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Amelioration of established murine collagen-induced arthritis
with anti-IL-1 treatment
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SUMMARY

Inflammatory cytokines have been implicated in the pathogenesis of rheumatoid arthritis. To
validate a key role for IL- I in arthritic processes we have studied the protective effect of neutralizing
antimurine IL-1 antibodies in the murine collagen-induced arthritis (CIA) model. Combination of
anti-IL-la and anti-IL-l given before onset of arthritis was shown to prevent disease completely.
Remarkably, a single treatment was also highly effective in the established phase ofarthritis, reducing
both inflammation as well as cartilage destruction. Suppression was most pronounced with the
combination, but anti-IL-1i# alone also induced significant relief. Finally, we studied the protective
effect of IL-1 neutralization on cartilage metabolism in a unilateral expression model of collagen
arthritis. To this end zymosan was injected in one knee joint before onset of disease, resulting in
accelerated expression in that particular joint and the draining paw. Anti-IL- I treatment started after
accelerated expression of arthritis was able to fully normalize chondrocyte synthetic function, which
was highly suppressed in the control group. It is concluded that IL-I is an important determinant in
both inflammation and cartilage destruction in collagen arthritis, and this may have implications for
therapy in human arthritis.
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INTRODUCTION

There is increasing evidence to suggest that the cytokines IL-I
and tumour necrosis factor-alpha (TNF-a) play an important
role in the pathogenesis of inflammatory joint diseases [1-3],
including rheumatoid arthritis (RA). These cytokines have been
identified in the synovial membrane and cartilage-pannus
junction of arthritic joints from RA patients. Moreover, it has
been suggested that a hierarchy exists in importance of cyto-
kines, and TNF-a is claimed to be the driving force of other
cytokines, including IL-I. Antibodies to TNF-a were shown to
diminish the production of IL-1 by rheumatoid synovium-
derived mononuclear cells [4]. Although TNF-a is able to
mediate cartilage and bone destruction itself, IL-1 is more
potent in this respect [5]. Numerous studies have shown the
destructive effect of IL-1 in vivo upon injection in knee joints
[6-8], whereas conclusive evidence for a similar direct role of
TNF-a in vivo is lacking.

To prove the importance of TNF-Lx recent studies have
addressed the effect of administering neutralizing anti-TNF
antibodies to mice with collagen-induced arthritis (CIA). Such
treatment was able to diminish onset of arthritis and also to

Correspondence: Wim B van den Berg PhD, Professor of Experi-
mental Rheumatology, Dept of Rheumatology, University Hospital
Nijmegen, 6500 HB Nijmegen, The Netherlands.

ameliorate early collagen arthritis to a certain degree [9,1 0]. This
provides evidence that TNF-a may be an important therapeutic
target in RA. Meanwhile, we have shown that administering
neutralizing antibodies against IL-I can be very effective in
reducing cartilage destruction in both murine antigen-induced
arthritis and immune complex arthritis [11,12].

In the present study experiments are described aimed at
validating the concept that IL- 1 is a key element in the
pathogenesis of arthritis and worth pursuing as a therapeutic
target. Neutralizing antibodies against murine recombinant
IL- I a,f were administered in various phases of murine collagen
arthritis. Impressive reduction was noted both in inflammation
as well as in cartilage destruction.

MATERIALS AND METHODS

Induction of arthritis
DBA/lj mice, aged 10-12 weeks at the start of the experiments,
were immunized with bovine collagen type II (CII; 100 pg)
emulsified in Freund's complete adjuvant (FCA; Difco, Detroit,
MI), by four divided subcutaneous injections in the back. At day
21 the animals were boosted with an i.p injection of 100 pg
collagen type II. Onset of polyarthritis occurred around 4-5
weeks. In some experiments the booster injection was omitted
and the animals were given a local injection with 100 pg
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Zymosan [13] in the right knee joint at day 28, to provoke
expression of collagen arthritis in that particular joint and the
draining paw.

Anti-IL-i antibodies
Polyclonal rabbit antibodies were raised against murine recom-
binant, biologically active mature IL-la and IL-1Ip, by immuni-
zation with FCA [11]. The recombinant IL-I was generously
provided by Ivan Otterness (Pfizer Central Research, Groton
CT). Immunoglobulins were purified by salt precipitation and
affinity chromatography on protein A Sepharose CL4B. The
anti-IL- ha and anti-IL- I # antibodies showed no cross-reactivity
against either IL-I#/IL- Ioa or a number of other cytokines such
as IL-6, TNF and granulocyte-macrophage colony-stimulating
factor (GM-CSF), and were roughly equivalent in potency. The
antibodies have been demonstrated to show neutralizing capa-
city both in vitro and in vivo. Purified IgG (1 jig) is sufficient to
neutralize completely the effect of 50- 100 pg IL- I in the NOB- I
bioassay. The antibodies have an excellent half life in mice (3
days), and were shown to neutralize both IL- I -induced cartilage
proteoglycan synthesis inhibition in vivo, as well as in situ
production and effects of IL-1 in the knee joint in two
experimental murine arthritis models [11,121.

Treatment protocol and macroscopic scoring of arthritis
From day 24 after immunization mice were examined for
macroscopic signs of arthritis in the paws, such as erythema
and/or swelling. Treatment with antibodies was either started
immediately or was delayed until arthritis was clearly estab-
lished (see Results). Mice were always randomized between
control and anti-IL-i groups. In the case of treatment of
established arthritis, groups were weighted for arthritic scores
after randomization, to create balanced starting groups. Ran-
domization was repeated when skew selection appeared.

Mice were scored at alternate days for erythema and swelling
by two independent observers, resulting in mean scores with a
maximum of 2 for each paw, and an overall maximum of 8 per
animal.

Anti-IL-I treatment of mice
Groups of mice were given a single i.p. injection of a standard
dose of I mg purified IgG anti-IL- h and 1 mg anti-IL- I/, unless
stated otherwise. Control groups received 2 mg normal rabbit
IgG, or purified IgG from rabbits immunized with the protein
antigens lysozym or bovine serum albumin (BSA) in FCA.
These latter treatments did not influence the course of collagen
arthritis. In pilot experiments, doses of up to 3 mg of anti-IL-i
were given, with essentially similar results as obtained with I mg.

Histology
At the end of the experiments ankle and knee joints were
dissected, fixed in formalin and processed for histology as
described [13,14]. Standard frontal sections (7 jum) were pre-
pared and stained with haematoxylin-eosin or Safranin 0.
Synovial infiltration and cartilage destruction were scored on
five semi-serial sections of each specimen, spaced 10 sections
apart, and mean values were obtained. Scoring was done in a
blinded fashion by two observers.

Synovial infiltrate was graded on a scale of 0-3, according to
the amount of inflammatory cells in the synovial tissue.
Cartilage destruction was scored on a scale of 0-3, ranging from
areas with dead chondrocytes (empty lacunae) or focal cartilage

loss, loss of 1/4 to 1/2 of the cartilage, to complete loss of the
articular cartilage. Collagen arthritis is a highly aggressive joint
inflammation, which without treatment results in complete loss
of articular cartilage in most of the animals.

Autoradiography
In one experiment animals were pulse labelled with 35S-sulphate
(50 jiCi per animal) shortly (2 h) before sacrifice and knee and
ankle joints prepared for histology. Sections were mounted on
gelatin-coated slides, dipped in K5 emulsion (Ilford, Basildon,
UK) and developed after 2-4 weeks [14].

Assessment ofknee joint inflammation
Joint inflammation was quantified by 99mTechnetium pertechne-
tate uptake as described [I1]. Briefly, mice were sedated by i.p.
injection of 4-5% chloral hydrate, 0-1 ml/10 mg body weight.
About 10 jiCi 99mTc in 0-2 ml saline was injected subcutaneously
in the neck region and accumulation of the isotope in the knee
was determined after 30 min by external gamma counting.
Inflammation is expressed as the ratio of Tc uptake in the right
inflamed joint over the left non-inflamed joint. Values > I
were taken to indicate significant joint swelling.

Assessment ofproteoglycan synthesis
Patellae were dissected from the knee joint, leaving the cartilage
embedded in a minimal area of surrounding tissue. Specimens
were cultured for 2 h in RPMI, containing 20 pCi 35S-sulphate.
Thereafter patellar cartilage was isolated and incorporation of
35S-labelled proteoglycans (PG) quantified by liquid scintillation
counting as described [15].

RESULTS

Early anti-IL-I treatment
CIA develops in 70-80% of DBA/lj mice over a period of 70
days, with a gradual onset around 4-5 weeks. At day 25 mice
were selected without macroscopic signs of arthritis. A single
systemic treatment with anti-IL- la/I antibodies was given at day
28 and development of arthritis was followed for 2 weeks.
Within 42 days 5/11 mice of the control, normal IgG treated
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Fig. 1. Evolution of collagen arthritis. Mice were given a single i.p.
injection of either 0-6 mg anti-IL-la and 0-6 mg anti-IL-ifl, or 1 2 mg
normal rabbit IgG on day 28. This amount of antibodies has the
capacity to neutralize completely the effect of 50 ng IL-I a/IL- I in the
NOB-1 bioassay (see Materials and Methods). Signs of arthritis were

scored in all paws (scale 0-2) and values represent the mean of groups of
11 mice. 0, Anti-IL-l; 0, normal IgG.
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Fig. 2. Animals were selected with first signs of arthritis on day 25.
Treatment and scoring as described in Fig. 1. Values represent the mean
+s.d. of groups of 10 mice. 0, Anti-IL-1; 0, normal IgG.
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Fig. 3. Time course ofcollagen arthritis. A single treatment with anti-IL-
laB was given in separate groups at the time points indicated with
arrows. Groups consist of 11, eight and six mice at the subsequent time
points. For details see legend of Fig. 1. 0, Normal IgG; *, anti-IL- a, fl;

anti-IL-la, fl; 0, anti-IL-la,

group developed significant but mild signs of arthritis. In
contrast, the anti-IL-1 group remained free of arthritis till day
39 (Fig. 1). In repeat experiments we sometimes noted mild signs
of arthritis at later days, but never a full blown but delayed
expression of collagen arthritis. Similar amounts of antibodies
against an irrelevant protein antigen (lysozym, BSA) were
without effect.

Histology taken from the knee and ankle joints at day 42
confirmed our findings. In addition to the observations in the
ankles, expression of arthritis was also clear-cut in the knee
joints, with an incidence of 9/20 and 1/20 in control and anti-IL-
1 groups, respectively.

From the same group ofimmunized mice, animals with clear
first signs of arthritis were selected at day 25 and anti-IL-
treatment was given at day 28. Figure 2 shows the gradual rise in
severity in the control group. This was prevented by anti-IL-1,
although a tendency to rebound was noted after day 37.
Histology at day 42 showed mean scores + s.d. of synovial
infiltrate in the knee of 12+ 11 and 03+ 0-6, respectively.

Suppression of established arthritis
In the next experiment mice with positive signs of arthritis were
selected at day 25 and anti-IL-lIa3 treatment was given either at
day 28, 35 or 54. Early treatment confirmed the rapid suppres-

sion of evolution as mentioned above. A remarkable and highly
important finding was the clear decline of full blown arthritis,
when treatment was delayed till day 35 (Fig. 3). In contrast,
treatment started as late as day 54 was without effect.

Histological findings are depicted in Table 1. Anti-IL-1
antibodies were highly effective in reducing synovial infiltrate,
both after early (day 28) as well as after late (day 35) treatment.
Of interest, not only inflammatory signs but also the degree of
cartilage destruction was reduced. The latter is a prominent
feature of this form of arthritis, and generally shows a

progressive, destructive character. Early treatment very effec-
tively prevented cartilage destruction, but even treatment at day
35 significantly reduced ongoing destruction (Table 1).

Relevance of IL-lot and IL-]
To investigate whether both IL- 1ha as well as IL- I/ are involved,
two experiments were done with separate sets of antibodies. No

Table 1. Histology after anti-IL-I treatment

Start of
treatment* Day of Synovial Positive Cartilage

Group (day) sacrificet Joint infiltrate: joints§ destruction

Control IgG 28 42 Ankle 12+0-8¶ 16/22 0-7+0 7
Anti-IL-lBfl 28 42 Ankle 0-2+0 3** 6/22 0-1+02**
Control IgG 28 42 Knee 1-7+06 20/22 22+ 11
Anti-IL-locx 28 42 Knee 01 +0-2** 8/22 0 5+09**
Control IgG 35 49 Ankle 1-1+0 8 11/16 1-9+1 3
Anti-IL-lIaf 35 49 Ankle 01+01** 7/16 1 I + 12**

* Anti-IL-l was given as a single injection at the day indicated.
t Histology was scored on total sections of whole knee or ankle joints.
t Synovial infiltrate and cartilage destruction are scored on a scale of0-3 (see Materials and Methods).
§ Joints were considered positive when the intiltrate score was at least 0 1.
¶I Values represent the mean + s.d.
** Significant difference (P< 001) between anti-IL-l group and respective control (Mann-Whitney).
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Table 2. Comparison of anti-IL-la and anti-IL-lfi treatment

Start of Macroscopic arthritis scoret
treatment*

Group (day) Day 34 Day 37

Experiment I
ControlIgG 31 4-8±+l2t 4-6+ 11
Anti-IL-la 31 3-7+2-3 3-6+2-2
Anti-IL-If. 31 1-2+ 1-4§ 11 + 1-3§
Anti-IL-la4 31 0 4+0 3 0 3 +0-2§

Day 40 Day 48

Experiment 2
Control IgG 36 3-8 + 2-3 4-0+ 1 9
Anti-IL-fl? 36 2-9+1-0 2-5+1-5
Anti-IL-laB 36 2-1 + 1-4§ 1-4+1-0§

* Start of anti-IL-I treatment.
t Macroscopic score in all paws.
t Values represent the mean + s.d. of groups of 10 or seven mice in

experiment 1 and 2, respectively.
§ Significant difference (P<0-01) between anti-IL-I group and IgG

control (Mann-Whitney).

cross-reactivity was noted in vitro [11]. Suppression was most
pronounced with the combination. Anti-IL-l was hardly
effective, but anti-IL-l/3 treatment induced highly significant
suppression (Table 2). The decline was more pronounced when
treatment was started early, but still impressive after late (day
36) treatment.

Zymosan accelerated arthritis
To reduce the high variation in degree of arthritis and to create
consistent arthritis in all animals at a particular moment, we
deleted the booster immunization with CII/Freund's incomplete
adjuvant (FIA) at day 21. Instead, Zymosan (100 Mg) was
injected in the right knee joint around day 28. Zymosan induces

transient joint inflammation with reversible joint damage, which
wanes within 7 days in normal mice. However, it provokes
expression of aggressive, long-lasting collagen arthritis in the
injected knee joint of CII-preimmunized mice. In addition, it
elicits within a few days expression of collagen arthritis in the
draining paw only in most animals.

Systemic treatment with anti-IL-l c/ antibodies was given
either shortly before, simultaneously or 2 days after Zymosan
acceleration. Either treatment totally prevented the expression
of arthritis in the ankle joint (Table 3). Moreover, knee joint
inflammation was quantified by Tc uptake measurement and
examined by histology. Anti-IL-I treatment reduced Tc uptake
at day 35 (7 days after Zymosan challenge) almost to back-
ground values (1 0). Reduction of inflammatory infiltrate was
confirmed with histology (Table 3). Cartilage destruction was

diminished from 1 5 +07 to 0 3+0 3.
In addition, in one group of animals 35S-sulphate was

injected shortly (2 h) before sacrifice, to get an impression of the
cartilage metabolism. Autoradiography on ankle and knee joint
sections revealed highly suppressed 35S-PG synthesis in the
cartilage of the control, arthritic group, and almost normal
incorporation in the cartilage of the anti-IL-I-treated group

(Fig. 4).

Quantification of cartilage proteoglycan synthesis
In additional groups cartilage PG synthesis was quantified ex

vivo. Patellae were isolated from the left, normal knee joint and
the right, arthritic joint at day 7 after acceleration and pulse-
labelled with 35S-sulphate in vitro. Suppression of 35S-PG
synthesis amounted to approximately 60% (Table 4), which is
consistent with observations in other arthritis models at phases
of active joint inflammation [11,16]. In contrast, synthesis was

normalized when anti-IL-l was given simultaneously with the
Zymosan acceleration. Strikingly, even an overshoot to mar-

kedly enhanced synthesis was found when anti-IL-I was given 2
days after acceleration (Table 4). This points to an attempt at
recovery ofthe depleted cartilage matrix, once the inflammatory
process is controlled.

Table 3. Amelioration of Zymosan-accelerated arthritis

Arthritis at day 35t

Start of Ankle Knee
treatment*

Group (day) Score Incidence Tc uptake: Infiltrate§ Score) I

Control IgG -1 1-0+0-7 6/8 ND ND
Anti-IL- Ia -1 0 0/10 ND ND
Control IgG 0 1-4+0-9 7/10 1-67+0-20 2-5+0-8 9/10
Anti-IL-lazp 0 0 1/10 1-11+0 12 07+07 3/10
Control IgG 2 1-3+0-8 8/10 1-68+0 28 ND
Anti-IL-la/I 2 0 0/10 1 08+005 ND

* Relative to the injection of Zymosan at day 28.
t Arthritis is scored in the right knee and ankle.
Expressed as a ratio of uptake in right inflamed versus left non-inflamed joint.

§ Synovial infiltrate on a scale of 0-3.
¶ Relative number of animals with a histological score > 1.
Values represent the mean + s.d.
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Fig. 4. Autoradiograph of a knee joint at day 35 after induction of
collagen arthritis. (a) Arthritic control. (b) Anti-IL- 1-treated. Note the
faint labelling ofchondrocytes in the arthritic joint and the distinct label
incorporation in the anti-IL-l treated joint. P. Patella; F, femur; JS,
joint space. H&E staining.

DISCUSSION

The data indicate that IL-I plays a critical role in murine CIA,
not only at the onset of the disease but also in the more

established phase. Apart from diminishing inflammation, the
neutralization of IL-l clearly reduced the progressive cartilage
destruction in this model.

CIA is considered an important model for RA. It is based on

Table 4. Cartilage proteoglycan (PG) synthesis in patellae of Zymosan-
accelerated knee arthritis

Start of Cartilage PG synthesis (day 35)
treatment*

Group (day) Left knee Right kneet 0%

Control IgG 0 793 +2971 299 + 67 38
Anti-IL-lafl 0 861 +235 878+243 102
Control IgG 2 849 +293 364+224 43
Anti-IL-lIa 2 859 + 59 1704+468 198

* Relative to the injection of Zymosan at day 28.
t Right knee injected with 100 pg Zymosan.
tValues represent ct/min + s.d. of 35S incorporated in patellar

cartilage (groups of six mice).

the development of cross-reactive autoimmunity against homo-
logous collagen type II, which is abundantly present in the
hyaline articular cartilage. Both T cells and antibodies are
claimed to be important in the pathogenesis. In recent years it
was demonstrated that the expression ofcollagen arthritis could
be highly enhanced by systemic administration of IL- 1 [17,18].
Moreover, acceleration can be obtained using intraarticular
injection of either TNF-a or transforming growth factor-beta
(TGF-fl) [19,20]. Our present results show that similar effects
can be obtained with local injection ofZymosan, suggesting that
any element causing cell influx and local generation of relevant
cytokines would accelerate expression. In line with this it was
shown that systemic lipopolysaccharide (LPS) could provoke
expression of collagen arthritis [21]. We have confirmed this
observation and elaborated the benefits of a localized, Zymo-
san-accelerated inflammation, with the interesting selective
expression in the draining paw (manuscript in preparation).

There is increasing debate whether T cells are the driving
force in the inflamed synovium ofRA patients, or macrophages
are the key elements. The latter is based on the minute analysis
of cytokine patterns in inflamed synovia, and the observation of
apparent lack of T cell lymphokines and abundance of macro-
phage cytokines such as TNF-ot and IL-1 [22].

In any case, given the absence of a distinct T cell antigen in
RA, it seems valid to approach these cytokines as therapeutic
targets. There is suggestive evidence that TNF-cx is regulating
the production of IL-1 in rheumatoid synovia [4]. However, it
seems a matter of taste whether the target should be chosen
upstream. To our understanding it can not be ruled out that IL- 1
is generated in part independently of TNF-a, and in that case a
down-stream target would be more safe. We have recently
performed studies with neutralizing MoAbs against murine
TNF-a in the collagen model, and could confirm efficacy as
demonstrated by others [9,10]. However, our present data with
IL- 1 neutralization are far more impressive. Proper dose
response studies, tissue access and tuning of half lives of the
antibodies are needed before definitive conclusions can be
drawn.

The mechanism of onset of the inflammatory process in the
joint in collagen arthritis is still poorly understood. It has been
demonstrated that the disease can be transferred with CII-
specific T cells [23], but the expression is greatly facilitated with
antibodies. The latter is also noted in the autoimmune PG
arthritis model [24]. It may be argued that the T cell-driven
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process generates TNF and IL-1, and that these mediators
potentiate the expression by their known destructive effect on
the cartilage [4-8], with liberation of components including CII,
and by their inflammatory effect, facilitating influx of antibodies
[19] and attachment at the cartilage surface and further release
of matrix components. This would fit with the ease of a single
anti-IL-I injection, to prevent onset of arthritis. The complete
prevention with anti-IL-I would also argue for an indirect role
ofTNF in this process. The sustained effect of a single injection
at day 28 to prevent expression over a period of 2 weeks may be
related to the phenomenon of anti-idiotypic down-regulation of
threatening autoimmune responses, as seen in late phases of
adjuvant arthritis [25]. It seems highly unlikely that the
neutralization of IL-I interferes directly with the antibody-
dependent arm. We started anti-IL-I treatment late in the
immunization process (day 28) and could not detect any
difference in anti-CII titres as measured with ELISA (data not
shown). Similar lack of influence on antibody titres was noted in
the anti-TNF studies [9,101.

The remarkable finding that collagen arthritis, established
for I week, can still be effectively treated may point to another
important IL- I-dependent mechanism. We have recently shown
that synovial infiltrates rich in macrophages are highly suscep-
tible to IL-i-induced flares [26], and similar findings were made
in rat ankle joints bearing streptococcal cell wall driven chronic
infiltrates [27]. This may imply that in the established phase of
collagen arthritis part of the process is perpetuated by local IL- I
release and autocrine or paracrine stimulation of macrophages.

Another key finding was the protection against cartilage
destruction. This may seem obvious given the marked reduction
of inflammation, but on the other hand it is quite clear from
drug studies in arthritis models that these two processes may
occur uncoupled [28]. Earlier studies with neutralizing anti-IL- I
antibodies in antigen-induced arthritis and immune complex
arthritis made it clear that IL- I is a key factor causing cartilage
PG synthesis inhibition, and this is now also confirmed in the
collagen arthritis. It cannot be claimed that IL-1 is the only
factor, but it implies that elimination of IL- I from a network of
cooperating mediators is sufficient to down-regulate this par-
ticular process.

In conclusion, this study underlines that it is worthwhile to
pursue IL-I as a therapeutic target in arthritis, not only in early
phases but also in established arthritis. The application of
neutralizing antibodies to human disease seems tempting, and
the promising results with humanized anti-TNF antibodies may
encourage such an approach [29]. On the other hand, other tools
like IL-I receptor antagonist (IL-I Ra) or soluble IL-I receptors
[2,30-33] may prove suitable in therapy. They suffer however
from a short half-life and capture by IL-i Ra, respectively. In
any case, our results strengthen the need for further search for
improved IL-1 blockers or inhibitors of IL-1 production, and
validation of the pathological importance of IL- I in human RA
by IL-i-targeted therapy.
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