Amelioration of collagen-induced arthritis

by thrombin inhibition
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The deleterious role of fibrin deposition in arthritic joints prompted us to explore the effect of the
thrombin inhibition on the course of collagen-induced arthritis (CIA) in the mouse. CIA was
induced in male DBA/1J mice using native chicken type II collagen. The thrombin inhibitor poly-
ethyleneglycol-hirudin (PEG-hirudin) was given for 16 days, starting 20 days after the first immu-
nization (preventive treatment) or at the onset of clinical signs of arthritis (curative treatment). All
the mice treated with PEG-hirudin had a significantly prolonged clotting time compared with con-
trol mice. PEG-hirudin, administered in a preventive way, led to significantly reduced incidence and
severity of CIA during most of the treatment period, as assessed by clinical scoring. Accordingly, his-
tological features showed a significant diminution of synovial hyperplasia in PEG-hirudin-treated
mice compared with untreated mice. There was also a significant downmodulation of the synovial
proinflammatory IL-1p and IL-12p35 cytokine mRNAs in treated mice. Intra-articular fibrin, eval-
uated by immunohistochemistry, was significantly reduced in treated mice compared with control
mice and correlated with both clinical and histological scorings. Most importantly, once arthritis
was established, PEG-hirudin also showed a curative effect. In conclusion, PEG-hirudin can both
prevent the onset of CIA in a dose-dependent manner and ameliorate established arthritis, sug-

gesting that thrombin inhibition may offer a new therapeutic approach in arthritis.

J. Clin. Invest. 107:631-640 (2001).

Introduction
Rheumatoid arthritis (RA) is a chronic inflammatory
disease characterized by synovial inflammation and
hyperplasia leading to progressive cartilage and bone
destruction (1). Current concepts on the pathogenesis
of RA invoke a T cell-driven process in synovitis initia-
tion (2), but this mechanism may not be necessary to
sustain chronic inflammation. Among other potential
mechanisms, activation of the coagulation cascade in
RA joints may represent one important nonimmuno-
logical pathway amplifying and perpetuating synovitis.
Extravascular coagulation may be initiated by local
immunological and inflammatory stimuli that induce
tissue factor (TF) expression (3). TF-mediated extrinsic
coagulation pathway involves the sequential activity of
the serine proteases factor VIla, factor Xa, and throm-
bin, the latter enzyme converting fibrinogen into fib-
rin. Evidence supporting ongoing coagulation within
the rheumatoid joint include the demonstration of an
intact coagulation pathway and the existence of
increased expression of TF and thrombin within the
synovium (4, 5). Moreover, in RA synovial fluids,
reduced levels of coagulation factors with concomi-
tantly increased concentrations of thrombin activity
and thrombin-antithrombin (TAT) complexes have
been found, reflecting activation of the coagulation

cascade (6, 7). Finally, the abundant extravascular fib-
rin deposition within the arthritic joints, which repre-
sents one of the most striking pathologic features of
this disease in both human and experimental RA, pro-
vides a definitive proof for ongoing coagulation (8, 9).

Interactions between coagulation and inflammation
are based on several observations. First, some coagula-
tion factors, besides their well-known role in the coag-
ulation cascade, have been shown recently to have
direct cellular effects (10). Indeed, the circulating ser-
ine proteases factor VIIa, factor Xa, and thrombin,
upon binding to their cognate receptors TF (for factor
VIla), a cellular-binding site for factor Xa and pro-
teinase-activated receptor-1 (PAR-1) for thrombin,
induce proinflammatory responses both in vitro and in
vivo. On the other hand, fibrin, the end-product of the
coagulation cascade, has proinflammatory effects.
Extravascular fibrin meshwork can serve as a matrix
onto which inflammatory cells can adhere and migrate.
Fibrin and fibrin(ogen) degradation products may also
have a role by increasing vascular permeability and
inducing chemotaxis at inflammatory sites (11, 12) and
by enhancing monocyte expression of IL-1f3, IL-6 (13,
14), and endothelial cell IL-8 production (15).

The role of intra-articular fibrin, whose formation
depends on the balance between coagulation and fibri-
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nolysis, has been explored in experimental arthritis. We
have demonstrated previously in the antigen-induced
arthritis (AIA) model, that mice deficient in urokinase-
type plasminogen activator (uPA) or plasminogen had
impaired fibrinolysis that resulted in fibrin persistence
and that exacerbated arthritis (16). In the same experi-
mental model, the severity of arthritis was attenuated
by defibrinogenation with ancrod (16) or by the genet-
ic deficiency of fibrinogen (N. Busso, unpublished
results). Taken together, these results stress the detri-
mental role of intra-articular fibrin deposition in
arthritis, but the presence of residual inflammation in
ancrod-treated or fibrinogen-deficient mice suggests
that fibrin-independent effects may also occur.

Thrombin can play a role in sustaining joint inflam-
mation during RA, based on several in vitro observa-
tions. Thrombin can promote the chemotaxis of neu-
trophils and monocytes and their adhesion to
endothelial cells. It can also induce synovial cell prolif-
eration (17, 18) and can act on endothelial cells to
increase vascular permeability and the synthesis of var-
ious proinflammatory molecules (reviewed in ref. 19).
These cellular events of thrombin are mediated by
thrombin receptors, of which three are recognized,
PAR-1, PAR-3, and PAR-4 (20). Of these, the PAR-1
thrombin receptor is abundantly expressed in inflamed
rheumatoid synovial tissues (21). PAR-1 is a member of
the family of G-coupled proteins with seven trans-
membrane domains (22). This multifunctional recep-
tor is activated by proteolytic cleavage of an NH, ter-
minus extra-membrane fragment by thrombin such
that the newly created NH, terminus can then actasa
“tethered ligand” leading to receptor activation (20).
PAR-1 activation can be blocked by hirudin, a highly
specific noncovalent thrombin inhibitor produced by
the salivary glands of the leech Hirudo medicinalis (23).
One of the limiting factors for its therapeutic use is its
rapid elimination from the circulation with a plasmat-
ic half-life of about 1 hour (24). Polyethyleneglycol-
hirudin (PEG-hirudin), a recombinant hirudin cova-
lently bound to two PEG-5,000 residues exhibits a
significantly prolonged half-life (8-9 hour) with no loss
of potency or specificity (25, 26).

Little is known about the in vivo effects of anticoagu-
lants, in particular of thrombin inhibitors, on arthritis.
We decided, therefore, to evaluate the effect of PEG-
hirudin on collagen-induced arthritis (CIA) in mice. CIA
is a well-established experimental model of RA that can
be induced in susceptible strains of mice by immuniza-
tion with native heterologous type II collagen (27). Both
humoral and cellular immunity are implicated in this
model, because anticollagen type II Ab and collagen
type II-specific Th1 cells are necessary for the develop-
ment of arthritis (28). The resulting disease is a chronic
proliferative synovitis with important cartilage destruc-
tion, bone erosion, and periosteal bone formation lead-
ing later to joint alterations and significant deformities,
thus sharing many histopathologic features with
human RA. We hypothesized that thrombin inhibition

could have beneficial effects in an experimental model
of arthritis by reducing intra-articular fibrin levels and
by blocking PAR-1-mediated proinflammatory effects.

Methods

Induction of arthritis. Male DBA/1] mice between 8 and
10 weeks of age were obtained from BRL/RCC Biotech-
nology & Animal Breeding (Fiillinsdorf, Switzerland).
Native chicken type II collagen (Chondrex, Redmond,
Washington, USA) was dissolved in 0.1 M acetic acid
overnight at 2 mg/ml. Collagen (100 [g) emulsified in
CFA containing 5 mg/ml tuberculosis mycobacterium
was injected intradermally at the base of the tail. At day
24 after the first injection, a booster injection of 100 g
of native chicken collagen was given in incomplete Fre-
und’s adjuvant intradermally at the base of the tail. All
immunization reagents were purchased from DIFCO
(Basel, Switzerland). Institutional approval was ob-
tained for these experiments.

Clinical scoring. Mice were carefully examined each day
from day 18 after the first collagen injection for the
visual appearance of arthritis in peripheral joints. The
clinical severity of arthritis was scored as follows: 1 point
for each swollen digit except the thumb (maximum, 4),
1 point for the tarsal or carpal joint, and 1 point for the
metatarsal or metacarpal joint with a maximum score
of 6 for a hindpaw and 5 for a forepaw. Each paw was
graded individually, the cumulative clinical arthritic
score per mouse reaching a maximum of 22 points.

Histological grading of arthritis. At least 12 mice per
group were sacrificed, and the knees were dissected and
fixed in 10% buffered formalin for 7 days. Fixed tissues
were decalcified for 3 weeks in 15% EDTA, dehydrated,
and embedded in paraffin. Sagittal sections (8 im) of
the whole knee joint were stained with Safranin-O and
counterstained with fast green/iron hematoxylin. His-
tological sections were graded independently by two
observers unaware of animal treatment using an estab-
lished scoring system for synovial hyperplasia (from 0,
no hyperplasia, to 3, most severe hyperplasia) and
inflammatory cells in synovium (0, no inflammation,
to 3, severely inflamed joint). Cartilage damage was
determined by Safranin-O staining (from 0, no change
from normal nonarthritic knee joint, fully stained car-
tilage, to 3, total loss of Safranin-O staining). For each
group, paws of some mice were also dissected and
processed for histological staining as described above.

Fibrin immunobistochemistry. Paraffin-embedded sec-
tions were deparaffinized and rehydrated, then incubat-
ed for 30 minutes at room temperature with 5% BSA and
20% normal goat serum. Endogenous peroxidase activi-
ty was blocked with 3% H,O, for 10 minutes. Slides were
then overlayed with rabbit anti-mouse fibrinogen serum
(generously provided by Jay Degen, Children’s Hospital
Research Foundation, Cincinnati, Ohio, USA), diluted
1:1000, for 30 minutes at room temperature.

Bound Ab was visualized using the avidin-biotin-per-
oxidase complex (Vectastain Elite ABC kit; Vector Lab-
oratories, Burlingame, California, USA). The color was
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developed by 3,3'-diaminobenzidine (Sigma Chemical
Co., Basel, Switzerland) containing 0.01% H,O,. After
extensive washing in water, slides were counterstained
with Papanicolaou and mounted in Merckoglass.
Staining specificity was confirmed using, as primary
Ab’s, nonimmune rabbit serum or fibrinogen-pread-
sorbed immune serum. An incubation without the first
Ab served as a negative control. Fibrin immunostain-
ing in the knee joints was graded independently by two
observers unaware of animal treatment, on a scale of 0
(no fibrin at all) to 6 (maximum fibrin staining).

PEG-hirudin treatment. PEG-hirudin (Knoll AG-BASF
Pharma, Ludwigshafen, Germany) was used. The solu-
tion was reconstituted from the supplied powder at a
concentration of 0.1 mg/ml in PBS. The mice were
injected subcutaneously with 200 Pl of this solution or
a tenfold dilution of this solution once per day (final
concentration of PEG-hirudin 1 mg/kgand 0.1 mg/kg,
respectively). The treatment was started at day 20 (i.e.,
3 days before the boost injection) for the study of the
preventive effect or at the appearance of the first clini-
cal symptoms (clinical scoring greater than or equal to
1) for the study of the curative effect.

Clotting times. To obtain plasma, blood was collected
from the tail vein or from the inferior vena cava in anes-
thetized animals in 0.12 M trisodium citrate (1 vol. of
citrate to 9 vol. of blood). Blood samples were cen-
trifuged at 1,500 g for 15 minutes at 4°C and plasmas
stored at -20°C until use. All clotting times, performed
on citrated plasma diluted in Owren’s buffer (sodium
diethylbarbiturate buffer, pH 7.35) prewarmed at 37°C,
were calculated using an Amelung micro-coagulome-
ter (Dialine, Itingen, Switzerland). For determination
of the prothrombin time (PT), 50 pl of fivefold diluted
plasma were used. After addition of 100 pl of a throm-
boplastin reagent (Recombiplastin Ortho; Almedica,
Galmiz, Switzerland), time to thrombus formation was
recorded. For activated partial thrombin time (aPTT)
50 pl of a twofold diluted plasma was incubated with
50 pl of activated cephalin reagent (Actin; Dade-
Behring, Marburg, Germany) for 2 minutes at 37°C.
After addition of 50 pl of 0.025 M CaCl,, time to
thrombus formation was recorded. For thrombin time
(TT) measurement, 50 pl of twofold diluted plasma
was used. After addition of 50 pl of a twofold diluted
thrombin reagent (Thromboclotin; Dade-Behring),
time to thrombus formation was recorded.

TAT determinations. TAT complex concentration in
plasma was measured by a commercially available
ELISA kit designed for human TAT (Enzygnost TAT;
Dade-Behring), which also cross-reacts with murine
TAT. The content of murine TAT in plasma was calcu-
lated according to the human TAT standard curve.

Tissue extracts preparation. Tissue extracts were pre-
pared from cryostat sections of paws as described
previously (16).

RNase protection assay. Cryostat sections of murine
synovial tissues from knee joints were homogenized in
Trizol reagent (GIBCO BRL, Basel, Switzerland), and

total RNA extractions were performed according to
the manufacturer’s instructions. RNase protection
assays were performed using a standard procedure
(29). The antisense probe set, including PAR-1 and
GAPDH, was produced by T7 RNA polymerase-driven
transcription of the corresponding cDNA plasmids
(30). For cytokine mRNA measurements, the mCK-2
multiprobe set was used (PharMingen, Basel, Switzer-
land). Phosphorlmager analysis was performed to
quantify mRNA levels of each gene.

Anticollagen Ab’s measurement. Maxisorp-Nunc 96-well
plates (Life Technologies AG, Basel, Switzerland) were
coated overnight at 4°C with S Jg/ml of chicken type
II collagen in PBS and blocked for 8 hours at 4°C with
1% BSA in PBS containing 200 mM NaCl and 0.05%
Tween-20 (BSA/PNT). One hundred microliters of
plasma, diluted 1:100 in BSA/PNT and 100 pl of seri-
ally diluted mAb against broadly reactive conserved
epitopes of native collagen type II (used to construct a
standard curve) were incubated overnight at 4°C.
Wells were washed four times with PNT. Then, 100
pl/well of alkaline phosphatase conjugated anti-
mouse IgG (Sigma Chemical Co.) diluted 1:500 in
0.05% Tween-20, 50 mM Tris-HCI, and 140 mM NaCl
(TTBS) was added. After washing four times with
TTBS, color was developed with 100 pl/well of p-nitro-
phenylphosphate (Sigma Chemical Co.) and the reac-
tion stopped by adding 50 pl/well of 3 M NaOH. Plate
reading was performed at 450 nm.

Statistical analysis. The Wilcoxon/Kruskal-Wallis (rank
sum test) for unpaired variable (two-tailed) with non-
Gaussian distribution or the unpaired Student’s ¢ test
for normally distributed variables was used to com-
pare differences between groups. To evaluate the
strength of the relationship between variables, the uni-
variate correlation was used. P values less than 0.05
were considered significant.

Results

Synovial coagulation and thrombin generation
during CIA

Substantial fibrin deposits, as detected by immunohis-
tochemistry, were present in arthritic knee and paw
joints of mice with CIA within the synovium, in the
synovial cavity, and on the surface of the articular car-
tilage (Figure 1, b and f), indicating the presence of
coagulation. The specificity of the antiserum was con-
firmed by the absence of signal obtained with normal
rabbit serum or with immune serum preincubated with
an excess of purified murine fibrinogen (results not
shown). Ongoing activation of the coagulation cascade
was further demonstrated by increased TAT levels in
synovial tissue extracts from arthritic mice compared
with the undetectable levels in naive mice (Table 1).
Increased levels of TAT were also found in the plasma
of CIA mice compared with naive mice, reflecting the
overall increased level of thrombin generation (Table
1). Finally, the synovial expression of the thrombin
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Figure 1

Histologies and immunobhistologies of joints from control and PEG-hirudin-treated mice with CIA. (a and c) Safranin-O-stained sections of
control and PEG-hirudin-treated knee joints at day 36 after immunization. Note the size difference of synovial membrane (Sy), which is thick-
er in the control arthritic mice (a) than in the PEG-hirudin-treated mice (c). Red proteoglycan staining of the articular cartilage matrix (Ca)
is decreased in the control group. (b and d) Fibrin immunostaining of adjacent sections using a rabbit anti-murine fibrin(ogen) Ab. Brown
color indicates positivity. (e and g) Safranin-O-stained sections of control and PEG-hirudin-treated paw joints at day 36 after arthritis induc-
tion. Note the difference in thickness of the synovial membrane, which is thicker in the control arthritic mice (e) than in the PEG-hirudin-treat-
ed one. (fand h) Fibrin immunostaining of adjacent sections.

receptor PAR-1, as estimated by its mRNA levels, was
increased approximately twofold in CIA joints com-
pared with naive ones (Table 1).

Anticoagulant activity of PEG-hirudin

Effect on coagulation times. From preliminary experiments,
we established that a single injection of PEG-hirudin at
either 0.1 mg/kg or 1 mg/kgled to a significant prolon-
gation of TT (76 + 25 seconds for the low dose, more
than 250 seconds for the high dose, 5 hours after PEG-
hirudin administration); for both doses, TT remained
significantly prolonged over 20 hours, although the
effect was more pronounced with the high dose (data
not shown). We next measured the effect of PEG-
hirudin treatment (once-daily injection of PEG-hirudin
at 1 mg/kg for 16 days) on aPTT,
TT, and PT in mice with CIA
(Table 2). The aPTT and TT were

Table 1

plexes were measured as a surrogate for the circulating
thrombin levels. We compared plasma TAT levels of
placebo and PEG-hirudin-treated mice (Table 2). There
was a marked decrease in plasma TAT levels in antico-
agulated versus untreated CIA mice (9.99 ng/ml + 3.24
vs. 59.7 ng/ml + 15.75; P < 0.01).

Effect of PEG-hirudin on CIA incidence and severity

In our study, DBA-1 mice developed a gradual onset of
CIA at day 20 after immunization, and the incidence
reaches more than 80% by day 40. To investigate the
effect of PEG-hirudin on CIA onset, mice at day 20
after immunization were injected daily with 1 mg/kg of
PEG-hirudin (n = 13) or with PBS (n = 13). Treatment
lasted for 16 days until sacrifice at day 36. Animals were

TAT measurements and PAR-1 mRNA levels of naive and CIA mice

significantly prolonged in treated

mice Compared with placebo- Tissue TAT Plasma TAT Synovial tissue PAR-1 mRNA
treated mice (P <0.001). Nomod-  Naive mice Not detectable, n = 4 17.247.9,n=7 100 +37.5,n=4
ification of the PT was observed  Mice with CIA 0.71+0.27,n=6"  59.7+15.8,n=13" 224 +33,n=47

with this treatment.

Tissue and plasma TAT levels were measured in mice without CIA (naive mice) as well as in mice with CIA
at day 36. For this purpose, citrated plasma and tissue extracts prepared from total paws were collected.
For PAR-T mRNA determination, total RNA was prepared from knee joints of naive or from arthritic CIA
knee joints. Expression of PAR-1 mRNA was determined by RNase protection assay and Phosphorimager
analysis. Comparison of mRNA levels was done after standardization with GAPDH mRNA. The results are
expressed as mean + SEM. AP < 0.05.

Effect on TAT complexes. Because
each new thrombin molecule
formed in plasma will immediate-
ly be coupled to ATIIIL, TAT com-
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Table 2

Coagulation times and plasma TAT levels of placebo and PEG-hirudin-treated CIA mice

aPTT (s)

28.85+1.14,n=10
44.20 +3.26A, n =14

Mice with CIA
Mice with CIA + PEG-hirudin

Thrombin time (s)

30.67 +1.01,n=14
>250+ 0% n=14

Prothrombin time (s)

12.80+1.35,n=14
11.71+1.32,n=14

Plasma TAT (ng/ml)

59.7+15.8,n=13
9.9+3.248 n=13

aPTT, TT, PT, and plasma TAT levels were measured in untreated and PEG -hirudin-treated mice with CIA (treatment with 1 mg/kg/day PEG-hirudin subcu-
taneously, from day 20 to day 36). Citrated plasmas were prepared at day 36 from blood collected between 1 and 2.5 hours after the last injection of PEG-
hirudin. The results are expressed as mean + SEM. Statistical significance was determined using the ¢ test. 4P < 0.001. 8P < 0.01.

monitored daily by visual scoring for the appearance of
clinical signs of arthritis. Treatment with PEG-hirudin
(1 mg/kg) led to decreased disease incidence (Figure 2,
aand d) and arthritis severity (Figure 2, b and e). These
effects were observed in the first days after initiation of
treatment (Figure 2, a and b, a significant difference
between the two treatment groups was found from day
24 to day 36). We also found a reduction in the number
of affected paws in the PEG-hirudin-treated group
(Figure 2c). The preventive effect of PEG-hirudin on
CIA onset was efficient at both 0.1 and 1 mg/kg; how-
ever, we observed a slightly reduced efficiency at 0.1
mg/kg (Figure 2, d and e).

Effect of PEG-hirudin on established CIA

The effect of PEG-hirudin on established CIA was also
investigated (Figure 3). Mice were treated with daily
injections of PEG-hirudin at 1 mg/kg (n = 26) or with
PBS (n =28) for 16 days. Injections were commenced on
the first appearance of clinical signs of arthritis (con-
sidered day 0 of clinical arthritis). There was a marked
decrease in arthritis severity as assessed by clinical scores
in PEG-hirudin-treated mice, which was significant
both at the beginning and at the end of the treatment
(Figure 3a). Moreover, at the end of the treatment (day
15 and 16) the number of affected paws was signifi-
cantly reduced (Figure 3b). Taken together, these results
demonstrate that PEG-hirudin, at the dose of 1
mg/kg/day, had a curative effect on CIA.

Figure 2

Development of CIA in PEG-hirudin-treated mice. (a-c) From day 20
after type Il collagen immunization, test mice were treated daily with
PEG-hirudin (subcutaneous injection at 1 mg/kg/day, n=13). Place-
bo mice received PBS (n = 13). Mice were observed daily for devel-
opment of arthritis. (a) Percentage of mice that developed arthritis.
(b) Arthritis severity. Mean arthritic index + SEM is shown. (c) Num-
ber of arthritic paws (mean + SEM). Dose-response effect of PEG-
hirudin on incidence (d) and severity (e). From day 20 after immu-
nization, test mice were treated daily subcutaneously with
PEG-hirudin (0.1 mg/kg or 1 mg/kg; n = 13 in each group). Placebo
mice received PBS only (n = 13). Mice groups were compared by sta-
tistical analysis using the nonparametric Wilcoxon/Kruskal-Wallis
tests (rank sums). (a) P < 0.05 from day 24 to day 36. (b) P < 0.01
from day 24-27 and P < 0.05 until day 36. (c) P <0.05 from day 24
to day 36. (d) P < 0.02 from day 21 until day 27 for the dose of 0.1
mg/kg. P < 0.02 from day 21 until day 28 and P < 0.05 from day
28-31 for the dose of 1 mg/kg. (e) P < 0.02 from day 21 until day 27
for the dose of 0.1 mg/kg and until day 32 for the dose of 1T mg/kg.

Synovial histological changes due to

PEG-hirudin treatment

To determine whether the clinically observed effect of
PEG-hirudin was associated with specific histopatho-
logical changes, we compared arthritic knee and paw
joint histologies between placebo and treated mice. In
the placebo group, the synovial membrane (noted Sy
on figure) was significantly thicker than in PEG-
hirudin-treated animals (compare Figure 1, a and c,
for knees and Figure 1, e and g, for paws). An effect on
the articular cartilage was also observed, with a
decreased loss of Safranin-O staining in the treated
group (compare Figure 1,a and c, for knees and Figure
1, e and g, for paws). A semiquantitative histological
evaluation was performed on the knee sections using
a four-point (0-3) scoring system to evaluate synovial
hyperplasia, inflammatory cells in the synovial mem-
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Figure 3

PEG-hirudin treatment of established arthritis. Test mice (n = 26) were
treated subcutaneously daily with 1 mg/kg of PEG-hirudin from the
first day of clinical arthritis for 16 days. Placebo mice (n = 28) received
PBS. Groups of animals were compared by statistical analysis using
the nonparametric Wilcoxon/Kruskal-Wallis tests (rank sums). (a)
AP<0.05atday 2, 3,4, 15,and 16. (b) AP < 0.05 at day 15 and 16.

brane, and the extent of cartilage damage. The reduc-
tion in synovial thickness in PEG-hirudin-treated
mice at day 36 was significant (Figure 4c), but cartilage
damage and inflammatory cells in the synovium, while
diminished, did not reach statistical significance (Fig-
ure 4, a and b, respectively).

Interestingly, when the histological scorings for the
knee joint were considered (inflammatory cells, hyper-
plasia, and cartilage damage), a strong correlation with
the clinical scoring of paw arthritis was found (= 0.66,
P=0.0013; 7= 0.7, P < 0.0001; and » = 0.7, P < 0.0001,
respectively), showing that clinical scoring reflects the
histological severity of arthritis.

Effect of PEG-hirudin treatment on fibrin deposition
in arthritic joints

We wanted next to test the hypothesis that the anti-
inflammatory effects of PEG-hirudin in arthritic joints
may be accounted for, at least in part, by decreased
intra-articular fibrin deposition. Fibrin content in knee
and paw joints was analyzed by fibrin immunohisto-
chemistry in animals that had received the preventive
treatment (Figure 1,b and d, for knee joints and Figure
1, fand h, for paw joints). The amount of fibrin in the
PEG-hirudin-treated mice was less important (Figure
1, d and h). Based on immunohistological scoring,
PEG-hirudin-treated mice showed a significantly
reduced level of fibrin in their knee joints compared
with the control group (Figure 4d).

Correlation between fibrin deposition and clinical
and histological parameters of CIA

Analysis of intra-articular fibrin deposition according
to disease activity, as evaluated by clinical scoring of
the paws, revealed a highly significant positive corre-
lation (r=10.677, P < 0.0001; Figure 5a). As expected,
fibrin deposition was also correlated with plasma TAT
levels, considered to be a direct indicator of thrombin
generation (Figure Sb). Finally, we also found strong

positive correlations between intra-articular fibrin
scores and some histological features of CIA knees
(inflammatory cells, hyperplasia, and cartilage dam-
age, Figure 5, ¢, d, and e, respectively).

Effect of PEG-hirudin treatment on synovial cytokine
mRNA expression

To obtain insight into the potential molecular mech-
anisms involved in the amelioration of CIA by PEG-
hirudin, the expression of different cytokines was
investigated. Synovial mRNA levels of IL-1a, IL-1f3,
IL-receptor antagonist, IL-12, and macrophage migra-
tion inhibitory factor were measured by RNase pro-
tection assay in the knee joints of normal mice, mice
with CIA (untreated), and PEG-hirudin-treated CIA
animals at day 36 (Figure 6a). As expected, synovial
mRNA levels of all the cytokines analyzed were upreg-
ulated in arthritic mice compared with nonarthritic
mice, with IL-1[3 exhibiting the highest mRNA level.
Preventive treatment with PEG-hirudin for 16 days, as
described earlier, resulted in a decrease of all the
cytokine mRNA levels assayed. Phosphorlmager
analysis was performed to quantify mRNA expression
(Figure 6b). After normalization with GAPDH, a sig-
nificant downregulation of IL-1f3 and IL-12p3S5
mRNA (P <0.05 and P < 0.01, respectively) after PEG-
hirudin treatment was found.

Effect of PEG-hirudin treatment on synovial PAR-1
mRNA levels

Because thrombin has been shown to increase throm-
bin receptor (PAR-1) expression, an additional mecha-
nism by which PEG-hirudin could exert its effect could
be by downmodulating synovial PAR-1 expression dur-
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Histological features of arthritic knee joints. Knee histologies from
control (n=13) and PEG-hirudin-treated (n = 13) mice were scored
for cartilage damage (a), inflammatory cells (b), and synovial thick-
ness (c) using an arbitrary four-point (0-3) scale. Fibrin deposition
(d), as evidenced by fibrin immunohistochemistry, was scored in
the synovial membrane using an arbitrary seven-point (0-6) scale.
The results are expressed as mean + SEM. Statistical significance
was tested by Wilcoxon/Kruskal-Wallis tests (rank sums). AP < 0.05
was considered significant.
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Figure 5

Correlations between fibrin staining and clinical and histological scoring. Fibrin deposition, as scored in Figure 4 was correlated to clinical
score of paws (a), plasma TAT levels (b), inflammatory cells (c), synovial hyperplasia (d), and cartilage damage (e) at day 36 after immu-
nization. P < 0.05 was considered significant.

ing CIA. Quantification of synovial PAR-1 mRNA lev-
els from naive or placebo- and PEG-hirudin-treated
arthritic mice showed a significant downregulation of
PAR-1 mRNA levels in PEG-hirudin-treated CIA mice,
reaching levels found in naive mice (Figure 7).

Anticollagen Ab levels in PEG-hirudin-treated and
control mice

To verify that PEG-hirudin-treated mice generated an
adequate immune response against type II collagen,
total anticollagen IgG levels were measured by ELISA
at the end of the anticoagulation therapy (day 36). No
significant difference was observed in anticollagen IgG
levels between untreated and PEG-hirudin-treated
mice (untreated mice: 1489.29 + 382.36 ng/ml; treated
mice: 2276.03 + 756.92 ng/ml; n = 13 in each group).
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Discussion

Evidence of activation of the coagulation pathway dur-
ing inflammation raises the possibility that there is a
complex interplay between the two processes that may
serve to exacerbate inflammation, no matter the trig-
gering cause, leading to chronic inflammatory changes.
In the present study, we have shown that substantial
fibrin deposits were present in arthritic joints of mice
with CIA, and we have also provided evidence of ongo-
ing coagulation activity, characterized by increased lev-
els of TAT complexes in CIA mice. These results cor-
roborate our previous findings made in the AIA model
(16, 29, 30). Thus, these two experimental models of
arthritis recapitulate the extensive intra-articular fibrin
deposition and the high levels of TAT found in synovial
fluid (3, 7) and in the plasma (3) of RA patients.
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Synovial cytokine mRNA levels in CIA knee joints from untreated or PEG-
hirudin-treated mice. (a) Total RNA was prepared from knee joints of non-
immunized, nonarthritic mice (normal knee), or from arthritic CIA knee joints
of untreated or PEG-hirudin-treated mice (1 mg/kg/day for 16 days). Expres-
sion of different cytokine mRNA was analyzed using RNase protection assay
(IL-1Ra, IL-1-receptor antagonist; MIF, macrophage migration inhibitory fac-
tor). (b) Phosphorlmager analysis was performed to quantify mRNA levels of
each of the studied genes. Comparison of mRNA levels is done after stan-
dardization with GAPDH mRNA and expressed in arbitrary units. The results
are expressed as mean + SEM (three mice per group). AP < 0.05; 8P < 0.01.
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Figure 7

Synovial PAR-T mRNA levels in CIA knee joints from untreated or
PEG-hirudin-treated mice. Total RNA was prepared from dissected
knee joints of nonimmunized, nonarthritic mice (naive knee) or from
arthritic CIA knee joints of untreated (control CIA) or PEG-
hirudin-treated mice (1 mg/kg/day for 16 days). PAR-1 mRNA was
studied using RNase protection assay and Phosphorlmager analysis.
Comparison of mRNA levels is done after standardization with
GAPDH mRNA. The results are expressed as percentage of control
CIA mice (mean + SEM, three to four mice per group). AP < 0.05.

In CIA, we demonstrated that besides thrombin acti-
vation, there is increased expression of PAR-1 mRNA in
the inflamed joint, which can result from increased
thrombin generation during CIA and subsequent
thrombin upmodulation of PAR-1 gene expression (17,
31). Upregulation of PAR-1 mRNA has also been
observed in human crescentic glomerulonephritis (32).
In this latter case this upmodulation was associated to
downregulation of PAR-1 antigen, consistent with the
activation and internalization of PAR-1 that occurs
after thrombin cleavage (20).

Fibrin formation and deposition is a hallmark of
inflammation and we have shown previously in an
experimental model of RA that intra-articular fibrin
contributes to sustain synovial inflammation (16).
Besides fibrin formation, another source of potential
interaction between coagulation and inflammation is
receptor-ligand interactions between coagulation fac-
tors and their receptors, such as for factor Xa and
thrombin, that may amplify inflammation (10). As
thrombin also regulates its own generation by acti-
vating factor V, VIIL, IX; and X (via factor IXa), strate-
gies that inhibit thrombin may therefore lead to
decreased factor Xa and thrombin generation (33)
and be therapeutic in arthritis.

PEG-hirudin was chosen over other specific thrombin
inhibitors that have been described, such as argatroban
or lepirudin (recombinant hirudin), because of its long
duration of action and simple mode of administration.
Indeed, we found that a single subcutaneous dose of 0.1
or 1 mg/kg of PEG-hirudin had an anticoagulant effect,
indicated by a prolongation of the TT, even after 20
hours. These findings are consistent with the reported
pharmacokinetics of PEG-hirudin (34). When coagula-
tion times were measured at the end of the treatment
phase, we noted significantly increased TT and aPTT.

These results demonstrate the efficacy by which PEG-
hirudin inhibits thrombin-mediated activation of the
coagulation pathway and may also serve to reduce the
amount of factor Xa that is generated. The PT, on the
other hand, was not prolonged. An explanation for this
latter observation could be that in vitro, the amount of
thrombin generated during the PT assay was much
greater than that generated in the TT and aPTT assays,
such that the plasma concentration of PEG-hirudin in
the samples was insufficient to neutralize the action of
thrombin. Finally, we found that the plasma TAT-com-
plex levels dramatically decreased when mice were treat-
ed with PEG-hirudin. Two explanations can be evoked,
which are not mutually exclusive. Diminished TAT lev-
els in treated mice could result from the inability of
PEG-hirudin-inactivated thrombin to bind to
antithrombin. On the other hand, treated mice may
have less thrombin generation as the positive feedback
on thrombin formation is being abolished.
PEG-hirudin exerted both a preventive effect and cur-
ative effect in CIA. In the preventive study, PEG-hirudin
was started just before the first appearance of clinical
arthritis at day 20 and continued through to day 36.
Both incidence and severity were reduced in the treat-
ed mice, and the number of affected paws was also sig-
nificantly different between the two groups. The effects
of PEG-hirudin on arthritis severity were reproduced
using as a control, inactivated PEG-hirudin, produced
essentially as described before (35), instead of PBS,
emphasizing thus the specificity of active PEG-hirudin
in this inhibition (results not shown). A curative effect
was observed on established disease when treatment
was started at the onset of clinical arthritis and con-
tinued for a total of 16 days. A significant attenuation
of disease progression was observed in treated animals
at the earliest times and at day 15 and 16, with a
reduced change in clinical score and a reduction in
number of affected paws. Moreover, though not statis-
tically significant, a similar trend in reduced clinical
scoring was observed throughout the duration of the
experiment. In both treatment regimes, the effect of
therapy was observed early on, with only a delayed
effect on affected paws seen in the curative group.
Histological confirmation of the clinical effect was
analyzed in knee joints of animals that were in the pre-
ventive study only. A significant effect was observed on
synovial hyperplasia, but not on inflammatory cell infil-
trate or cartilage damage, though both latter parame-
ters were reduced in the PEG-hirudin-treated group.
The histological assessment was performed on knee
joints rather than paws, because the scoring system used
has been extensively validated in our studies on the anti-
gen-induced model of arthritis. Furthermore, we
observed a strong correlation between histological
scores and clinical score, indicating that such a scoring
method does reflect changes in arthritis in the mice.
The results of the cytokine mRNA assays further con-
firmed the reduction of inflammation in PEG-
hirudin-treated animals. Although only a selected sam-
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ple of cytokines were analyzed, the results are in agree-
ment with those obtained when a broader range of
cytokines were studied in CIA by Thornton et al. (36),
who observed a striking enhancement of IL-1f3 and
TNEF-0 RNA levels at day 35 of CIA.

Apart from its procoagulant role and its effects on
target cells via the proteolytic activation of PAR-1,
PAR-3, and PAR-4, thrombin exhibits chemotactic and
mitogenic activity due to peptide sequences lying out-
side its catalytic domain (37). Since hirudin (and its
derivative PEG-hirudin) can bind both to the catalytic
site and the anion-binding exosite of thrombin (38),
we speculate that hirudin may exert a beneficial effect
in the CIA model by at least three mechanisms. First,
by inhibition of thrombin procoagulant activity, lead-
ing to inhibition of Xa and thrombin formation, and
ultimately to decreased fibrin formation; second, by
inhibiting activation of the PAR-1 receptor; and third
by blocking the exosite mitogenic/chemotactic pep-
tide domain. Concerning the first mechanism, fibrin
immunohistochemistry showed a significant reduc-
tion of fibrin deposition upon PEG-hirudin treatment.
Most importantly, we observed a positive correlation
between clinical and histological scorings and intra-
articular fibrin staining. These findings indicate that
reduction of fibrin formation can attenuate synovial
inflammation and corroborate our earlier findings
obtained with defibrinogenated mice (16) and with
fibrinogen-deficient mice (N. Busso, unpublished
results), although in these latter cases the effects were
much less pronounced. Recently, using a model of
transplantable tumor cell lines, it has been shown that
the development of lung metastasis was diminished in
fibrinogen-deficient mice (39). Interestingly, hirudin
further diminished the metastatic potential in these
mice. In this latter case, as in our study on arthritis, it
can be concluded that the thrombin inhibitor acts by
at least one mechanism that is independent of fib-
rin(ogen). The second pathway, through which
PEG-hirudin may exert its effect, is by inhibition of
thrombin-receptor activation. Consistent with this
hypothesis, we found that PEG-hirudin treatment of
CIA mice led to decreased levels of synovial PAR-1
mRNA. Various in vitro studies have shown that sig-
naling via PAR-1 leads to fibroblast and endothelial
cell proliferation and activation as well as to activation
of hematopoietic cells (monocytes, neutrophils, and
lymphocytes), suggesting strongly that the PAR-1 sig-
naling pathway is proinflammatory (17-19). Direct
evidence for proinflammatory, PAR-1-dependent
effects in vivo was provided by a recent study, using a
model of complex-mediated
glomerulonephritis (40). In this study, renal injury was
attenuated by hirudin treatment, and this effect could
be mimicked by PAR-1 deficiency. It remains to be seen
whether the other thrombin receptors PAR-3 and
PAR-4 may also mediate inflammatory changes. The
availability of PAR-1-deficient mice (22) will allow a
more precise investigation into these cellular actions

murine immune

of thrombin in vivo during experimental arthritis. The
third pathway, by blockade of the chemotactic and
mitogenic properties of thrombin, could be advocated
if the phenotype of PAR-1-deficient mice will not reca-
pitulate the effects of PEG-hirudin.

Our results suggest that the coagulation pathway, in
particular thrombin-mediated coagulation and sig-
naling events, may be a target for therapy in joint
inflammation. Although hirudin was the only mole-
cule studied in this series of experiments, other specif-
ic inhibitors of thrombin’s actions will probably have
a similarly beneficial effect (41). Such an approach
may be a useful adjunct to established approaches in
the treatment of the immune and cytokine-mediated
pathways of arthritis.
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