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Abstract
Objective
Synovial inflammation in rheumatoid arthritis (RA) leads to pannus tissue invasion and destruction of
cartilage/bone matrix by proteinases. Our intention was to analyze some of the key matrix metalloproteinases
(MMPs) in pannus tissue overlying evolving cartilage erosionsin RA.

Methods
Frozen tissue samples of pannus and synovium from advanced RA and synovium from osteoarthritic patients
were used for immunohistochemical, western blotting and quantitative rever se transcriptase polymerase chain
reaction (RT-PCR) analysis of MMP-1, -3, -13 and -14. Synovial fibroblast cultures, stimulated with tumour
necrosis factor alpha (TNF-a) and interleukin-1 beta (I1L-1), were analyzed with enzyme-linked immunosor bent
assays (ELISA) and quantitative RT-PCR.

Results
MMP-3 was highly expressed in pannus tissue compar ed with significantly lower expression levels of MMP-1,
—13 and —14. In fibroblast cultures IL-1f was a potent stimulus for MMP-3, whereas TNF-a was mor e potent for
MMP-1.

Conclusion
Thisisthefirst study to demonstrate quantitatively in real time that MMP-3 mRNA expression is clearly higher
in advanced RA pannus tissue compared to parallel RA or osteoarthritic synovium. MMP-3 mRNA levels were
also clearly overexpressed in RA pannus compared to MMP-1, -13 and -14. Advanced RA has previously been
found to overexpress IL-13. The high expression of MMP-3 in pannus and IL-13 mediated stimulation of
MMP-3 suggest that MMP-3 plays a significant role in the progression of erosions through the proteoglycan-
rich cartilage matrix.
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Introduction

Rheumatoid arthritis (RA) is the most
common inflammatory arthritis, which
in Finland affects 1.9% of the popula
tion [2.7% of women and 1.0% of men;
(1)]. Inflammatory synovial membrane
expands on cartilage leading to pannus
formation. Synovia hyperplasia in-
volves proliferation of synovial fibrob-
last-like lining cells (2, 3) and accumu-
lation of macrophages and lympho-
cytes (4). Theleading edge of pannusis
composed of fibroblast-like célls (5, 6),
which produce proteolytic enzymes
able to cause destruction of hyaline
articular cartilage, e.g. collagenase-3 or
MMP-13 and MT1-MMP or MMP-14
(7, 8). Fibroblasts also express the re-
ceptor activator of the nuclear factor
kappa B ligand, which may induce os-
teoclastogenesis leading to erosion of
the underlying bone (9, 10).

Proteolytic pathways play an impor-
tant role in the development of RA.
Several matrix metalloproteinases
(MMPs) have been shown to increase
during cell invasion (11,12). In our
recent analysis of 16 different MMPs
in RA synovium, the main enzymes
were MMP-1, -3, -13 and -14 (13).
MMP-1 (collagenase-1 or “fibroblast
collagenase”) and MMP-3 (strome-
lysin-1) are considered to play an
important role in collagen degradation
and their increased expression has
been observed in RA synovial mem-
brane (14,15). These enzymes have a-
so been found in increased concentra-
tions in rheumatoid synovial fluid (16,
17). However, apart from synovial
membrane and fluid, also pannus tis-
sue contains some of the key pro-
inflammatory cytokines, in particular
tumor necrosis factor-a (TNF-a) and
interleukin-1b (IL-1b) (18-20, 8),
which are able to upregulate MM P-1
and -3 production (21-25). Therefore,
due to their supposed role in tissue
destructive events, in particular degra-
dation of cartilage, our aim was to
characterize the pannus-hard tissue
junction in terms of their expression of
MMP-1, -3, -13 and -14 and their regu-
lation in synovial fibroblasts in vitro
by the pro-inflammatory cytokines
TNF-a and IL-1b.

645

Materials and methods

Patients and samples

All tissue samples were collected from
well-characterized osteoarthritic and
advanced RA patients. The study plan
was approved by the Ethics Committee
of Helsinki University Central Hospi-
tal. Nine synovial membrane and eight
pannus tissue samples were collected
parallel from advanced RA patients
undergoing primary total hip replace-
ment, knee arthroscopy or synovecto-
my. The mean age of these patients was
54 years (range 34-80 years). Nine syn-
ovial membrane samples were collect-
ed from osteoarthritis patients undergo-
ing primary total hip replacement, with
a mean age of 73 years (range 58-85
years). None of the patientsincluded in
the present study had any clinical or
microbiological signs of infection.

Cell stimulation

Synovid fibroblasts from osteoarthritic
patients were established using explant
culture method (26). For stimulations
the cells were grown to confluencein 6
well plates with 4 coverslips and
200,000 cells per well at passages 2-4.
The cells were stimulated with 0.05
ng/ml TNF-a (R&D Systems, Min-
neapolis, MN) or 0.01 ng/ml IL-1b (R
& D Systems) for 72 hours before the
media were collected. All fibroblast
stimulations were made in duplicates.

Cloning of PCR fragments

For quantitative PCR standard curve,
the gene of interest was amplified,
extracted from agarose gel and cloned
with TOPO TA cloning kit (Invitrogen,
Paidey, UK) into apCRII-TOPO vector.
Plasmid DNAwas isolated and the con-
centrations of the plasmids were analyz-
ed spectrophotometricaly. The plasmids
were identified by gel electrophoresis
after restriction enzyme digestions and
sequenced from 1 g of isolated DNA.
The acquired sequence was verified
with NCBI blastn program.

Quantitative reverse transcriptase
polymerase chain reaction (quanti-
tative RT-PCR)

Total RNA from frozen tissue and cul-
tured cells were isolated by TRIzol re-
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agent (Invitrogen). Messenger RNA
(mRNA) was isolated from 50 ny total
RNA from frozen tissue using magnetic
(dT),s-polystyrene beads (Dynal, Oslo,
Norway). Total RNA from cell culture
was DNase treated using RQ1 RNase-
Free DNase (Promega, Madison, WI).
100 ng mRNA or 5 ng DNase treated
total RNA was transferred to cDNA
with SuperScript Preamplification Sys-
tem (Invitrogen). Quantitative PCR
amplification was performed from 9.5
ng cDNA in SYBR Green | PCR mix
(Roche, Mannheim, Germany) by
LightCycler™ PCR machine (Roche).
PCR amplification was performed us-
ing 0.5nMM of target specific primersfor
b-actin (accession X00351): sense 5’-
TCACCCACACTGTGCCCATCTAC-
GA -3 and antisense 5° -CAGCG-
GAACCGCTCATTGCCAATGG -3
producing a 295 bp band, for PBGD
(accession X04217): sense 5'- ACAT-
GCCCTGGAGAAGAATG -3 and
antisense 5’ - AGATGCGGGAACTTT-
CTCTG -3 producing a 237 bp band,
for MMP-1 (accession X05231): sense
5 - CTGAAGGTGATGAAGCAGCC -
3 and antisense 5'- AGTCCAAGA-
GAATGGCCGAG -3 producing a 428
bp band, for MMP-3 (accession
J03209): sense 5'- ctcacagacctgactcggtt
-3 and antisense 5'- cacgcctgaaggaagar
gatg -3' producing a 294 bp band, for
MMP-13 (accession X 75308): sense 5'-
CTATGGTCCAGGAGATGAAG -3
and antisense 5'- AGAGTCTTGCCT-
GTATCCTC -3 producing a 390 bp
band and for MMP-14 (accession
D26512): sense 5'- CAACACTGCC-
TACGAGAGGA -3 and antisense 5'-
GTTCTACCTTCAGCTTCTGG -3
producing a 380 bp band. The identity
of the product was verified by size,
sequence and a melting curve analysis.
Seria dilutions of cloned PCR frag-
ments were used to determine the
mRNA copy number of the amplicon
per housekeeping genes, because of the
different cellular quantity of the sam-
ples, in tissue samples per 1000 b-actin
and in cell culture samples per PBGD.
Different housekeeping genes were
used to get amplified genes within the
range of standard curve. Each individ-
ual sample was amplified at least two
timesfor al genes of interest.

Enzyme-linked immunosor bent assay
Cell culture media of fibroblast (n = 3)
cultures, non-stimulated or stimulated
for 72 hours with TNF-a or IL-1b were
centrifuged at 10.000 g for 5 minutes.
Supernatants were diluted 1:2, 1.5 and
1:10 and the amount of total MMP-3
(pro- and/or active) was measured us-
ing Human MM P-3 Quantikine ELISA
Kit according to the manufacturer's
protocol (R&D Systems). The absorp-
tion of quadruple samples and stan-
dards were measured at 450 nm and
wavelength correction at 540 nm.

Immunohistochemistry

Serial 3 mm thick paraffin tissue sec-
tions were stained using DAKO Chem-
Mate™ Reagent System and Automat-
ed Immunostainer 500 (TechMate™,
Dako, Clostrup, Denmark) with the
M SI PE protocol were 30 minutes enzy-
matic digestion in Img/ml pepsin. The
concentrations of the antibodies were
as follows: 0.67 nmg/ml for mouse anti-
human MMP-1 19G,,, (Chemicon,
Temecula, CA) and the same concen-
tration for the negative control mouse
190G, (Dako), 2.5 my/ml for mouse
anti-human MMP-3 1gG,,, (Chemicon)
and the same concentration for the neg-
ative control mouse 19gG,,,, (Dako).

I mmunofluorescence

Cultured fibroblasts were fixed with 3 %
paraformaldehyde, incubated for 30
minutes in primary mouse anti-human
MMP-319G,, (Chemicon) and for 30
minutes with secondary Alexa Fluor 488
goat anti-mouse 1gG (Molecular Probes,
Leiden, Netherlands). Norma mouse
109G, (Dako) at the same concentration
was used as a negative control. Nuclei
were stained for 5 minutes with DAPI
(Sigma, Steinheim, Germany).

Western blotting

Synovium (n = 3) and pannus (n = 3) of
RAand synovium of osteoarthritis (n =
3) were homogenized in RIPA Buffer
Set (Boehringer Mannheim, Germany),
sonicated, centrifuged and filtrated.
Trypsin (DIFCO, Detroit, MI) was
added to afinal concentration of 10 ng/
ml for 30 minutes at 37°C. Electro-
phoresis was performed using 50ng
total protein, blotted onto nitrocellulose
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membrane, blocked overnight in 3%
bovine serum abumin (BSA) and incu-
bated for 90 minutes with 0.2 ng/ml
polyclonal goat anti-human MMP-1
1gG (R&D Systems) or 0.2 mrg/ml poly-
clonal goat anti-human MMP-3 1gG
(R&D Systems) in 2% BSA. Detection
was performed with 0.12 ng/ml aka-
line phosphatase-conjugated rabbit
anti-goat 1gG (Jackson Immunore-
search Laboratories, West Grove, PA)
with colour development solution (Al-
kaline Phosphatase Conjugate Sub-
strate Kit, Bio-Rad).

Satigtical analysis

All data are expressed as mean + SEM.
Statistical analysis was performed us-
ing GraphPad Prism version 3.02 for
Windows (GraphPad Software Inc.,
San Diego, CA). Paired t test was used
for compairing paired samples between
two groups. One-way ANOVA and
nonparametric methods were used for
multiple group comparison combined
with Dunnett’'s post-hoc test for com-
pairing against control column and Tu-
key’'s for compairing all columns. p <
0.05 was considered to be significant.

Results

MMPs in pannus and synovial tissue
MMP-3 mRNA levels in RA pannus
tissue (4138+1751, n=8), RAsynovia
tissue (865 + 552, n = 9) and osteoarth-
ritic synovial tissue (727 + 262, n = 9)
were different (p = 0.044). In particu-
lar, the MRNAcopy numbers of MMP-
3 in RA pannus tissue were high com-
pared to RA(p < 0.01) or osteoarthritis
(p<0.001) synovia tissue (Fig.1). Fur-
thermore, in RApannus tissue the copy
numbers of MMP-3 were high (p <
0.001) when compared to MMP-1, -13
or —14 pannus tissue. MMP-1, -13 and
—14 did not show significant differ-
ences between the pannus and synovial
tissue compartments or between RA
and osteoarthritis.

MMPs in cytokine stimulated cell
cultures

The eventua effect of TNF-a and IL-
1b on fibroblast-mediated MMP-3 syn-
thesis was studied in a small (n = 3)
number of samples, which did not show
statistically significant differences at
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Fig. 1. MMP-1, -3, -13 and -
14 mean mRNA copy num-
bers in synovial tissue (ST)
from osteoarthritis (OA) (n =
9) and rheumatoid arthritis
(RA) (n =9) patients, and
pannus tissue of rheumatoid
arthritis (PA) (n = 8) by quan-
titative real-time RT-PCR per
* 1000 b-actin copies. ***p <
: 0.001 for MMP-1, -13 and -
14 vs. MMP-3 in pannus tis-

sue.
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Fig. 2a. MMP-3 mRNA
expression in nonstimul ated
(negative control, n = 3) and
stimulated (TNF-a and IL-

— 1b, n = 3) fibroblast cell cul-

ture extracts by quantitative
real-time RT-PCR per PBGD
copy numbers, b) MMP-3
total protein concentrations
(ng/ml) in nonstimulated
(negative control, n = 3) and
stimulated (TNF-a and IL-

— 1b, n = 3) fibroblast cell cul-
ture media by EL1SAmethod.
*p < 0.05 vs. control.
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Fig. 3. MMP-1 mRNA
expression in nonstimulated
(negative contral, n = 3) and
stimulated (TNF-a and IL-
1b, n = 3) fibroblast cell cul-
ture extracts by quantitative
real-time RT-PCR per PBGD
copy numbers. *p < 0.05 dif-
ference to control.

IL-1beta

the mRNA level but a clear trend for
IL-1b stimulated cells (for TNF-a 53 £
24 and for IL-1b 133 + 70 vs. 56 + 27
in control cultures, Fig. 2a). By paired
test this was in line (p = 0.0027) with
MMP-3 protein levels from the same

fibroblast cultures, which thus showed
a significant difference (p = 0.0244,
Fig. 2b) between stimulated and con-
trol supernatants. In detail, MMP-3
protein concentration in IL-1b stimula-
ted fibroblast supernatants was 36.6 +
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14.2 ng/ml, which was 3 fold higher (p
< 0.05) than in non-stimulated super-
natants 12.23+7.13 ng/ml. TNF-a sti-
mulated fibroblast MMP-3 levels were
17.53 + 8.40 ng/ml. These results indi-
cate that in particular IL-1b effectively
up-regulates MMP-3 synthesis. In
addition, MMP-1 mRNA expressionin
TNF-a (1.57+0.15 ng/ml), IL-1b stim-
ulated (1.37 £0.14 ng/ml) and non-
stimulated (negative control) (1.01 +
0.14 ng/ml) fibroblasts were different
(p = 0.0194). More specificialy, TNF-
a stimulated fibroblasts expressed 1.5
times more MMP-1 mRNA than non-
stimulated fibroblasts (p<0.05) (Fig.
3). However, the copy numbers of
MMP-1 compared to MMP-3 were ex-
tremely low (p = 0.0078), only approx-
imately 1-2 copies of MMP-1/ PBGD
compared with 50-200 copies of MM P-
3/ PBGD.

I mmunocytochemistry
Immunocytochemical staining disclos-
ed both MMP-1 (Fig. 4a8) and MMP-3
(Fig. 4b) in synovial lining layer, carti-
lage-pannus junction and endothelium
of blood vessels. MMP-3 staining in
synovium was dightly more intense
than MMP-1, but clearly overexpressed
in pannus. Also chondrocytes con-
tained both MMP-1 and MMP-3,
MMP-1 staining being more intense.
However, these were not really quanti-
tatively assessed for staining intensity
as this is not only dependent on the
concentration of the immunoreactive
epitopes but also the concentration and
avidity of the antibody used for stain-
ing. MMP-3 staining was more specifi-
cally located into vesiclesin cytoplasm
of synovial fibroblast (data not shown).
Negative staining controls with normal
mouse |gG confirmed the specificity of
the staining.

Western blotting

The same pattern of MMP-3 and MMP-
1 protein expression was found in all
osteoarthritic, RAsynovial and RA pan-
nus tissue sampl es studied. MMP-3 was
seen as a proenzyme (57 kDa), interme-
diate (53 kDa) and active (45 kDa) form
in RA, both in synovia and pannustis-
sue (Fig. 5a). In contrast, osteoarthritic
synovial tissue contained only the pro-
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Fig. 4. Immunohistochemical localization of a) MMP-1 and b) MMP-3 in synovial lining (A), endothelium of blood vessels (B), bone-pannus junction (C),
cartilage-pannus junction (D), chondrocytes (E) and negative control with mouse IgG (F).

enzyme and intermediate forms of
MMP-3, which in addition were much
weaker than the corresponding bandsin
RA synovial and pannus samples.
Trypsin digestion of representative pan-
nus tissue samples was done to clarify
the active form of MMP-3 present. The
results showed that 57 kDa proform and
53 kDa intermediate form of MMP-3
were transformed into the correspond-
ing 45 kDa active form (Fig. 5b). In
contrast, MMP-1 bands were weak. The
52 kDa proform of MMP-1 was very
weak and no 43 kDa active form of
MMP-1 was seen in any of the samples

Discussion

MMP-3, an enzyme that cleaves eg.
aggrecan, laminin, collagens 11, IV, IX
and X, is believed to play a major role
aso in the pathologic degradation of
proteoglycans. In our recent RT-PCR
analysis of 16 MMPs suggested that in
particular MMP-1, -3, -13 and -14
would be of interest in RA(13). There-
fore, in this study we have performed
guantitative real time RT-PCR for these
selected MMPs and shown MMP-3 to
be clearly the predominant MMP in
advanced RA pannus tissue compared
to synovium of advanced RA or osteo-

tested (data not shown). arthritis. Earlier MMP-3 has been im-
A B
< §7kDa < 5TKDa
. < §3 kDa o < B33 kDa
= <45 KDa e <48 kDa
STIOA BTRA PTRA PiRA PT/RA
trypsin

Fig. 5. Western blots showing proactive (57 kDa), intermediate (53 kDa) and active (45 kDa) forms of
MMP-3 A) in synovial tissue (ST) of osteoarthritis (OA) and rheumatoid arthritis (RA) and RApannus
tissue (PT); B) and in trypsin digested pannus tissue of RAversus normal non-digested.
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munolocalized in the joints of rats with
collagen-induced arthritis (14) and pre-
sent immunohistochemistry localized
the corresponding MMP-3 enzyme
protein at the pannus-cartilage junc-
tion, at the tissue destructive interface
of the soft and hard tissues. These find-
ings are in line with the earlier studies
where MMP-3 levels are increased in
serum and synovia fluid of RA pa
tients compared to osteoarthritis (27,
28, 17). However, recently Kane et al.
(29) showed no clear-cut differencesin
MMP-1 and -3 expressionsin RAdistal
and proximal to cartilage-pannus junc-
tion in their competitive quantitative
PCR.

MMP-3 is an established sign of in-
flammation and the finding of high
MMP-3 levelsin inflamed tissues was
predictable. Also other MMPs have
been indicated in ongoing inflammation
and this work demonstrates quantita-
tively that particularly mRNA levels of
MMP-3 were high in advanced RA pan-
nus tissue, being 12 times higher than
those of MMP-13, 46 times higher than
those of MMP-1 and over 400 times
higher than those of MMP-14 levels.



The serum MMP-3 level seemsto bean
indicator for the development of radio-
logical damage in patients with early
RA (30-33) and time integrated values
of serum MMP-3 correlate with time
integrated values of other markers of
disease activity such as CRP (34) but
there seemsto be no difference between
serum MMP-3 and CRP with regard to
the monitoring of the progression of
radiological damage (35). MMP-3 ser-
um levels do not necessarily correlate
with the local tissue destructive events
if active MMP-3 bindstightly to its sub-
strate and can then not be measured in
synovia fluid or serum.

MMP-1 levels are higher in RAthan in
osteoarthritis synovial fluid (16). It has
been suggested that there is no correla
tion between MMP-1 and disease
activity in RA, but MMP-1 levels seem
to correlate with the degree of synovial
inflammation (36). In our study, MMP-
1 mRNAIlevels in advanced RApannus
tissue samples were remarkable low
compared to MMP-3. Earlier studies
have shown an important role for
MMP-1 in cartilage collagen degrada-
tion in RA (37-39) and increased
MMP-1 levelsin cartilage (40). In spite
of the low MMP-1 mRNA copy num-
bers in RA pannus tissue, the present
immunohistochemical staining results
show MMP-1 expression also in chon-
drocytesin RA tissue. MMP-1 has also
been described in cultured chondro-
cytes (41). All these observations point
to an eventual role of MMP-1 in degra
dation of cartilage collagen |l. Howev-
er, MMP-1 relevant from this point of
view does not seem to be derived from
pannus tissue.

Primary cultures of fibroblasts produce
both MMP-1 and MMP-3 (42). Present
guantitative RT-PCR, immunohisto-
chemical and cell culture analysis sup-
port those previous studies demonstrat-
ing that synovial resident fibroblasts
are the main cellular source of MMP-3.
IL-1 has been shown to stimulate fi-
broblast-mediated MMP-3 synthesis
(22, 25). Inhibition of IL-1 reduces
joint inflammation and cartilage/bone
erosion, but does not prevent RA (43,
44). Recombinant IL-1 injected intra-
articularly induces minor joint inflam-
mation, but increased proteoglycan loss
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(45) and IL-1b gene transfer to knee
joint of rabbit induces aggressive pan-
nus formation and cartilage/bone ero-
sions (46). In RA, expression of TNF-a
may precede IL-1b (20). Knock-out
conditions have verified the role of
TNF-a ininflammation and joint swel-
ling, whereas IL-1 has not been shown
to be a dominant cytokinein early arth-
ritis, however it has been pointed out
for itsrolein cartilage and bone degra-
dation (47, 48). In stimulated fibrob-
lasts MMP-1 and MMP-3 are not al-
ways co-ordinately expressed (22). Our
quantitative results of cultured fibrob-
lasts showed that MMP-1 mRNA lev-
els were more elevated by TNF-a than
by IL-1b stimulation whilst MMP-3
MRNA and protein levels were more
effectively stimulated by IL-1b. Inter-
estingly, MMP-1 mRNA copy numbers
in fibroblasts were extremely low com-
pared to MMP-3, a finding that may
further suggest that MMP-1 may bein-
volved in the initiation of cartilage
destruction.

Therefore, Western blots were used to
confirm and extend the results of quan-
titative RT-PCR by demonstrating
upregulation of MM P-3 compared with
MMP-1. Western blots of pannus tissue
extracts demonstrated proteolytic pro-
cessing and activation of proMMP-3 to
its intermediate and active forms,
whereas all MMP-1 present was in the
latent zymogen form and no band cor-
responding with the active MMP-1
could be detected. The abundance of
apparently proteolytically activated
MMP-3 further points out to its poten-
tia role as a matrix degrading enzyme
in the pannus-cartilage junction.

Early stages of RA may show different
histopathology and MMP expression
pattern (49). Samples from the present
study were obtained from arthroscopy,
synovectomy and arthroplastic surgery.
Such tissues might represent different
stages of diseases. We did not find any
histopathological or immunohisto-
chemical or other differences between
samples obtained using different meth-
ods, so it seems that the method used
for sample collection was not a con-
founding factor. Although the number
of samples available for analysis was
limited, the statistical methods used for
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testing showed significant differences
between groups.

In summary, this study shows that in
particular MMP-3 is highly expressed
at both mRNA and protein level in ad-
vanced rheumatoid pannus tissue.
MM P-3 appears to derive mainly from
fibroblasts and is upregulated by IL-1b
and to alesser extent by TNF-a. IL-1b
has been shown to be involved morein
progressive RAthan in early inflamma-
tion, which also connects pannus deriv-
ed MMP-3 to cartilage destruction.
These, together with MMP-3 apparent
activation, indicate an important role
for this proteinase in the proteoglycan
degradation of cartilage matrix in
rheumatoid arthritis.
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