiting enzyme involved in 
collagen damage In the present study we identified a full colocahzation of 
collagenase induced collagen cleavage sites and VDIPEN neoepitopes during AIA 
indicating that VDIPEN neoepitopes are indicative for severe cartilage damage In 
addition we have recently found that neither VDIPEN nor collagen neoepitopes were 
induced during zymosan induced arthritis, a model in which cartilage damage is fully 
reversible In contrast, during collagen induced arthritis we noted abundant VDIPEN 
and collagen epitope staining , coinciding with induction of severe, irrepairable 
cartilage damage The dominant role of stromelysin-1 in induction of both 
neoepitopes during AIA indicates an essential role of this enzyme in initiation of 
severe cartilage damage 

MMPs have been implicated to play a role in immunity and inflammation 
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(reviewed in (47) Gelatmases are thought to be important in trans-basement 
membrane migration of T-cells Other studies showed that MMPs play a role in 
shedding of active TNFa (48), as well as release of TGFß from connective tissue 
stores and decoupling of IGF from complexes with binding proteins (49,50) 
Furthermore, inhibition of MMPs during rat adjuvant arthritis, resulted in suppression 
of edema and inflammatory tissue overgrowth along with inhibition of cartilage and 
bone destruction, but no change was found in leukocytic infiltration of the synovium 
(51) In the present study we found that absence of stromelysm-1 had no effect on 
acute inflammation (first week of AIA) and immunity, which allows full comparison of 
the different strains with respect to neoepitope expression No neoepitope formation 
was found in SLN-1KO mice during the first week of arthritis At a later time point, 
two weeks after arthritis induction, the inflammation was slightly reduced , but still no 
VDIPEN epitopes were detected and cartilage erosions were not seen (data not 
shown) This further underlines the pivotal role of stromelysm in destruction and 
supports a slight amplifying role of stromelysm in the chronic inflammatory process 
It might suggest a direct impact on synovial cell activation, but at present, it can not 
be excluded that we are in fact dealing with amplification of the synovial 
inflammation by cartilage breakdown products, released from the damaged process, 
which process is reduced in stromelysm knock-out mice 

Cartilage destruction in AIA is characterized by early protetolgycan loss and 
subsequent collagen damage The initial proteoglycan loss is caused by inhibition of 
chondrocyte proteoglycan synthesis as well as enhanced PG breakdown (52) We 
have found that neutralization of IL-1 results in full normalization of chondrocyte 
proteoglycan synthesis, but that this treatment could not prevent the early PG 
breakdown (53) This suggests involvement of IL-1 independent enzymes in the 
acute stage However, IL-1 blocking did reduce late cartilage destruction (53), 
compatible with IL-1 mediated induction of latent metalloproteinases, which need 
further activation and become more crucial in later stages of the arthritic process A 
pivotal role of IL-1 in cartilage damage is also found in other murine arthritis models 
(54-56) as well as in other species (57-59) 

In a first study of collagen-induced arthritis in SLN-1KO mice clear VDIPEN 
expression and cartilage erosion was found (31) At first sight this may look 
contradictory with our present study in antigen induced arthritis However, in 
comparing the models, it is evident that cartilage destruction in collagen-induced 
arthritis is very severe and reflects an extremely aggressive attack on the skeleton, 
which leads to full depth erosions of cartilage and bone within 2 weeks It suggests 
that substantial overkill of other enzymes/mediators may occur, overruling the 
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prominent role of stromelysin, as found in milder forms of arthritis Major adherence 

of granulocytes to the cartilage surface is a characteristic feature in cartilage 

destruction in collagen induced arthritis, implying that direct attack of granulocyte 

enzymes such as cathepsin G and elastase plays a major role in this model Of 

interest, elastase inhibitors appeared effective in collagen arthritis (60) Of note, the 

direct role of IL-1 in cartilage destruction in CIA can not be fully substantiated, since 

the expression of the arthritis is absolutely dependent of IL-1 and neutralization of 

this cytokine result in complete prevention of inflammation as well as cartilage 

damage (56) This strong IL-1 dependence of the inflammation is not in line with the 

clinical situation in RA patients In that respect, the scant IL-1 dependence of the 

inflammation (53) and the more slowly developing cartilage destruction in AIA more 

resembles the pattern in human disease, where it may take considerable time to 

progress to full erosions 

Our data make it clear that MMPs are not involved in early proteoglycan loss , 

but are of crucial importance in late, irreversible cartilage damage Stromelysm-1 is 

essential in collagenase activity during murine antigen induced arthritis Apart from 

collagenase, stromelysin should be seen as a pivotal target in prevention of 

irreversible cartilage destruction It implies that studies with selective inhibitors are 

warranted in RA patients and that the read-out in such trials should not focus on 

proteoglycan loss but on cartilage erosions 
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I metalloproteinases during immune complex mediated arthritis I 

Abstract 

Objective: To investigate involvement of immune complexes in 

induction of MMP-induced neoepitopes in aggrecan, as well as the 

role of stromelsyin-1 (SLN-1) in induction of this neoepitope. 

methods: Passive immune complex arthritis (ICA) was induced, and 

generation of the MMP specific cleavage product (VDIPEN) was 

studied by immunolocalization. The role of SLN-1 was studied with 

use of SLN-1 deficient (SLN-1KO) mice. VDIPEN expression was 

studied in vitro by exposing the cartilage to IL-1 and subsequent 

activation of latent MMPs. 

Results: ICA was characterised by an acute inflammation, with 

influx of mainly polymorphonuclear cells (PMNs) into the joint 

cavity. Expression of VDIPEN neoepitopes was consistently found 

in areas extensively depleted from proteoglycans (PG). SLN-1KO 

mice did not show expression of the VDIPEN neoepitope, although 

inflammation and PG depletion was comparable to wild type mice. 

In addition, erosions of cartilage were absent in SLN-1 KO mice, but 

were present in wild type mice, suggesting an important role for 

SLN-1 in cartilage destruction. 

In vitro studies showed that SLN-1 is also pivotally involved in IL-1 

induced MMP-activity. Stimulated PMNs were able to activate latent 

MMPs present in the cartilage. Neutrophil elastase was also 

capable of activating IL-1 induced latent MMPs, which identifies 

elastase as a possible activator for latent VDIPEN inducing MMPs. 

Conclusion: This study suggests that 1С are important in activation 

of latent MMPs in cartilage, possibly through PMN activation on the 

cartilage edge. Stromelysin is a pivotal enzyme in overall MMP-

activity in cartilage during immune complex mediated arthritis. 

Introduction 

Degradation of cartilage is a major feature of rheumatoid arthritis It occurs trough 

enzymatic cleavage of cartilage constituents Two major cleavage sites have been 

identified in the first interglobular domain of aggrecan The first cleavage site is 

mediated by an unidentified enzyme activity called aggrecanase It results in the 

neoepitope sequence NITEGE left in the cartilage after cleavage The second site is 
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mediated by MMPs and the neoepitope VDIPEN is the result of cleavage at this site 

(1-5) 

In synovial fluid, as well as in cartilage of arthritis patients, neoepitopes 

resulting from both enzyme activities were found (6-8) Also in animal models of 

arthritis, both neoepitopes were induced in cartilage (9,10) We recently studied 

occurrence of VDIPEN during antigen induced arthritis (11) IL-1 was found to be a 

pivotal mediator in VDIPEN expression, since IL-1 receptor antagonist prevented 

formation of the VDIPEN epitope IL-1 is a known inducer of pro-MMPs, but these 

latent MMPs need further activation by other enzymes to become active 

Involvement of VDIPEN inducing MMPs was only found during the late phase of 

cartilage degradation, and not during early PG depletion, which suggests linkage of 

MMP activity to advanced cartilage damage (11,12) Furthermore, we have found 

that the collagenase induced cleavage site in type II collagen fully colocalizes with 

VDIPEN epitopes in this model (13,14) This further suggests that VDIPEN is linked 

to severe and maybe even irreversible cartilage damage since collagen damage is 

difficult to repair (15) Stromelysm-1 (SLN-1) has been shown to be pivotally 

involved in this colocalization of MMP neoepitopes in aggrecan and collagenase 

neoepitopes in type II collagen (13,14) SLN-1 deficient mice showed no VDIPEN 

expression during antigen induced arthritis, nor did they show COL2-3/4C staining 

This link is probably through activation of collagenases by stromelysm-1, since in 

vitro studies have shown that stromelysm-1 is capable of activating collagenase-1, -2 

and-3(16-18) 

The linkage of VDIPEN occurrence to severe cartilage damage was further 

substantiated by studying two other murine arthritis models (12) On the one hand, 

zymosan induced arthntis(ZIA), which is induced by local injection of yeast particles, 

showed almost no expression of VDIPEN neoepitopes On the other hand, collagen 

induced arthntis(CIA), which is based on an autoimmune response to type II 

collagen, showed widespread and persistent VDIPEN expression Cartilage damage 

that is induced during ZIA is fully reversible, whereas full destruction of cartilage is 

noted in CIA These data suggest that activation of latent MMPs in cartilage is 

correlated to induction of irreversible cartilage damage, and possibly of pivotal 

importance in destruction of the cartilage The question remains which mechanisms 

are involved in activation of pro-MMPs There are two major differences between the 

mechanisms of inflammation in ZIA on the one hand and in AIA/CIA on the other 

hand In both AIA and CIA T-cells and immune complexes are involved, whereas 

these are not present in ZIA 

I 120 



I metalloproteinases during immune complex mediated arthritis I 

The objective of this study was to establish the role of immune complexes in 

induction of VDIPEN epitopes This was done in a model of passive immune 

complex arthritis This model has been described before and was shown to be 

dependent on IL-1 (19,20) Furthermore, the role of stromelysm in immune complex 

mediated VDIPEN expression was studied with use of stromelysm-1 deficient 

mice(SLN-1 KO) The activation mechanism of MMPs was further studied in vitro 

Materials and methods 
Animals 

Stromelysm-1 knock out (SLN-1KO) mice were generated in congenie 129SvEv mice 

and outcrossed to C57BI/6 mice as described earlier (21) Homozygous 

C57bl/6/129SvEv knock out mice were outcrossed to B10RIII mice F1 outcross mice 

were twice backcrossed to B10RIII mice Knock out mice showed no gross 

histopathological abnormalities Age-matched congenie B10RIII and C57BI/6 mice 

were used as wild type controls Mice were approximately 12 weeks of age They 

were given a standard laboratory diet and tap water ad libitum 

Induction of Immune complex induced arthritis 

Poly-L-lysme (PLL) (Sigma, St Louis, Mo USA) was coupled to lysozyme as 

described earlier (19) PLL-lysozyme (3 цд) was injected into the right knee joint of 

mice previously given intravenously specific antisera (0 2 ml) directed against 

lysozyme The antisera, raised in rabbits, were decomplemented by heating at 56°C 

for 30 minutes 

Histology 

Knee joints were dissected and fixed in 4% paraformaldehyde (Merck, Darmstadt, 

Germany) in phosphate buffer (pH 7 4) for three days Subsequently, joints were 

decalcified in 10% EDTA (Merck) in phosphate buffer (pH 7 4) and embedded in 

paraffin wax Coronal whole knee joint sections were prepared Sections were 

stained for proteoglycans with safranin О and fast green 

Determination of proteoglycan content and amount of inflammation 

Histologic parameters were scored in a blinded way by two independent observers 

Cartilage proteoglycan content is reflected in safranin О staining intensity 

Proteoglycan depletion was visualized by diminished staining of the matrix Safranin 

О staining was scored arbitrarily, scoring was from 0 no PG depletion, 1 minimal, 2 
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moderate and 3 complete PG depletion Inflammation was scored for the amount of 

exudated and infiltrated cells The amount of cells were graded on a scale from 0-3, 

0 no cells, 1 minimal, 2 moderate and 3 maximal number of cells 

Immunohistochemical VDIPEN staining 

For immunohistochemical analysis, sections were deparaffmized, rehydrated and 

digested with proteinase-free chondroitinase ABC (Sigma, 0 25 U/ml 0 1M Tns-HCI 

pH 8 0) for 1 hour at 37°C to remove chondroitin sulfate from the proteoglycans 

Subsequently, sections treated with 1% H 2 0 2 (Merck) in methanol for 20 minutes and 

5 minutes with 0 1% TntonX-100 (Merck) in PBS After incubation with 1 5% normal 

goat serum for 20 minutes, sections were incubated with affinity-purified rabbit anti-

VDIPEN IgG overnight at 4°C This antibody has been extensively characterized 

before (6,9,10) Then sections were incubated with biotinylated goat anti rabbit IgG, 

the binding of which was detected using avidine-streptavidm-peroxidase staining 

(Elite kit, Vector Labs , Burhngham, CA) Development of the peroxidase staining 

was done using nickel enhancement Counterstaming was done with 2% orange G 

for 5 minutes 

Quantitative analysis of immunohistochemical staining 

Areas of immunostaining were measured using image analysis Images of histologic 

sections were recorded with a Sony CCD color video camera and displayed on a 

computer monitor Immunostained areas were marked by hand, and marked areas 

were quantified in μηι2 by the computer For every knee joint, 3 sections were 

measured and the mean of these measurements was recorded 

In vitro cartilage assay 

Whole murine patella's were isolated with a minimal amount of surrounding tissue 

Patella's were cultured in RMPI (GIBCO/BRL, Life Technologies) supplemented with 

0,25μg/ml IGF and with or without 10ng/ml IL-1 β Subsequently, patella's were 

incubated with several MMP activating agents Patellae specimens were 

subsequently frozen in liquid nitrogen Sagittal cryosections were prepared and 

subsequently stained with safranin О and immunostained anti-VDIPEN 

PMN isolation 

PMN were isolated from blood of healthy volunteers After dextran sedimentation 

PMNs were separated from mononuclear cells on Ficol-Paque (Pharmacia BV, 
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Uppsala, Sweden) The isolation procedure yielded 95% pure PMN. The cells were 

suspended in RPMI 

PMN-cartilage incubations 

Purified PMN were suspended in RPMI and added to patella specimens in 96-wells 

microtiter plates (1 patella per well, 5x105 cells per well) PMN were pelleted on the 

cartilage by centrifugaron (5 minutes 1200 rpm) PMA was added to the culture, and 

the plate was incubated for 3 hours. Subsequently the patella's were washed in 

0,7% NaCI and then frozen in liquid nitrogen 

Results 

Immune complex arthritis and VDIPEN expression 

The involvement of immune complexes in formation of VDIPEN epitopes was studied 

in passive immune complex arthritis (ICA) Anti-lysozyme antibodies were injected 

intraveneously 16 hours prior to arthritis induction Arthritis was induced by injecting 

3 μg poly-L-lysozyme intraarticular^ into the right knee joint At day 2 of arthritis, 

knee joints were dissected and processed for histology Safranm О staining showed 

that PG depletion was pronounced (figure 1a) Furthermore, many exudatmg cells 

were present in the synovial cavity, mainly consisting of PMNs. Some PMN 

adherence to the cartilage was consistently seen (figure 1b) Immunolocahsation 

showed that VDIPEN epitopes were present (figures 1c and d) VDIPEN was found 

mainly in the femur and sometimes at the edges of the patella Typically, these sites 

were also more depleted of proteoglycans 

Stromelysin determines VDIPEN expression and cartilage destruction 

Our earlier study identified stromelysin as a pivotal enzyme in expression of VDIPEN 

epitopes in antigen induced arthritis (13,14) We studied whether this was also true 

in ICA Special attention was given to occurrence of cartilage destruction ICA was 

induced in SLN-1KO mice and the wild type strains B10 RIM and C57BI/6 At day 2 of 

arthritis histology was taken and studied for inflammation and PG depletion Synovial 

infiltrate and exudate were comparable in all strains (figure 2) 

1123 | 



I Chapter 61 

Figure 1: Proteoglycan depletion and VDIPEN epitope labelling in ICA. Frontal knee joint sections of day 

2 of ICA were stained with Safranin O, (a) . Haematoxylin staining (b) ¡dentines PMN adherence to the 

cartilage (arrowheads) Immunostaining with anti-VDIPEN (c ) , and control immunostaining with normal 

rabbit IgG (d). F=femur, P=patella, C=cartilage. 

PG depletion, as studied with Safranin 0 staining, was identical in SLN-1K0 mice and 
the wild type strain B10.RIII. However, C57BI/6 mice showed less PG depletion 
compared to the other two strains (figure 2). Strikingly, a clear difference between 
B10.RIII and the SLN-1KO was found with respect to erosions. B10.RIII mice showed 
beginning erosions of the cartilage (figure 4a), whereas in SLN-1KO mice no cartilage 
destruction was found (figure 4b). VDIPEN expression was studied by 
immunohistochemistry. 
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Figure 2: Proteoglycan depletion and inflammation in stromelysin deficient mice 

On day 2 of arthritis, knee joint were dissected and prepared for histologic study Synovial cell exudate 

and cellular infiltrate and PG depletion was scored arbitrarily, graded from 0 to 3 (3= most severe) n=10 

for B10 Rill and C57BI/6 n=20 for SLN-1KO mice 

Area of VDIPEN 

staining (;/mi 

Figure 3: Absence of VDIPEN neoepitopes in stromelysin deficient mice 

Immune complex induced arthritis waas induced in SLN-1KO mice and in the two control strains At 

day 2 of arthritis knee joints were studied for VDIPEN exression Immunostainmg was measured 

using image analysis For every knee joint 3 sections were measured for area of immunostainmg, and 

the mean of these determinations is depicted as one data point 
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Profound staining was detected in both C57BI\6 and B10RIII mice, but remarkably no 

VDIPEN epitopes were found in SLN-1K0 mice (figure 3). At day 5 of arthritis, 

erosions had progressed in B10.RIII (illustrated in figure 4c), but were still absent in 

SLNKO mice (figure 4d). Erosions were most often found in the femur and the edges 

of the patella. This localisation correlated with VDIPEN expression in knee joints of 

B10.RIII at day 2 of arthritis. At day 5 of arthritis, SLN-1KO mice still did not show 

expression of the VDIPEN neoepitope 

Figure 4: Absence of cartilage erosions in stromelysin deficient mice. 

Whole knee joint sections were stained with safranin O. (a) day 2 ICA В10. RIII, (b) day 2 ICA SLN-

1KO, (e) day 5 ICA B10.RIII, (d) day 5 ICA SLN-1KO. Note the absence of cartilage erosions in SLN-

1KO mice, and presence of cartilage loss in B10.RIII wild type mice (arrowheads). C=cartilage, 

B=bone. 
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Role of stromelysin in IL-1 induced VDIPEN expression 

To further evaluate the activation mechanism of MMPs, and possible 

involvement of PMNs in this process, in vitro studies were conducted. 

In vitro induction of MMPs was performed by culturing cartilage with IL-1 for 24 hours 

to induce latent MMPs, and subsequent activation of these inacvtive enzymes. 

Activation of latent MMPs was done by incubating the cartilage with АРМА (1mM 

АРМА in RPMI), a well known chemical activator of MMPs. This resulted in profound 

expression of VDIPEN (figure 5a) in IL-1 exposed cartilage, which was absent when 

cartilage was incubated with IL-1 alone or АРМА alone (not shown). When the same 

treatment was done with cartilage of SLN-1KO mice, no VDIPEN neoepitopes were 

found (figure 5b), which identified stromelysin-1 as a pivotal enzyme in IL-1 induced 

VDIPEN expression. 

A В 

Figure S: No induction of VDIPEN epitopes in SLN-1KO mice. 

Cartilage was first incubated with IL-1 β (10 ng/ ml) for 24 hours, and subsequently incubated with or 

without АРМА to activate latent MMPs. Cartilage sections were stained with anti-VDIPEN. (a) wild 

type cartilage after exposure to IL-1 and АРМА, (b) SLN-KO cartilage after incubation with IL-1 and 

АРМА. 
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Role of PMNs in VDIPEN expression 
Next, we studied whether PMNs are able to activate latent MMPs in cartilage 

from wild type mice Cartilage was first incubated with IL-1 for 24 hours and 

subsequently with PMA activated PMNs for 3 hours This resulted in profound 

VDIPEN expression (figure 6c), which did not occur when cartilage was not 

previously incubated with IL-1 (figure 6d) Full PG depletion was seen in both groups 

treated with PMNs (figure 6a and c), showing the great potency of PMNs to degrade 

these cartilage components 

Previous studies identified elastase as the mam cartilage proteoglycan 

degrading enzyme in PMNs in vitro (22) The specific elastase inhibitor MAAPV-

CMK (200μΜ Bachern, Bubendorf, Switserland) was added to the medium during 

PMN stimulation and subsequent culturing of cartilage PG depletion was completely 

inhibited by thhis inhibitor Aditionally, induction of VDIPEN epitopes was absent 

Next, leukocyte elastase was tested for its ability to activate stromelysin in this 

system Incubation of cartilage with IL-1 and subsequently with elastase (10 цд/ ml) 

resulted in intense VDIPEN expression (results not shown), identifying elastase as a 

possible activator for VDIPEN inducing MMPs Cartilage of SLN-1 КО mice again did 

not show expression of the MMP neoepitope, despite the large PG depletion also 

seen in SLN-1 KO cartilage 
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Figure 6: PMNs are able to activate latent MMPs in cartilage. 

Wild type cartilage was first incubated with or without IL-1ß (10 ng/ml) for 24 hours, and subsequently 

incubated with PMA activated PMNs (5x1o5 cells). Cartilage sections were stained with Safranin О (a, 

c) or immunostained with anti-VDIPEN (b,d). (a, b) with IL-1 incubation, (c, d) without IL-1 incubation. 

Discussion 
Involvement of metalloproteinases in cartilage destruction during rheumatoid arthritis 

has been studied extensively over the last decade. Antibodies are developed against 

the MMP-specific cleavage product in aggrecan, VDIPEN (23-25). These neoepitope 

antibodies enabled researchers to study MMP-activity in cartilage. VDIPEN 

neoepitopes were found to be present in cartilage from RA and OA patients (6,7), 

and were also induced during murine CIA (9). In recent studies we investigated 

formation of VDIPEN epitopes in 3 different murine arthritis models (12). VDIPEN 

epitope formation was present in cartilage during collagen induced arthritis (CIA) 

and antigen induced arthrtis (AIA), both arthritis models in which immune complex 

(1С) formation is evident. In contrast, no VDIPEN was found in zymosan induced 

arthritis, in which no 1С are present. In the present study the role of 1С in induction of 

VDIPEN epitopes was established. Induction of VDIPEN epitopes was consistently 

found in passive 1С induced arthritis, indicating 1С involvement in induction of MMP 
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activity In addition it was shown that stromelysin-1 is a pivotal enzyme in overall 

VDIPEN inducing MMP activity during 1С mediated arthritis 

IL-1 is a pivotal cytokine in PG degradation during ICA Blockade of IL-1 

during ICA resulted in amelioration of cartilage breakdown, but also inhibition of 

inflammation (19,20) In vitro experiments have shown that IL-1 is a potent inducer 

of latent MMPs in cartilage (26) Moreover, we recently found that blocking of IL-1 

during onset of AIA, did not result in prevention of early PG loss, but it did almost 

completely prevent expression of the VDIPEN epitope, linking IL-1 in vivo to MMP 

activity (11) In the present study, we used IL-1 in vitro as a potent inducer of latent 

MMPs As is shown, no MMP activity was found after exposure of cartilage to IL-1 

alone However, impressive VDIPEN staining was found after activation of latent 

MMPs 

The role of immune complexes in formation of VDIPEN epitopes could involve 

PMN activation Immunoglobulins adherent to cartilage surfaces have been 

identified in rheumatoid joints (28,29), which can provide an anchorage and a trigger 

for PMN activation (27) As a consequence, reactive oxygen species and proteolytic 

enzymes present in the PMNs will be released directly onto the surface of the 

cartilage, thereby escaping inhibitors present in the synovial fluid PMNs need this 

close contact to the cartilage in order to inflict damage to the cartilage (30,31 ) In the 

present study, stimulated PMNs were able to directly activate latent MMPs present in 

the cartilage after IL-1 exposure This indicates that PMNs might be involved in 

activation of latent MMPs through IC-targetted PMNs This would fit with the absence 

of VDIPEN epitopes in ZIA, since no 1С are found in this model In agreement with 

this hypothesis is the presence of latent MMPs in the cartilage during ZIA (own 

observations, data not shown), which shows that MMPs are produced in the cartilage 

during ZIA, but are not activated 

Earlier studies by our group revealed that the major PMN proteinase involved 

in proteoglycan degradation is elastase (30,32) In this study, a specific inhibitor of 

leukocyte elastase completely blocked PMN mediated PG degradation Besides 

inflicting direct damage to the cartilage, elastase is also capable of activating latent 

metalloproteinases in vitro using recombinant enzymes (33) The present study 

showed that elastase is able to activate latent MMPs present in the cartilage, 

identifying elastase as a possible activator for MMPs in vivo 

In ICA, VDIPEN epitopes were only detected on sites extensively depleted from 

proteoglycans which suggests a correlation between VDIPEN expression and 

advanced cartilage damage (12) Earlier studies showed that in antigen induced 

arthritis VDIPEN epitopes completely colocahzed with collagenase induced cleavage 
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sites (COL2-3/4C) in type II collagen (13,14) Degradation of type II collagen is 

thought to be a key event in cartilage degradation, which eventually leads to 

irreversible cartilage damage, such as surface erosions Collagenase activity is 

considered to be of pivotal importance in the primary cleavage and subsequent 

denaturation of type II collagen in cartilage (34,35) Several reports indicate that SLN-

1 is able to activate several latent collagenase (16,17) and might even be nessecary 

for full activation of collagenase in vitro (18,36) Our studies in SLN-1 KO mice showed 

that SLN-1 is pivotally involved in induction of both VDIPEN and COL2-3/4C epitopes 

during AIA (14) which suggests that SLN-1 activates collagenase in vivo during AIA 

In the present study, we showed that SLN-1 is also important in VDIPEN epitope 

induction during ICA Moreover, no cartilage erosions were found m SLN-1 KO mice, 

whereas B10 Rill wild type mice showed widespread loss of cartilage These results 

suggest an important role for SLN-1 in cartilage erosions in this arthritis model 

In summary, this study indicates that immune complexes are involved in the 

activation of latent MMPs present in the cartilage This occurs in the context of IL-1 

mediated induction of latent MMPs and subsequent activation through PMN triggering 

In addition, stromelysin-1 is a pivotal enzyme in overall VDIPEN inducing MMP 

activity and cartilage erosions in this model 
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Abstract 
Objective: To investigate the relationship between occurrence of the 

MMP-generated neoepitope VDIPEN and proteoglycan loss. 

Subsequently, the role of IL-1 in this VDIPEN expression was 

examined. 

Methods: VDIPEN expression was investigated in murine antigen 

induced arthritis by immunolocalization on joint sections. The 

involvement of IL-1 in VDIPEN expression was studied by blocking IL-

1 using IL-receptor antagonist (IL-1Ra) treatment. 

Results: Profound proteoglycan loss was visible early in arthritis 

without significant VDIPEN expression. Full expression of the 

neoepitope appeared after a few days when proteoglycan depletion 

was severe and disappeared at late stages when cartilage showed 

recovery from PG depletion. At sites where chondrocyte death 

occurred and cartilage did not recover from the initial cartilage deple

tion, VDIPEN expression remained present. 

Prophylactic IL-1Ra treatment of arthritic mice resulted in almost 

complete prevention of VDIPEN expression. Despite prevention of 

VDIPEN expression, IL-1Ra only had a minor effect on proteoglycan 

depletion, underlining that there is no correlation between VDIPEN 

and early proteoglycan depletion. 

Conclusion: This study indicates that IL-1 is involved in VDIPEN 

expression. Although VDIPEN inducing metalloproteinases seem not 

to be involved in early proteoglycan depletion during antigen induced 

arthritis, metalloproteinase neoepitopes are present when 

proteoglycan depletion is severe. 

Introduction 
Cartilage degradation seen during arthritis is due to proteolytic cleavage of the extracel

lular matrix Proteoglycans (PG), important components of the extracellular matrix, are 

cleaved by proteases leaving behind specific neoepitopes Aggrecan is the mam proteo

glycan found in cartilage and two major cleavage sites have been identified in the 

interglobular domain of the core protein of aggrecan (1 2) The first is between amino 

acid residues Glu^-Ala374 and results in the neoepitope NITEGE which is left in the 

cartilage The enzyme responsible for this cleavage site has not yet been identified and 

the activity is referred to as aggrecanase The second site is between Asn^'-Phe342 and 
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results in the neoepitope VDIPEN which remains in the cartilage after cleavage This site 

can be generated by a whole range of metalloproteinases (MMP-1,-2,-3,-7,-8,-9,-13)(3-

5) Analysis of PG-fragments in synovial fluid of RA patients showed products resulting 

predominantly from the aggrecanase cleavage site (6) However, N-termmal sequencing 

of aggrecan fragments in OA cartilage demonstrated the presence of MMP cleavage 

sites (2) Immunohistochemistry has shown that both VDIPEN and NITEGE epitopes 

were present in OA cartilage (7) suggesting that both "aggrecanase" and MMP activity 

occur during cartilage degradation 

IL-1 is an important catabolic cytokine which is capable of inducing cartilage 

breakdown both in vivo (8-10) and in vitro (11-13) This cartilage degradation is thought 

to be mediated by MMPs because IL-1 is a potent inducer of MMPs (14) Moreover IL-1 

induced cartilage degradation can be prevented by MMP-inhibitors (15-18) However, 

incubation of cartilage expiant cultures with IL-1 resulted in release of aggrecan 

fragments with N-termmal sequences corresponding to cleavage only at the 

aggrecanase site and not the MMP site (19 20) This suggests that the known MMPs are 

not important in IL-1 induced cartilage degradation in the in vitro situation 

In vivo VDIPEN expression has been studied in murine collagen induced arthritis 

and proteoglycan-mduced arthritis (21) In that study it was shown that VDIPEN-

expression correlated with glycosammoglycan(GAG) depletion Both murine arthritis 

models are based on autoimmune responses to cartilage extracellular matrix 

components and eventually result in complete loss of cartilage No studies on VDIPEN 

expression have been done so far in experimental models based on inflammatory 

responses lacking a cartilage directed, autoimmune character Furthermore, it is 

unknown what happens to the neoepitope when cartilage is repaired 

In the present study murine antigen-induced arthritis was examined In this model 

an allergic inflammatory response is directed against foreign antigens (22) The 

inflammation is characterized by an acute phase directly after antigen injection, followed 

by a chronic phase of smoldering inflammation The severity of arthritis and subsequent 

PG depletion and chondrocyte death is dependent on degree of immunization of the 

animals and amount of antigen injected (23) In the present study, a mild form of antigen-

induced arthritis is elicited, in order to be able to study VDIPEN expression also during 

repair of cartilage The role of IL-1 in this model has been studied by anti-IL-1 treatment 

(24) IL-1 blockade did not reduce GAG degradation or inflammation in the acute phase 

of arthritis This result made it possible to study the involvement of IL-1 in VDIPEN 

expression in vivo without having to take into account major anti-inflammatory effects of 

IL-1 blockade 
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The aim of this study was to investigate whether PG depletion is correlated with 

VDIPEN expression during antigen-induced arthritis Furthermore, we examined the role 

of IL-1 with respect to VDIPEN expression This was done by blocking the IL-1 effect 

with IL-1Ra The effect of IL-1Ra treatment on VDIPEN expression was compared to the 

effect on PG depletion To examine whether IL-1 could directly induce VDIPEN epitopes 

in vivo, IL-1 was also directly injected into a naive murine stifle joint and expression of 

the neoepitope was studied 

Materials and Methods 

Animals 

Male C57BI/6 mice were kept in cages with a wood chip bedding They were fed a 

standard laboratory diet (Hope farms, Deventer, The Netherlands) and water ad libitum 

Induction of antigen induced arthritis (AIA) 

Mice at the age of 8-10 weeks were immunized with 100 μg of mBSA (Sigma) emulsified 

in 100 μΙ FCA Injections were divided over both flanks and footpads of the forelegs 

Heat-killed Bordetella Pertussis (2 χ 109 organisms) was administered intraperitoneal^ 

as an additional adjuvant Two subcutaneous booster injections with 50 μg mBSA/FCA 

were given in the neck region on day 7 Two weeks after these injections, arthritis was 

induced by intra-articular injection of 60 цд mBSA in 6 ml saline into the right stifle joint 

IL-1 Ra treatment 

Mini-osmotic pumps (Alzet 1007D, Alza, Palo Alto, CA) were implanted into the 

peritoneal cavity 2 days before or 5 days after induction of arthritis, giving a steady 

release of 37 5 цд recombinant human IL-1 Ra per hour over the next 7 days This dose 

has been proven to be effective in previous studies (25,26) 

IL-1 injections 

Mice were injected mtra-articularly with 10 ng recombinant murine IL-1 a once a day for 4 

days Control injections were done with PBS One day after the last injection, mice were 

euthanatised and the stifle joints were dissected for histology 

Histology 

Knee joints were dissected and fixed in phosphate buffered formalin (pH 7 4) decalcified 

in 5% formic acid, and embedded in paraffin wax Semisenal frontal whole stifle joint 
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sections (7 μΓπ) were stained with safranin О and fast green Great care was taken to 

use adjacent sections for immunohistological staining of the VDIPEN neoepitope 

For autoradiographic analysis of ^S-sulfate incorporation, radiolabeled sulfate was 

injected intraperitoneal^ 6 hours before dissection of the stifle joints ^S-sulphate was 

incorporated into the cartilage layer but not in the underlying subchondral bone and 

reflects newly synthesized proteoglycans(27) Seven μιτι sections were mounted on 

gelatin coated slides which were immersed in K5 emulsion (llford, Basildon, Essex. UK) 

and exposed for several weeks before being developed and stained with hematoxylin 

and eosin 

Chondrocyte death was determined by empty lacunae in the cartilage. No 35S-sulfate 

incorporation was found in areas of empty lacunae In a separate study, the TUNEL 

method was used to detect chondrocyte death. This method was compared to HE 

stained sections It was seen that when chondrocytes were stained with the TUNEL 

method, empty lacunae were seen with HE staining (manuscript in preparation) 

Determination of amount of inflammation and proteoglycan content 

Cartilage proteoglycan content is reflected in safranin О staining intensity Proteoglycan 

depletion was visualized by diminished staining of the matrix Scoring of the degree of 

PG depletion and inflammation was done in a blinded manner by two observers For 

every knee joint, 4 semisenal sections were scored, spaced 140 μππ The numbers 

represent the mean of seven animals ± SD Inflammation was graded on a scale from 0-

3 0 no cells to 3 maximal number of cells PG depletion was graded on a scale from 0-

3 0 no loss, 1 minor loss, 2 marked loss, 3 maximal loss 

Besides arbitrary scoring of PG depletion, safranin О staining was measured using an 

automated image analysis system (VIDAS, Kontron Elektronik GMBH) (28) Microscopic 

images were recorded by a CCD video camera and stored and processed by a 386 

personal computer Optical density was examined by integral measurement in a 20 mm 

layer along the cartilage surface of the patella Fast green staining was neutralized with 

the use of a green filter 

Immunohistochemistry 

For immunohistochemical analysis, sections were deparaffmized, rehydrated and 

digested with chondrotmase ABC (SIGMA, 0 25 U/ml 0.1 M Tns-HCI pH 8 0) for 1 hour 

at 37 °C to remove chondroitm sulfate from the proteoglycans Sections were then 

treated with 1 % H 2 0 2 in methanol for 20 minutes and subsequently 5 minutes with 0 1 % 

triton in PBS After incubation with 1 5% normal goat serum for 20 minutes, sections 

were incubated with affinity-purified anti-VDIPEN IgG overnight at 4°C This antibody 
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recognizes the neoepitope specifically and does not recognize intact proteoglycan (29) 

Controls for the specificity of the antibody have been done and published in earlier 

studies (21 ) Preincubation of the primary antibody with the neoepitope peptide resulted 

in prevention of neoepitope staining Preincubation with petide spanning the neoepitope 

cleavage site did not have an effect on neoepitope labeling. 

Subsequently, sections were incubated with biotinilated goat anti-rabbit IgG and detect

ed using avidme-peroxidase staining (elite kit, Vector labs , Ine , Burlingame, CA) Devel

opment of the peroxidase product was done using nickel enhancement (30) to increase 

sensitivity Counterstammg was done using orange G (2%) for 5 minutes For negative 

control, sections were incubated with normal rabbit IgGs instead of anti-VDIPEN 

antibodies 

The anti-VDIPEN antibody had already been used for immunolocahsation in earlier 

studies using frozen sections (7,21) Several experiments were conducted using frozen 

sections and similar results were obtained with frozen and paraffin sections The staining 

pattern was the same in both methods, but the intensity of staining was less using 

paraffin sections Within every section, the growth plate served as a positive control, 

showing the same staining pattern both in frozen and paraffin sections 

Quantitative analysis of immunohistochemical staining 

Areas of immunostaming were measured using image analysis Images of histological 

sections were recorded with a Sony CCD/RGB color video camera and displayed on a 

computer monitor Immunostained areas were marked by hand and marked areas were 

quantified in arbitrary units by the computer For every knee joint, 3 sections were 

measured, spaced approximately 140 дт, and the mean of those 3 measurements was 

used 

Results 

Proteoglycan depletion and expression of VDIPEN during mild AIA 

PG depletion was studied using Safranin О staining at several time points after arthritis 

induction (figure 1a, c, e) In cartilage of the contralateral non-arthritic joint, no loss of 

Safranin О staining was observed However, in the arthritic joint, severe loss of staining 

was seen Depletion of PG was observed one day after induction of arthritis and reached 

maximal level approximately one week thereafter Subsequently, proteoglycan content 

was restored within the next three weeks, with the exception of some areas in which 

chondrocyte death had occurred To investigate whether PG loss correlated with 
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expression of the metalloproteinase generated neoepitope VDIPEN, knee joint sections 

adjacent to the ones used for safranm О staining were immunostained with anti-VDIPEN 

antibody (figure 1b, d, f) Within every section the growth plate served as a positive 

control, which stained positive in a specific pattern (figure 2) 

VDIPEN expression was scarcely present at day 2 of arthritis, although a lot of 

PGs are lost during the first two days of arthritis Five days after induction of arthritis 

proteoglycan depletion was severe and at this time point VDIPEN expression was 

present (figure 1b) Intense staining was found pericellular, but labeling was also present 

in the interterritorial matrix Although homogeneous PG depletion is found in the articular 

cartilage at day 5 of arthritis, VDIPEN staining was more variable A typical VDIPEN 

localization pattern is illustrated in figure 3 in which semisenal sections of one stifle joint 

are stained for VDIPEN in comparison with safranme О staining VDIPEN expression 

was mainly found in the femur and tibial plateau and sometimes the edges of the patella 

VDIPEN expression and cartilage repair 

To study whether VDIPEN-epitope expression was reversible or showed accumulation 

VDIPEN staining was studied during regeneration of the cartilage from the initial deple

tion Repair of cartilage started between one and two weeks after arthritis induction At 

day 12 of arthritis, VDIPEN staining is different if compared to that seen at day 5 of 

arthritis Hardly any territorial staining is found and VDIPEN expression is mainly 

present in the interntonal extracellular matrix (figure 1d) Cartilage repair had just begun 

since pericellular Safranm О staining was present in a still depleted extracellular matrix 

reflecting newly synthesized proteoglycans (figure 1c) 

At day 28 after induction of arthritis, cartilage was fully recovered from the initial PG 

depletion and VDIPEN staining was absent, except for areas where chondrocyte death 

had occurred (fig 1e f, g) In these areas the matrix was still fully depleted of intact PG 

Areas of chondrocyte death were situated in the femur and tibial plateau 

Autoradiography showed that at these sites no 35S-suphate had been incorporated in the 

cartilage( figure 1g) 
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Figure 1: Proteoglycan depletion and 

expression of VDIPEN during mild antigen 

induced arthritis. Safranin О staining (А, С, E) 

of cartilage was compared to immunostained 

VDIPEN (B, D, F) in adjacent knee arthritis 

« , * !" \ *j> ; *" induction. Chondrocyte death was determined 
< t * \ t » · ** . 

* • « * by hematoxylin and eosin stai-ning and 

autoradiography (g). A and В show 

at day 5 after arthritis induction. С and D show staining at day 12 of AIA and figure e, f and g show 

at day 28 of arthritis Note the absence of 35S-sulphate incorporation in the area where no nuclear 

is visible in figure g. F=femur, JS=joint space. Original magnification 400X F-femur, JS=joint 
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Figure 2: VDIPEN is specifically immunostained in the growth plate. Figure a and b show specific 

immunostaining of the growth plate GP=growth plate. A. safranin О staining and B, VDIPEN 

immunostaining Original magnification 200X 
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Figure 3: VDIPEN neoepitopes are not uniformly distributed in depleted cartilage Semiserial sections, 

spaced ЫОцт, from the same stifle joint at day 5 of AIA were stained for VDIPEN and compared to 

safranin О staining. Pictures reflect a representative example, a-c: safranin O, d-f: VDIPEN staining 

Note the VDIPEN staining shifis from the patella in the superficial section(d) to the femur in a deep 

section(f). Original magnification 100X 
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The role of IL-1 in VDIPEN expression. 

IL-1 has been shown to be an important mediator involved in cartilage degradation and 

shown to stimulate the production of metalloprotemases To study the role of IL-1 in the 

induction of the MMP-generated neoepitope VDIPEN during AIA, IL-1 was blocked 

during onset of arthritis using systemic treatment of IL-1Ra Treatment was started 2 

days before induction of arthritis, to be sure IL-1Ra levels reached high enough to be 

effective 

At day 5 of arthritis no statistical differences could be found between control and 

IL-1 ra treated group with respect to the amount of infiltrated and exudated cells (table 1 ) 

Table 1: Effect of IL-1Ra treatment on inflammation and Proteoglycan depletion 

Control IL-1Ra 

Inflammation, 
arbitrary score Infiltrate 2 8 ± 0 3 2 2 ± 0 6 

Exudate 2 5 + 0 4 1 4 ± 1 0 

PG depletion, 
arbitrary score patella 1 9 + 0 1 1 6 + 0 3* 

femur 2 8 ± 0 2 2 1 ± 0 5* 

PG content, 
image analysis patella 2 0 + 0 2 1 5 + 0 5* 

femur 3 0 + 0 4 2 2 + 0 7* 

lL-1ra treatment was started 2 days before induction of arthritis At day 5 after arthntis induction knee joints 

were dissected and prepared for histology Inflammation and PG depletion were scored in an arbitrary way 

from 0 to 3 In addition, PG content was measured with the use of image analysis Numbers are meant 

standard deviation *= statistical difference, p<0 05 two tailed Wilcoxen Rank-Sum Test, n-7 

PG depletion showed only a small reduction but remarkably, VDIPEN-epitope staining 

was almost fully suppressed in cartilage of IL-1 Ra treated animals (illustrated in figure 

4) The amount of VDIPEN immunostaming was quantified by measuring the stained 

areas with use of image analysis For every knee joint, 3 sections, spaced 140mm, were 

measured (figure 5) Although the amount of staining showed considerable scatter the 

results confirm that IL-1Ra suppressed VDIPEN epitopes to a large extent 

IL-1Ra treatment was also started at a later stage of the arthritis, when full 

VDIPEN expression already exists IL-1Ra treatment initiated on day 5 after arthritis 

induction reduced VDIPEN expression as measured on day 12 however not reaching 

statistical significance (figure 5) 
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Figure 4: Suppression of appearance of VDIPEN epitopes by IL-1Ra, 

а.с Adjacent sections from a knee joint 5 days after arthritis induction b.d Adjacent sections from a knee 

joint at day 5 of arthhtis from an animal treated with IL-1ra. a,b: Safranin О staining, c,d: VDIPEN 

immunostaining. P=patella, F=femur Note the almost complete absence of VDIPEN staining in the IL-1ra 

treated knee joint (d) and the pronounced PG depletion in the same area(b). 

Direct induction of VDIPEN by IL-1 

To examine whether IL-1 can induce VDIPEN neoepitopes directly. 10 ng of IL-1 a was 

injected into a murine knee joint once every day for four days, after which VDIPEN 

expression was studied No MMP-generated neoepitopes was detected in all animals 

studied although safranin О staining showed that the cartilage in IL-1 injected knee 

joints was mildly depleted (figure 6) 
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Figure 5: Effect of IL-1 Ra treatment on VDIPEN expression. IL-1ra treatment was started 2 days before(A) 

or 5 days afíer(B) arthritis induction Seven days after start of IL-1 Ra treatment, knee joints were studied for 

VDIPEN expression and compared to knee joints of untreated animals. The immunostained areas were 

measured using image analysis. For every knee joint 3 sections were measured and the mean of those 

measurements was depicted as one point, ""statistical difference p<0.01 two tailed Wilcoxen Rank Sum 

Test, n=7 
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Figure 6: No induction of VDIPEN epitopes by IL-1. 

Murine IL-1a was injected intra-articularly for four times, once every day (n=10). One day añer the last 

injection, knee joints were dissected for histology. Adjacent sections were stained with safranin О and 

inmmunostained with anti-VDIPEN. a,b: Adjacent sections from IL-1 injected joint, a safranin О staining b. 

VDIPEN immunostaining F=femur, JS=pint space 
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Discussion 
Aggrecan is the major proteoglycan found in the extracellular matrix of articular cartilage 

and it is an important constituent in the weight-bearing properties of this tissue A major 

cleavage site in the interglobular domain of aggrecan is the MMP induced site, which 

leaves behind the neoepitope VDIPEN This epitope has been shown to be present in 

articular cartilage of OA patients (2,7) and shown to correlate with GAG depletion in 

autoimmune driven experimental arthritis (21 ) In this study, it was shown that pericellular 

VDIPEN expression was already present to a limited extent before any histological 

damage or inflammation was visible in the joint At later time points VDIPEN expression 

was widespread and colocahzed with GAG depletion 

We studied the induction of the MMP induced neoepitope VDIPEN during mild 

antigen induced arthritis In this type of arthritis a different expression pattern of VDIPEN 

was observed if compared to that in autoimmune driven inflammation No VDIPEN 

expression was seen before induction of arthritis During the first two days of AIA, a large 

part of the proteoglycans are removed from the cartilage However almost no VDIPEN 

staining was observed in the cartilage layer At day 5 of arthritis VDIPEN expression 

was widely expressed, but the expression of VDIPEN did not show the same pattern as 

PG depletion VDIPEN was mainly localized in the femur and at the edges of the patella, 

whereas PG depletion is observed throughout the whole cartilage layers These results 

show that proteoglycan depletion and VDIPEN expression are not fully linked and 

suggest that metalloproteinases are not responsible for the major part of the proteogly

can breakdown seen during the acute phase of antigen-induced arthritis Other enzyme 

systems could be important in this early proteoglycan breakdown The involvement of 

cysteine proteases has been suggested (review 31) Neutrophil dependent matrix 

degradation, with elastase as the most important enzyme, might be a possible candida

te In early inflammation numerous PMNs are present in the joint These cells store 

large quantities of enzymes in their granules Release of these enzymes close to the 

cartilage layer could lead to cartilage damage (32) However in beige mice, which lack 

leukocyte elastase antigen-induced arthritis still produces severe cartilage damage, 

suggesting that elastase is not the dominant enzyme involved in cartilage damage seen 

during antigen-induced arthritis (33) 

During repair of cartilage from PG depletion, VDIPEN expression disappeared 

except for sites where chondrocyte death occurred and VDIPEN expression remained 

present The absence of neoepitope accumulation is not simply due to masking of the 

epitopes by newly formed proteoglycans since most of the GAGs were removed from the 

cartilage by chondroitinase ABC prior to immunolocalization Probably the newly formed 
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VDIPEN epitopes are broken down further by other enzymes, and cleared from the 

cartilage 

Another major cleavage site within the interglobular domain of aggrecan is 

situated between ammo acid residues Glu373-Ala374 and is called the aggrecanase 

cleavage site Analysis of large proteoglycan fragments in synovial fluids of human 

arthritis revealed that the major neoepitope resulted from aggrecanase activity and not 

MMP activity However, recent analysis of the smaller fragments in synovial fluid clearly 

identified fragments with MMP neoepitopes, suggesting involvement of both 

aggrecanase and MMPs (34) Numerous studies have shown that MMPs are highly 

upregulated by IL-1 both in vivo and in vitro (35-37) Moreover, IL-1 induced breakdown 

of PGs could be inhibited by MMP inhibitors (15-18), which suggests that MMPs are 

involved in cartilage degradation The role of IL-1 in arthritis has been studied by 

blocking IL-1 in several animal arthritis models In general, the effect of anti-IL-1 

treatment on PG depletion was dependent on the anti-inflammatory effect of the 

treatment Anti-IL-1 treatment in collagen-induced arthritis and immunecomplex-induced 

arthritis inhibited the inflammation and ameliorated cartilage degradation (25,26) 

However, IL-1 neutralization failed to reduce inflammation and cartilage degradation 

during the acute phase in rabbit (38) or murine AIA (24) This result made it possible to 

study the effect of IL-1 blockade in VDIPEN expression during AIA without having to take 

into account major anti-inflammatory effects of IL-1 Ra treatment or effects It was shown 

that IL-1Ra prevented the major part of the formation of the neoepitope VDIPEN when 

treatment was started before induction of arthritis IL-1 ra was not able to markedly 

reduce VDIPEN expression when treatment was started after induction of arthritis Most 

of the VDIPEN was already present in the cartilage and suggest at best a slow turnover 

of the epitope and limited generation of new epitope at that stage 

Besides PG breakdown also PG synthesis suppression might be important in PG 

depletion seen during murine arthritis Earlier studies identified IL-1 as a pivotal cytokine 

in PG synthesis suppression, since IL-1 blockade normalized PG synthesis during 

several murine arthritis models (24-26) Also during the AIA PG synthesis was 

normalized, but the PG breakdown was not slowed down (24) In the present study it 

was seen that the overall PG depletion is only inhibited to limited extend by IL-1Ra This 

would mean that PG synthesis inhibition is not the major cause of early PG depletion 

during murine AIA 

IL-1Ra levels have to be very high, approximately 1000 times the concentration of 

IL-1 in order to block IL-1 effects completely Because of the poor pharmacokinetic 

profile of IL-1Ra, continuous high amounts of the compound have to be administered 

Earlier studies showed that administration of IL-1Ra through mini-osmotic pumps is 
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effective in normalizing PG synthesis suppression during AIA (24) Moreover, this 

treatment has proven to be effective by amelioration of inflammation and cartilage 

destruction in both CIA and ICA (25,26) However, there is a slight possibility that some 

IL-1 receptors were not occupied by IL-1 га and this could be the reason why VDIPEN 

expression was not suppressed completely by IL-1Ra treatment and a small amount of 

VDIPEN epitopes was still present in some joints Another problem that might be 

encountered when using human IL-1Ra in mice, is immunological reactions against this 

compound However, this is not likely to occur within one week of treatment, and 

therefore does not affect the outcome of our experiments 

The present results identified IL-1 as a pivotal cytokine in VDIPEN expression 

However other studies have shown that in vitro IL-1 does not induce the MMP induced 

neoepitope but only the aggrecanase epitope (19,20) We tested whether IL-1 was able 

to induce VDIPEN epitopes in vivo by multiple injection of IL-1 directly into murine knee 

joints Although IL-1 did induce some proteoglycan depletion, VDIPEN epitopes were not 

detected This suggests that IL-1 alone can not induce VDIPEN neoepitopes, but needs 

(an)other factor(s) inducing MMP-activity which lead(s) to VDIPEN expression Such a 

cofactor hypothesis has also been proposed for cartilage degradation in which it is 

suggested that besides IL-1 (and TNF) at least another catabohc factor is present that 

induces cartilage breakdown (39) 

The results of this study show that IL-1 Ra almost fully prevented VDIPEN 

expression but only had a small reducing effect on PG depletion This suggests that PG 

depletion and VDIPEN expression are not linked in AIA, since pronounced PG depletion 

is still present without MMP induced neoepitopes VDIPEN expression was found in 

areas with severe PG depletion The same areas seemed to be prone to chondrocyte 

death at later time points Expression of VDIPEN in those areas may thus indicate that 

the chondrocytes are at high risk for damage by inflammatory mediators It is known that 

pre-treatment of mice with anti-IL-1 protects chondrocyte function during arthritis with 

respect to PG synthesis (24) The protection of chondrocyte function by IL-1Ra could 

result in less vulnerability of the chondrocytes for inflammatory mediators from the 

synovial cavity, thereby suppressing the expression of MMP neoepitopes A link 

between VDIPEN expression and severe cartilage damage was further substantiated by 

the fact that in the zymosan-mduced arthritis, an acute model without induction of 

irreversible cartilage damage, no VDIPEN neoepitopes were detected (manuscript in 

preparation) 

In summary, this study indicates that expression of MMP induced neoepitopes is 

regulated by IL-1 together with as yet unknown factors Although metalloproteinases 
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seem not responsible for the early PG breakdown during antigen induced arthritis, MMP-

mduced neoepitopes are present when PG depletion is severe 

References 
1 Sandy JD, Neame PJ, Boynton RE, Flannery CR Catabolism of aggrecan in cartilage expiants, 
Identification of a major cleavage site within the interglobular domain 
J Biol Chem 266 8683-5, 1991 

2 Flannery CR, Lark JD, Sandy JD Identification of a stromelysin cleavage site wilhm the interglobular 
domain of human of aggrecan evidence for proteolysis at this site in vivo in human cartilage J Biol Chem 
267 1008-14,1992 

3 Fosang AJ, Neame PJ, Last K, Hardingham TE, Murphy G, Hamilton JA The interglobular domain of 
cartilage aggrecan is cleaved by PUMP, gelatmases and cathepsm В J Biol Chem 267 19470-19474 1992 

4 Fosang AJ, Last K, Knäuper V, Murphy G, Neame PJ Degradation of cartilage aggrecan by collagenase 
3 (MMP-13) FEBS Letters 380 17-20, 1996 

5 Fosang AJ, Last K, Knauper V, Neame PJ, Murphy G, Hardingham ТЕ, Tschesche H, Hamilton JA 
Fibroblast and neutrophil collagenases cleave at two sites in the cartilage aggrecan interglobular domain 
Biochem J 295 273-276,1993 

6 Lohmander LS, Neame PJ, Sandy JD The structure of aggrecan fragments in human synovial fluid 
Evidence that aggrecanase mediates cartilage degradation m inflammatory joint disease, joint injury, and 
osleoarthntis Arthritis Rheum 361214-1222,1993 

7 Bayne EK, Donatelli SA, Singer II, Weidner JR, Hutchinson NI, Hoemer LA, Williams HR, Mumford RA, 
Lohmander LS Lark MW Detection of a metalloproteinase-generated aggrecan HABR fragment within 
human OA and RA cartilage 40th Annual Meeting, Orthopedic Research society, New Orleans, LA 1995, 
308 (Abstr) 

8 Pettipher ER Higgs GA Henderson В Interleukin 1 induces leukocyte infiltration and cartilage 
degradation in the synovial joint Proc Natl Acad Sci USA 83 8749-8753, 1986 

9 Dingle JT, Page Thomas PH, King B, Bard DR In vivo studies of articular cartilage damage mediated by 
calabolin/mterleukin 1 Ann Rheum Dis 46 527-533,1987 

10 van de Loo AAJ, van den Berg WB Effects of munne recombinant interleukin 1 on synovial joints in 
mice measurements of patellar cartilage metabolism and joint inflammation Ann Rheum Dis 49 238-245, 
1990 

11 Tyler JE Chondrocyte-mediated depletion of articular cartilage proteoglycans in vitro Biochem J 
225 493-507, 1985 

12 van den Berg WB, van de Loo AAJ, Zwarts WA Ottemess I Effects of munne recombinant interleukin 
1 on intact homologous articular cartilage a quantitative and autoradiographic sludy Ann Rheum Dis 
47 855-863. 1988 

13 Pratta MA, Di meo TM, Ruhl DM, Amer EC Effects of interleukin-1-beta and lumor necrosis factor-
alpha on cartilage proteoglycan metabolism in vitro Agents Actions 27 250-253,1989 

14 Schnyder J, Payne T, Dmarello CA Human monocyte or recombinant interleukin 1s are specific for the 
secretion of a metalloproteinase from chondrocytes J Immunol 138 496-503, 1987 

1 5 1 I 



I Chapter 7 I 

15 Andrews HJ, Plumpton TA, Harper GP, Cawston HE A synthetic peptide metalloprotemase inhibitor, 
but not TIMP, prevents the breakdown of proteoglycan within articular cartilage in vitro Agents Actions 
37 147-154,1992 

16 Seed MP Ismaiel S, Cheung CY Thomson TA, Gardner CR, Atkins RM, Elson CJ Inhibition of 
interieukin 1ß induced rat and human cartilage degradation in vitro by the metalloprotemase inhibitor 
U27391 Ann Rheum Dis 52 37-43, 1993 

17 Mort JS, Dodge GR, Roughley PJ, Liu J, Finch SJ Dipasquale G, Poole AR Direct evidence for aclive 
metalloproteinases mediating matnx degradation in inlerleukine 1-stimulated human articular cartilage 
Ma/nx 13 95-102, 1993 

18 Buttle DJ, Handley CJ, llic MZ, Saklalvala M, Murata M, Barrett AJ Inhibition of of cartilage 
proteoglycan release by a specific inactivator of cathepsin В and an inhibitor of matnx metalloproteinases 
evidence for two converging pathways of chondrocyte-mediated proteoglycan degradation Arthritis Rheum 
36 1709-1717, 1993 

19 Loulakis Ρ Shnkhande A, Davis G, Maniglia CA N-terminal sequence of proteoglycan fragments 
isolated from medium of interieukin-1 treated articular cartilage cultures Biochem J 284 589-593,1992 

20 Witt M, Fosang AJ, Hughes CE, Hardingham TE Changes in the pattern of aggrecan cleavage in 
cartilage expiants following stimulation with IL-1 alpha or retmoale and inhibition of cleavage by a 
metalloprotemase inhibitor Trans Orthop Res Soc20 122,1995 

21 Singer II, Kawka DW, Bayne EK Donatelli AA, Weidner JR Williams HR, Ayala JM, Mumford RA, Lark 
MW Giani TT Nabozny GH David CS VDIPEN, a metalloproteinase-generated neoepitope, is induced 
and immunolocalized in articular cartilage during inflammatory arthritis J Clin Invest 95 2178-2186 1995 

22 Van den Berg WB Kruijsen MWM, van de Putte LA, Beusekon HJ Sluis-van de Pol M Zwarts W 
Antigen-induced and zymosan-induced arthntis in mice studies on in vivo cartilage proteoglycan synthesis 
and chondrocyte death Br J Exp Pathol 62 308 1981 

23 Kruijsen MWM, van den Berg WB, van de Putte LBA Influence of the seventy and duration of munne 
anhgen-induced arthntis on cartilage proteoglycan synthesis and chondrocyte death Arthntis Rheum 
28 813-819, 1985 

24 Van de Loo AAJ, Joosten LAB, van Lent PLEM, Amtz OJ, van den Berg WB Role of interleukin-1, 
tumor necrosis factor a, and interleukin-6 in proteoglycan metabolism and destruction Arthntis Rheum 
38 164-172, 1995 

25 Van Lent PLEM, van de Loo AAJ, Holthuysen AEM, van den Besselaar LAM Vermeer H van den 
Berg WB Major role for interieukin 1 but not for tumor necrosis factor in early cartilage damage in immune 
complex arthntis in mice J Rheum 22 2250-2258 1995 

26 Joosten LAB Helsen MMA van de Loo AAJ, van den Berg WB Anticytokine treatment of established 
type II collagen-induced arthntis in DBA/1 mice Arthntis Rheum 39 797-809. 1996 

27 De Vnes BJ, van den Berg WB, Vitters E, van de Putte LBA Quantification of glycosaminoglycan 
metabolism in anatomically intact articular cartilage of the mouse patella in viro and in vivo studies with 
J S-sulphate, ^-glucosamine and ^Η-acetate Rheumatol Int 6 273-281 1986 

28 Van der Kraan PM de Lange J, Vitters EL, van Beunmgen HM van Osch JVM, van Lent PLEM, van 
den Berg WB Analysis of changes in proteoglycan content in munne articular cartilage using image 
analysis Osteoarthitis and Cartilage 2 207-214, 1994 

29 Lark MW, Williams H, Hoemner LA, Weidner J Ayala JM, Harper CF, Chnsten A, Olszewski J, 
Kontealis Z, Webber R, Mumford RA Quantification of a matnx metalloprolemase-generated aggrecan G1 
fragment using monospecific anti-peptide serum Biochem J 307 245-252, 1995 

І152І 



I IL 1 regulation of MMP induced neoepitopes I 

30 Shu S Ju G Fan L The glucose oxidase-DAB nickel method in peroxidase histochemistry of the 
nervous system Neurosa Lett 85 169-171 1988 

31 Buttle JD Lysosomal cysteine endopeptidases in the degradation of cartilage and bone 1994 
Immunopharmacology of joints and connective tissue Edited by Davies ME Dingle JT San Diego 
Academic Press 225-243 1994 

32 Velvart M Fehr К Baici A Degradation in vitro of articular cartilage in rheumatoid arthntis by leukocyte 
elastase from polymorphonuclear leukocytes Rheumatol Int 1 121-130 1981 

33 Schalkwijk J Joosten LAB van den Berg WB van de Putte LBA Antigen induced arthntis in beige 
mice Ann Rheum Dis 49 607-610 1990 

34 Fosang AJ Last К Maciewicz RA Aggrecan is degraded by melalloproteinases in human arthritis 
Evidence that matnx metalloproteinase and aggrecanase activities can be independent J Clin Invest 
98 2292-2299 1996 

35 McDonell J Hoerrner LA Lark MW Herper С Dey Τ Lobner J Eiermann G Kazazis D Singer II 
Moore VL Recombinant human mterleukin-1ß-induced increase in levels of proteoglycans stromelysin 
and leukocytes m rabbit synovial fluid Arthntis Rheum 35 799-805 1992 

36 Pasternak RD Hubbs SJ Caccese RG Marks RL Conaty JM Dipasquale G lnterieukin-1 stimulales 
the secretion of proteoglycan- and collagen-degrading proteases by rabbit articular chondrocytes Clin 
Immun Immunopath 41 351-367 1986 

37 Henderson В Lewlhwaite J Cytokines and cartilage loss in rheumatois arthntis and osteoarthntis Curr 
Med Lif 10 3-10 1991 

38 Lewthwaite JC Blake SM Hardingham ТЕ Warden PJ Henderson В The effect of recombinant 
human inteneukine 1 receptor antagonist on the induction phase of antigen induced arthntis in the rabbit Br 
J Rheumatol 21 467-472 1994 

39 Hollander AP Dieppe PA Atkins RM Elson CJ Hypothesis Cartilage catabohc cofactors in human 
arthntis J Rheumatol 20 223-224 1993 

I 1 5 3 I 



154 



Chapter 

Summary and final remarks 

Samenvatting 

8 

I 1 5 5 I 



156 



I Summary and final remarks I 

Summary 
Rheumatoid Arthritis (RA) is characterised by inflammation of the joints, which leads 

to erosions of cartilage and underlying bone Cartilage damage is a major 

determinant of disease progression and the primary cause is elevated levels of 

proteolytic activity In the whole range of enzymes that exist, the matrix 

metalloproteinases (MMPs) have received a lot of attention over the last decade 

They act at neutral pH, and they are found in high amounts in synovial fluid and 

cartilage of RA patients (1-3), making them likely candidates for cartilage 

breakdown Moreover, they are able to cleave all major components of the 

extracelllular matrix of cartilage (1) However, elevated levels of MMPs in joints of 

RA patients does not yet prove a causal relationship MMP-activity in cartilage 

during RA has been demonstrated recently by detection of specific cleavage 

products in synovial fluid and arthritic cartilage of arthritis patients (4), be it in late 

stages of the disease process 

The aim of this thesis was to investigate the exact role of MMPs in cartilage 

degradation Specific interest has been given to early phases of cartilage 

degradation in relation to MMP-mduction and activity Since kinetic studies can not 

be done in humans, murine experimental arthritis models have been used 

Induction of MMPs was studied by measuring mRNA levels Before mRNA 

levels could be studied, a new method had to be developed to quantify mRNA levels 

in different compartments of the murine knee joint This method is described in 

chapter 2 Joint capsule specimen were isolated in a standardised manner and 

patellar cartilage was isolated after mild decalcification Sufficient RNA could be 

extracted from these specimen to quantify specific mRNA levels by PCR technology 

To illustrate quantification of mRNA levels could be done reliably, stromelysm and 

IL-1 mRNA were quantified both in normal and arthritic tissue specimen Variation of 

mRNA levels between individual mice proved to be low 

In chapter 3 we studied involvement of MMPs in cartilage degradation during 

antigen induced arthritis (AIA) Murine AIA is a chronic, smouldering inflammation in 

which flare-ups of arthritis can be induced, resembling the clinical picture seen in 

humans These flares are highly destructive for the cartilage We studied 

involvement of MMPs in cartilage destruction during both the initial phase of AIA, as 

well as during the flare-up of arthritis 

Messenger RNA levels of collagenase (MMP-1) and stromelysin-1 (MMP-3) were 

quantified in cartilage during the initial phase of antigen induced arthritis These two 

157 



I Chapter 81 

MMPs are thought to be important ones in the MMP-family Collagenase has a 

unique capability to cleave type II collagen within the interglobular domain 

Stromelysm has received a lot of attention because it is able to cleave proteoglycans 

(PG) very effectively (5,6) and it is able to activate collagenase (7,8) The mRNA 

levels of these two MMPs was compared to MMP-activity, which was studied by 

induction of the MMP-specific neoepitope VDIPEN This neoepitope sequence is left 

in cartilage after cleavage of aggrecan by a MMP MMP mRNA levels did not 

correlate with MMP activity VDIPEN epitopes appeared several days after elevation 

of the mRNA levels In late phases of initial AIA, just prior to induction of a flare-up of 

arthritis, MMP-specific neoepitopes had disappeared MMP mRNA levels were still 

elevated in this phase, again uncoupling MMP mRNA levels and MMP-activity 

Induction of a flare-up of arthritis resulted in a fast and marked proteoglycan 

depletion This degradation was characterized by accelerated expression of VDIPEN 

epitopes if compared to initial AIA Enhanced levels of latent MMPs were found to be 

present in cartilage isolated just prior to induction of a flare-up This implies 

activation of pro-MMPs as the mechanism behind accelerated VDIPEN expression in 

a flare-up of arthritis In summary, these data suggets that activation of latent MMP 

activity is a key step in overall MMP activity in murine antigen induced arthritis 

N-terminal sequencing of aggrecan fragments in synovial fluid from RA 

patients identified two major cleavage sites in this important component of cartilage 

(9 10) The first one is mediated by MMPs and results in the neoepitope VDIPEN, as 

mentioned before The second site is caused by a sofar unidentified enzyme activity 

which is named aggrecanase", and results in the neoepitope NITEGE left in the 

cartilage (11) In chapter 4 we studied kinetic involvement of both enzyme activities 

by immunolocahsation of these two neoepitopes in cartilage The enzyme activities 

were studied in three distinct models of arthritis, which differ in severity and 

reversibility of induced cartilage damage Reversible cartilage damage was induced 

in the zymosan induced arthritis (ZIA), partly irreversible cartilage damage in the 

antigen induced arthritis (AIA), and irreversible, destructive cartilage damage was 

studied in collagen induced arthritis (CIA) Normal cartilage showed no expression of 

VDIPEN epitopes but a limited amount of NITEGE epitopes was already present 

The early phase of cartilage degradation was characterized by elevated 

aggrecanase activity in all models However, no MMP-neoepitopes could be found in 

this phase of cartilage degradation When cartilage damage progressed MMP-

neoepitopes appeared in AIA and CIA, but not in ZIA On sites of VDIPEN staining 

aggrecanase neoepitopes disappeared These data show that VDIPEN inducing 

MMPs correlate with severe cartilage damage, but these enzymes have a limited 
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role in early proteoglycan degradation during murine arthritis In contrast, 

aggrecanase epitopes are induced before MMP activity appears, and might be the 

cause of early PG degradation This is in line with in vitro studies, which identified 

aggrecanase as the enzyme activity responsible for IL-1 induced breakdown in 

expiant culture (12-15) Besides a role for aggrecanase in the early phase of 

cartilage degradation, aggrecanase seems also involved in normal PG turnover, as 

NITEGE epitopes are already seen in normal cartilage, and are also present in 

large amounts during cartilage repair 

The studies described in chapter 4 suggested MMP involvement in severe 

cartilage damage A major step towards irreversible cartilage destruction is thought 

to be initiation of collagen damage, since collagen degradation is difficult to repair 

due to slow turnover of collagen (16) Cleavage of type II collagen within the triple 

helical domain can only be accomplished by collagenases, which are therefore 

thought to be pivotal enzymes involved in collagen degradation (17) In chapter 5 

collagenase induced collagen cleavage sites were compared to MMP-mduced 

neoepitopes in aggrecan Strikingly, collagen cleavage sites were shown to fully 

colocahze with VDIPEN epitopes, coupling VDIPEN inducing MMPs to initiation of 

collagen damage This colocahzation suggests a link between both cleavage 

activities through one enzyme Since stromelysin-1 is able to activate latent 

collagenase in vitro, this was a likely candidate The role of stromelysm-1 in 

induction of both epitopes was then studied with the use of stromelysm deficient 

mice (SLN-1KO) (chapter 5) Remarkably, cartilage of arthritic SLN-1KO mice 

showed neither induction of VDIPEN nor collagen cleavage site neoepitopes in 

antigen induced arthritis As a back-up for in vivo findings, in vitro studies were also 

conducted In vitro induction of VDIPEN and collagen cleavage site epitopes was 

done by incubation of cartilage with IL-1 and subsequent activation of MMPs 

Induction of neither VDIPEN nor collagen cleavage site epitopes could be 

accomplished m SLN-1K0 whereas intense staining of both epitopes was achieved 

in cartilage of control strains This identified a pivotal role for stromelysm in overall 

MMP activity towards both aggrecan cleavage and collagen cleavage 

The different expression patterns of MMP induced neoepitopes found in three 

different models (described in chapter 4), left us with the question what mechanism 

is involved in MMP activation The absence of MMP activation during zymosan 

induced arthritis, and presence of this activation during both AIA and CIA, directed 

us to investigate potential involvement of immune complexes Immune complex (1С) 

formation is evident in AIA and CIA, but is not present in ZIA The possible 

involvement of immune complexes in formation of VDIPEN epitopes was thus 
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studied in passive immune complex arthritis (ICA) (chapter 6) Also during ICA, 

VDIPEN epitopes were consistently found, which supports a role for immune 

complexes in VDIPEN expression The role of SLN-1 in expression of VDIPEN was 

investigated in this arthritis model with use of SLN-1 KO mice Again, SLN-1 was 

found to be the pivotal enzyme involved in VDIPEN inducing MMP-activity 

Moreover we found absence of cartilage erosions m SLN-1 KO mice while they were 

clearly present in wild type mice, further underlining an important role for SLN-1 in 

irreversible cartilage breakdown 

Involvement of 1С in in enzyme activation might occur through binding of 

polymorphonuclear cells to 1С deposited in the cartilage surface Upon binding 

PMNs degranulate, and shed their content into the cartilage, thereby escaping the 

large amount of enzyme inhibitors present in the synovial fluid In chapter 6 it is 

shown that stimulated PMNs are able to activate latent MMPs present in the 

cartilage A possible mediator of this MMP-activation is elastase, a major enzyme of 

PMNs 

IL-1 is thought to be an important mediator in cartilage degradation during arthritis 

Although IL-1 induced aggrecan degradation in vitro is caused by aggrecanase 

activity (15 18) IL-1 can induce latent MMP activity (19-22) In Chapter 7 we 

investigated the role of IL-1 in VDIPEN expression and cartilage destruction during 

antigen induced arthritis This was approached by blockade of IL-1, using IL-1 

receptor antagonist (IL-1Ra) Prophylactic IL-1Ra treatment of mice prevented 

formation of the MMP-induced neoepitope VDIPEN, despite the fact that no effects 

of IL-1Ra were found on either inflammation, or PG depletion These results indicate 

that IL-1 is involved in MMP-activity during AIA In light of the correlation of VDIPEN 

expression with severe cartilage damage (chapter 5), this couples IL-1 to 

progressive cartilage damage, with a limited role in early PG loss 
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Final remarks 
This thesis demonstrates late involvement of MMPs during cartilage degradation No 

MMP activity could be found during initiation of proteoglycan depletion, the first 

phase of cartilage damage The early PG degradation is probably caused by 

aggrecanase activity We saw early upregulation of aggrecanase epitopes during 

PG degradation, and also in vitro we found (among others) induction of aggrecanase 

upon IL-1 stimulation No involvement of MMPs in IL-1 mediated PG degradation 

was found in vitro, but a lot of latent MMPs were induced In that sense, IL-1 

mediated PG degradation in vitro reflects the early stages of PG depletion as found 

in our arthritis models 

Expression of MMP neoepitopes in aggrecan colocalized with collagenase 

cleavage sites in type II collagen, which confirms that VDIPEN is linked to severe 

cartilage damage One could argue that MMPs are not pivotally involved in early PG 

degradation, but are only of importance in collagen degradation This would make 

MMP-neoepitopes suitable markers for severe, or even irreversible cartilage 

damage On the other hand, aggrecanase neoepitopes seem difficult to use as a 

marker of PG damage, since aggrecanase appears also involved in normal PG 

turnover (chapter4, (23) ) 

The question now remains which enzyme is the best therapeutical target for 

cartilage protection Aggrecanase appears to be a logical enzyme activity to inhibit 

However before specific inhibitors of aggrecanase can be made sufficiently, the 

enzyme has to be characterised It is amazing to notice that a number of groups 

have been working for over 5 years characterizing this mysterie enzyme, but nobody 

has succeeded yet Aggrecanase seems however only involved in early PG 

degradation and not in late irreversible cartilage damage (chapter 4) For that 

reason, inhibitors of aggrecanase are not likely to fully block cartilage erosions 

MMP-inhibitors have a better chance of preventing cartilage loss, since 

collagenases are thought to be pivotally involved in collagen breakdown Moreover, 

also an important physiological activator of collagenases, stromelysin-1 (chapter 5), 

is inhibited by such a compound However, general MMP-inhibitors have the risk of 

major side effects when applied to humans Besides MMP involvement under 

pathological conditions they also play an important role in normal tissue turnover 

Ideally only one enzyme is blocked, in order to stop destruction of connective tissue, 

while allowing normal turnover to proceed Whether to block the activator 
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(stromelysm-1), or the actor (collagenase) and whether this will be suficient to 

prevent cartilage loss, is a question still to be answered 

Another potential therapeutical target with respect to cartilage degradation is 

IL-1 Chapter 7 desribes that blocking IL-1 resulted in impressive reduction of MMP-

activity in the cartilage, which links IL-1 to progressive cartilage damage Blockade 

of IL-1 during arthritis might therefore have a beneficial effect towards cartilage 
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Samenvatting 
Gewrichten worden bedekt door een dun laagje kraakbeen, dat zorgt voor het soepel 

over elkaar heen bewegen van de botten Daarnaast is het kraakbeen in staat om 

mechanische krachten op te vangen die ontstaan tijdens bewegen Tijdens 

gewrichtsontstekingen, zoals die voorkomen bij reuma, wordt het kraakbeen 

afgebroken Dit leidt tot funktieverlies van het gewricht en pijn bij bewegen Het is 

van groot belang om belangrijke actoren in dit afbraakproces te identificeren, zodat 

het kraakbeen beschermd kan worden 

De twee belangrijkste bestanddelen van kraakbeen zijn collageen en 

proteoglycanen Collageen is opgebouwd als een netwerk waarin de proteoglycanen 

gevangen gehouden worden Afbraak van deze bestanddelen vindt plaats door 

enzymen Er zijn veel verschillende soorten enzymen bekend, maar er wordt 

gedacht dat de familie van matrix metalloproteinases (MMPs) belangrijk is bij de 

afbraak van het kraakbeen 

Het doel van het beschreven onderzoek was het verduidelijken van de rol van 

MMPs tijdens kraakbeenafbraak Onze interesse lag vooral ook bij de vroege fases 

van kraakbeenafbraak in relatie tot MMP-inductie en -activiteit Het bestuderen van 

kraakbeenschade is moeilijk in mensen We hebben daarom gebruik gemaakt van 

modellen van reuma in de muis 

Tijdens een gewrichtsontsteking worden MMPs gemaakt door zowel 

ontstekingscellen als ook door kraakbeencellen de chondrocyten Produktie van 

MMPs wordt gestimuleerd door allerlei factoren die vrijkomen tijdens een ontsteking 

De MMPs worden in eerste instantie uitgescheiden in een niet-aktieve (latente) vorm 

en moeten geactiveerd worden voordat ze kraakbeenbestanddelen kunnen 

afbreken 

Nieuwvorming van MMPs is bestudeerd door het meten van mRNA niveaus 

Hoofdstuk 2 beschrijft een nieuwe methode om mRNA niveaus te meten in zowel 

kraakbeen als synovium van de muizeknie MMP-aktiviteit is bestudeerd door het 

detecteren van het specifieke afbraakproduct dat achter blijft in het kraakbeen 

Het ziekteverloop van reumatoide artritis (reuma) is variabel met relatief 

rustige perioden afgewisseld met perioden van heftige ontsteking (opvlamming) Dit 

ziektebeeld kan worden nagebootst in de antigeen-geinduceerde artritis (AIA) in de 

muis In dit model wordt een ontsteking gemaakt in de knie van de muis die na 

verloop van tijd uitdooft, waarna het kraakbeen kan herstellen Een kortdurende 

opvlamming van de ontsteking wordt daarna geïnduceerd Deze korte opvlamming is 
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zeer destructief voor het kraakbeen In hoofdstuk 3 is de rol van MMPs in zowel de 

initiële ontsteking als ook in de ontstekingsopvlamming bestudeerd De mRNA 

niveaus van MMPs bleken niet te correleren met MMP-aktiviteit We zagen een 

versnelde MMP-activiteit in het kraakbeen tijdens de opvlamming van de ontsteking 

in vergelijking met de initiële ontsteking Deze versnelde MMP-aktiviteit wordt 

waarschijnlijk veroorzaakt door een hoge hoeveelheid latent enzym, dat nog steeds 

aanwezig is in het kraakbeen Aktivatie van latente MMPs lijkt dus een belangrijke 

regulatiestap te zijn in de totale MMP-aktiviteit 

In de gewnchtsvloeistof van reumapatienten zijn 2 belangrijke van 

proteoglycanen afkomstige afbraakprodukten gevonden Het eerste produkt is 

afkomstig van MMPs en het tweede bleek het resultaat te zijn van een tot nu toe 

onbekend enzym Dit mysterieuze enzym is aggrecanase genoemd Hoofdstuk 4 

beschrijft het ontstaan van beide afbraakprodukten tijdens verschillende 

artritismodellen Tijdens de eerste fase van kraakbeenafbraak zagen we verhoogde 

aggrecanase-activiteit, terwijl er geen MMP-activiteit kon worden gedetecteerd 

Wanneer de kraakbeenschade ernstig werd, werden er MMP-specifieke neo-

epitopen gevormd, terwijl we geen aggrecanase neo-epitopen meer konden 

detecteren Uit deze studie concluderen we dat aggrecanase waarschijnlijk een rol 

speelt tijdens vroege kraakbeenschade MMPs lijken niet belangrijk te zijn tijdens 

vroege schade maar correleren wel met ernstige kraakbeenschade 

De correlatie tussen MMP-aktiviteit en ernstige kraakbeenschade werd verder 

bestudeerd in hoofdstuk 5 door te kijken naar collageenschade Schade aan het 

collagene netwerk wordt gezien als zeer ernstige kraakbeenschade, omdat dit 

moeilijk te repareren is door de chondrocyten Collagenase is een essentieel enzym 

in de inductie van collageenschade Hoofdstuk 5 laat zien dat de produktie van 

MMP-specifieke neo-epitopen in proteoglycanen samen gaat met inductie van 

collageenschade door collagenase, hetgeen dus wijst op een koppeling van beide 

enzymactiviteiten 

Vervolgens is de rol van stromelysme bestudeerd in het ontstaan van zowel MMP-

gemedieerde proteoglycaanafbraak als ook van collagenase-geinduceerde 

collageenafbraak Stromelysme is gekozen omdat het in staat is om latent 

collagenase te activeren Stromelysme bleek essentieel te zijn in de inductie van 

zowel MMP-specifieke proteoglycaan neo-epitopen als collagenase-specifieke 

collageen neo-epitopen, hetgeen impliceert dat stromelysme mogelijk een belangrijk 

enzym is in kraakbeendestruktie 

In hoofdstuk 6 is de rol van immuuncomplexen in de vorming van MMP-

specifieke neo-epitopen bestudeerd In dit hoofdstuk wordt aangetoond dat tijdens 
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een artritis opgewekt door immuuncomplexen, er ook MMP-specifieke neo-epitopen 

ontstaan De vorming van deze neo-epitopen bleek ook in dit model afhankelijk te 

zijn van stromelysme Bovendien werd er aangetoond dat er in stromelysine-

deficiente muizen geen kraakbeenerosies aanwezig waren, terwijl dit in controle-

muizen wel te zien was Deze resultaten geven wederom een mogelijk belangrijke rol 

van stromelysme in kraakbeendestructie aan 

De betrokkenheid van immuuncomplexen in de inductie van MMP-epitopen ligt 

waarschijnlijk op het niveau van activatie van latente MMPs Aannemelijk is dat 

immuuncomplexen, aanwezig op de kraakbeenrand, cellen binden die aanwezig zijn 

in de gewrichtsholte Deze cellen, de zogenaamde polymorfonucleaire neutrofielen 

(PMNs), herbergen een groot aantal stoffen die uitgescheiden worden nadat ze 

geactiveerd worden door immuuncomplexen Hoofdstuk 6 laat zien dat PMNs in 

staat zijn om latente MMPs te activeren Een mogelijke kandidaat die deze activatie 

veroorzaakt is elastase, hetgeen een belangrijk enzym is dat aanwezig is in de 

PMNs 

lnterleukine-1 (IL-1) is een eiwit dat een belangrijke rol speelt in kraakbeen

afbraak IL-1 is in staat om kraakbeenafbraak te veroorzaken en stimuleert de 

aanmaak van latente MMPs In hoofdstuk 7 is de rol van IL-1 in de vorming van 

MMP-specifieke neo-epitopen tijden de antigeen-geinduceerde artritis bestudeerd 

Wanneer IL-1 geblokt werd, werd de vorming van MMP-specifieke neo-epitopen 

onderdrukt, terwijl er geen effect was van deze behandeling op ontsteking of 

proteoglycaan- depletie Deze resultaten laten zien dat IL-1 betrokken is bij MMP-

activiteit tijdens de antigeen geïnduceerde artritis in de muis 
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Stellingen 

Behorende bij het proefschrift 

The role of matrix metalloproteinases in 
cartilage destruction during murine arthritis 
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1. Matrix metalloproteinases spelen geen vooraanstaande rol bij 
proteoglycaan depletie van het kraakbeen tijdens artritis in de 
muis. (dit proefschrift) 

2 De mRNA niveaus van matrix metalloproteinases correleren niet 
met de uiteindelijke activiteit van deze enzymen in het 
kraakbeen, (dit proefschrift) 

3 Afbraak van aggrecan door matrix metalloproteinases is tijdens 
artritis gekoppeld aan afbraak van collageen type II door 
collagenase (dit proefschrift) 

4. De overtuiging waarmee onderzoeksresultaten worden 
gepresenteerd lijkt soms belangrijker dan de reproduceerbaarheid 
ervan. 

5. Stromelysine-1 is een belangrijk enzym in kraakbeendestructie 
tijdens artritis. 

6. Één van de moeilijkste dingen van het schrijven van artikelen is 
het plaatsen van de auteurs. 

7. Veel (werk)stress wordt in het weekend afgereageerd op 
amateur-scheidsrechters. 

8. Gezien de bijdrage die kernenergie levert aan de reductie van de 
C02- uitstoot, is het merkwaardig dat zogenaamd groene 
politieke partijen tegen kernenergie zijn. 

9. De uitspraak: "Er is sprake van een duidelijke trend", betekent 
dikwijls:"Er is geen significant verschil". 

10. Het in dit decennium veel besproken probleem millennium, is 
eigenlijk een centennium-probleem. 








