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Summary

Eotaxin-2 is a potent chemoattractant for eosinophils, basophils and T helper
type 2 (Th2) lymphocytes. The eotaxin-2/CCL24 receptor CCR3 is expressed
in human brain, skin, endothelium and macrophages. The aim of the current
study was to evaluate the protective effect of a monoclonal anti-eotaxin-2
antibody on the development of adjuvant-induced arthritis in rats (AIA).
Adjuvant arthritis was induced in Lewis rats by intradermal injection of
incomplete Freund’s adjuvant + Mycobacterium tuberculosis. Rats were
treated by intraperitoneal (i.p.) injection with three monoclonal antibodies
against eotaxin-2 (G7, G8, D8) three times per week. Controls were treated
with total mouse immunoglobulin G (IgG), methotrexate (MTX) or
phosphate-buffered saline (PBS). Arthritis severity was evaluated by measur-
ing ankle swelling, arthritic score, whole animal mobility and body weight.
Sample joints were obtained for pathological evaluation and postmortem
X-ray of ankle joints was performed to document erosions. Significant inhi-
bition of arthritis was observed in rats treated with anti-eotaxin-2 antibodies
compared to those treated with immunoglobulin or PBS. Inhibition was
manifest in ankle diameter, arthritic score and mobility score. The antibody
marked D8 showed the greatest efficacy. The effect was observed both in
animals treated before the appearance of arthritis and in those where treat-
ment was begun after development of joint inflammation. Combined treat-
ment with D8 and MTX caused additional protection. Significant reduction of
inflammation in D8-treated animals was also demonstrated in pathological
and X-ray examinations. Inhibition of eotaxin-2 by monoclonal antibodies
has a significant protective effect in adjuvant arthritis. These results may
introduce a novel therapeutic target in rheumatoid arthritis and additional
inflammatory joint disorders.
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Introduction

Rheumatoid arthritis (RA) is a common, chronic inflamma-
tory disease, characterized by intense, destructive infiltration
of synovial tissue by a broad spectrum of inflammatory cells
[1]. Multiple cytokines, derived from macrophages and
fibroblasts, are responsible for induction of secretion of both
cytokines and chemokines in RA [2]. The accumulation
of leucocytes in the joint space leads to secretion of
tissue degrading factors, including cytokines and matrix-
degrading enzymes.

Chemokines are small cytokines which act as chemoat-
tractants for leucocytes, coordinating both homeostatic traf-
ficking of these cells as well as recruiting specific cell
populations to sites of inflammation. Chemokine dysregula-
tion is considered to play a part in a wide spectrum of human
disease involving the immune system, including human
immunodeficiency virus (HIV) infection [3], malignancy
[4] and autoimmunity [5].

The CC chemokine eotaxin-2/CCL11 binds to the eosino-
phil receptor CCR3, acting as a strong chemoattractant for
eosinophils [6], basophils [7] and T helper type 2 (Th2)
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lymphocytes [8]. However, eotaxin-2 is not the sole ligand
for CCR3, which can also be activated by regulated upon
activation normal T cell expressed and secreted (RANTES)
(CCL5) [9], monocyte chemoattractant protein-3 (MCP-3)
(CCL7) and MCP-4 (CCL13) [10].

CCR3, the eotaxin receptor, is a 7-transmembrane G
protein-coupled receptor which is expressed by eosinophils,
as well as by a wide array of cell types including macroph-
ages and endothelial cells [11]. This chemokine is also
expressed on human T helper cells [12]. CCR3 expression
was originally studied extensively in the pathogenesis of
asthma and allergy, where it continues to pose a therapeutic
target [13]. More recently, however, a role for this pathway
has emerged in the study of additional inflammatory and
autoimmune disorders including inflammatory bowel
disease [14], multiple sclerosis [15] and RA. Thus, CCR3
has been shown to play a role in recruitment of leucocytes
to synovial tissue in adjuvant-induced arthritis (AIA), a
commonly used animal model of RA [16]. In early AIA,
CCR3 has been detected in synovial tissue macrophages
and lining cells, with a subsequent trend towards declining
expression [16]. This has been interpreted as reflecting a
role for the eotaxin/CCR3 system in the initial trafficking
of leucocytes into the synovial joint. Chemokine inhibition
has been tested previously as a therapeutic option in
animal models such as AIA [17]. Recently, levels of eotaxin
have been shown to be increased in serum of patients with
early RA [18] as well as in plasma of patients with juvenile
idiopathic arthritis (JIA) [19]. Thus, the eotaxin/CCR3
system appears to be operative both in RA and in the AIA
model. In view of these observations, in the current study
we have attempted to evaluate the role of eotaxin-2 inhibi-
tion in the AIA model.

Materials and methods

Monoclonal antibodies (mAbs) against human
eotaxin-2

Production of monoclonal antibodies directed against human
eotaxin-2. Several clones of mAbs were produced by
us according to standard protocols. In short, Balb/C
mice were immunized with 20 mg of human eotaxin-2 (Pep-
rotech, Rocky Hill, NJ, USA) followed by four additional
boosts. After confirming the presence of polyclonal anti-
eotaxin-2 antibodies in the sera, mice were killed and their
spleens hybridized with an NS/0 myeloma line, followed by
clonal screening for binding to eotaxin-2. The hybridomas
were then grown in serum-free media for 2–3 weeks, media
collected and concentrated by 100 kDa centricons (Biologi-
cal Industries, Beit Haemek, Israel).

The cross-reactivity of D8 between human and murine
eotaxin-2 [5 mg eotaxin-2 diluted in phosphate-buffered
saline (PBS)], with Kd of 0·77 mg and 4 mg, respectively, was
determined.

Adhesion assay in the presence of D8. In adhesion assays, rat
splenocytes were separated on Ficoll gradient and plated in
10-cm dishes for an overnight incubation. Cells were har-
vested the next day and pretreated with increasing concen-
trations of D8 or total mouse immunoglobulin G (IgG)
(5–50 mg/ml) for 2 h with rotation. Cells were then centri-
fuged and plated on 96-well plates precoated with
fibronectin. After 1-h incubation, non-adherent cells were
washed away and the amount of adherent cells was analysed
using the XTT kit (Biological Industries). Similar adhesion
assays were performed using splenocytes of C57Bl mice or
with peripheral bone marrow cells (PBMCs) collected from
healthy donors (Fig. 1a).

Migration assays

C57BL/6J-derived splenocytes and human PBMCs pre-
treated with D8 (30 mg/ml) were plated onto the upper
chamber of a transwell system. The lower chamber con-
tained serum-free media supplemented with vascular endot-
helial growth factor (VEGF) (20 ng/ml). The media in the
lower chamber was collected 4 h later and cells counted using
flow cytometry (number of cells collected/min) (Fig. 1b).

Induction of AIA model

Six-week-old male Lewis rats were obtained from Harlan
Biotech Ltd (Rehovot, Israel). Freund’s complete adjuvant
was prepared by suspending heat-killed Mycobacterium
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Fig. 1. (a) Percentage of adhesion to fibronectin (FN) of D8

(50 mg)-treated compared to immunoglobulin G (IgG)-treated

lymphocytes. D8 inhibits adhesion of human, rat and murine

lymphocytes to fibronectin. (b) D8 inhibits adhesion of human, rat

and murine lymphocytes to fibronectin D8 inhibits migration of

lymphocytes towards vascular endothelial growth factor (VEGF).
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tuberculosis (Difco, Detroit, MI, USA) in mineral oil at 10 mg/
ml. Rats were injected intradermally with 100 ml adjuvant at
the base of the tail. Arthritis developed by day 17 post-
injection.

Evaluation of effect of anti-eotaxin-2 antibodies
compared with non-specific IgG and PBS control on
AIA

Rats (eight per group) were treated subsequently by intrap-
eritoneal injection of three monoclonal antibodies directed
against eotaxin-2, marked as G7, G8 and D8. Control rats
were treated by intraperitoneal injection of non-specific IgG
or PBS.

Injections were started on the third day after arthritis
induction and were performed three times a week.

Dose–response experiments

In a second set of experiments, D8, the anti-eotaxin-2 anti-
body showing best protective results, was tested in a dose–
response model. Adjuvant arthritis was induced according to
the above-described protocol. Animals (six rats per each
condition) were treated with D8 intraperitoneally at a dose
of 20 mg, 100 mg or 1000 mg, starting on day 3, three times
weekly (D8 prevention group). A separate set of animals (six
per condition) were treated with identical doses after arthri-
tis onset (D8 treatment group).

In order to compare the anti-inflammatory effect of D8
with that of a traditional anti-inflammatory agent of known
efficacy, one group was treated with intraperitoneal meth-
otrexate (MTX), 0·25 mg/kg, once weekly, starting on day 3
after arthritis induction (MTX prevention group). An addi-
tional group was treated with MTX, 0·25 mg/kg once weekly,
in combination with D8, 100 mg intraperitoneally given
three times a week, starting on day 3 (combined D8–MTX
prevention group). A control group was treated with PBS
throughout the experiment.

Evaluation of arthritis severity

Body weight in grams was measured every other day as an
indicator of systemic inflammation.

For evaluation of paw swelling, ankle and wrist diameter
in mm (to one place after the decimal point) were recorded
three times a week.

Arthritis score measurement

Each paw was scored on a scale of 0–4 for the degree of
swelling, erythema and deformity (maximum score 16 per
animal) as follows: 0 = normal, 1 = slight erythema and/or
swelling of the ankle or wrist, 2 = moderate erythema and/or
swelling of ankle or wrist, 3 = severe erythema and/or swell-
ing of ankle or wrist and 4 = complete erythema and swelling

of toes or fingers and ankle or wrist and inability to bend the
ankle or wrist. Finger and toe swelling was recorded accord-
ing to their partial contribution: ankles, each toe scored 0·2;
wrist, each finger scored 0·25; the sum of all joints was
calculated.

Mobility score

Whole animal mobility was scored between 0 and 4 accord-
ing to the following definitions: 0 = normal, 1 = slightly
impaired, 2 = major impairment, 3 = does not step on paw
and 4 = no movement.

Data analysis

Data were analysed using spss software version 16·01. Stu-
dent’s t-test was performed to identify significant differences
between experimental groups. Three or more group means
were compared by one-way analysis of variance, with an
assumed significance level of P < 0·05.

Results

Prevention experiments

In these experiments, treatment was given before the appear-
ance of clinical arthritis (prevention group).

Effect of treatment with anti-eotaxin-2 antibodies on arthritis
score. Treatment with anti-eotaxin-2 monoclonal antibodies
caused a significant reduction in arthritic score severity,
compared to rats treated with PBS. This protective effect was
evident in all three antibodies tested (G7, G8 and D8). The
protective effect became evident immediately with the
appearance of arthritis on day 17 after induction (Fig. 2a). It
continued to increase in magnitude until the end of the
experiment on day 21. Rats treated with non-specific IgG
also showed a reduced arthritic score compared with PBS-
treated controls. Treatment with antibodies G7 and D8,
however, caused a significant reduction in the arthritic score
compared with IgG treatment.

Effect of treatment with anti-eotaxin-2 antibodies on mobility
score. In line with the data regarding the arthritic score,
treatment with the D8 antibody caused a significant reduc-
tion in the mobility score, indicating a protective effect
(Fig. 2b). Thus, the average mobility score of animals treated
with D8 was 1·37 [standard deviation (s.d.) = 1·06] on day
21 compared with 2·43 (s.d. = 0·76) in animals treated with
PBS (P < 0·05).

Effect of treatment with anti-eotaxin-2 antibodies on ankle
diameter. On measurement of ankle diameter, which
expresses severity of joint swelling, a significant protective
effect of anti-eotaxin-2 treatment was demonstrated com-
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pared to rats treated with PBS or IgG (Fig. 2c). Similar results
were obtained regarding wrist diameter (data not shown).

Histological results. D8-treated rats had lower scores of
arthritis, ranging from 2·6 to 3·0 with synovial hyperplasia
and scattered inflammatory infiltrates, while most rats

treated with PBS (control group) had severe synovitis with
panus formation (Fig. 3a).

Figure 3b demonstrates the histological appearance of a
joint in a rat treated with D8, while Fig. 3c shows a joint from
a control rat treated with PBS.
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Fig. 2. (a) Effect of treatment with anti-eotaxin-2 monoclonal

antibodies, immunoglobulin G (IgG) and phosphate-buffered saline

(PBS) on the arthritic score (AS) of rats (� standard errors,

percentage). Statistically significant differences (P < 0·05) were

obtained at every determination, from days 13 to 21, when comparing

rats treated with D8 both to rats treated with PBS and to rats treated

with IgG. (b) Effect of treatment with anti-eotaxin-2 monoclonal

antibodies, IgG and PBS on the mobility score of rats (� standard

errors, percentage). Statistically significant differences (P < 0·05) were

obtained at every determination, from days 13 to 21, when comparing

rats treated with D8 both to rats treated with PBS and to rats treated

with IgG. (c) Effect of treatment with anti-eotaxin-2 monoclonal

antibodies, IgG and PBS on ankle diameter (� standard errors,

percentage). Statistically significant difference (P < 0·05) was obtained

between D8 and PBS as of day 19. The difference between D8 and IgG
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Effect of treatment with anti-eotaxin-2 antibodies on whole
body weight. In order to evaluate the effect of treatment with
anti-eotaxin-2 antibodies on the systemic inflammatory
response, the average weight of animals was documented. As
shown in Fig. 4, anti-eotaxin-2 treatment ameliorated sig-
nificantly the loss of weight caused by the systemic inflam-
matory response induced by adjuvant arthritis. Again, the
maximal protective effect was observed in animals treated
with the D8 antibody, which continued to gain weight
throughout the experiment.

Dose–response experiments. In the series of dose–response
experiments, at a dose of 100 mg D8 had a significantly supe-
rior protective effect, compared with the low-dose (20 mg)
and high-dose (1000 mg) groups (Fig. 5a). Similar results
were obtained regarding mobility scores, ankle diameter and
animal weight (data not shown).

Post-arthritis treatment experiments

In these experiments treatment, was started after the appear-
ance of clinical arthritis (treatment group).

D8 treatment. Treatment with D8 antibody intraperito-
neally, beginning at the time of appearance of arthritis, also
resulted in a significant reduction in arthritic score severity
(Fig. 5b) compared with PBS-treated animals. Similar results
were obtained regarding mobility, weight and ankle
diameter. As demonstrated in Fig. 5a, in this experiment
similar results were obtained at the 100 mg and 1000 mg dose
groups.

MTX versus combined D8–MTX prevention. While both
MTX and D8100 mg produced significant, comparable pro-
tection against development of arthritis, as measured by the

arthritic score (compared to PBS-treated controls), the com-
bination of MTX and D8 produced an additional significant
protective effect compared to MTX alone, as demonstrated
in Fig. 6.

X-ray results. Post-mortem X-ray demonstrated an intense
degree of peri-articular soft tissue swelling in PBS-treated
rats, compared with minimal swelling in rats treated with D8
(Fig. 7). In addition, control rats showed signs of decalcifi-
cation and early erosion, which was not evident in the
D8-treated animals.

Discussion

In the current study, we have demonstrated for the first time
the efficacy of eotaxin-2 inhibition in the prevention and
treatment of AIA.

Eotaxin-2, a CCR3 ligand, has been considered tradition-
ally an important mediator in asthma [13], chronic bronchi-
tis [2] and allergic reactions [6]. While being a major
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receptor for eotaxin, CCR3 also binds RANTES and MCP-4,
thus acting as an important migration regulator for various
inflammatory effector cells, including eosinophils, basophils
[10] and mast cells [9]. Over recent years it has been become
increasingly apparent that chemokines and chemokine
receptors play an important role in the pathogenensis of RA
[20]. Fibroblast-like synoviocytes have been shown to
migrate, proliferate and produce matrix metalloproteinase
under regulation of the chemokine system, which may thus
play a direct role in the destructive process of RA [21]. This
has led to increased interest in animal models of inflamma-
tory arthritis in an attempt to identify potential chemokine
therapeutic targets. In the AIA model, CCR2 and CCR3 have
been shown to be involved in initial recruitment of leuco-
cytes to synovial tissue [16]. Inhibition of RANTES, a CCR3
agonist, reduced joint inflammation, bone destruction and
cell recruitment in the AIA model [22]. Although chemokine
inhibition has yet to result in the development of novel effec-
tive therapeutics in humans, this strategy is considered cur-
rently to be a promising avenue and is the subject of intense
investigation [5].

The classical mode of action of eotaxin-2 involves its
activity directed towards eosinophil adhesion and chemot-
axis [23]. Through downregulation of vascular cell adhesion
molecule (VCAM)-1, eotaxin-2 stimulates eosinophils to
detach from endothelial cells and migrate into tissue [24].
Acting through MAP-kinase, eotaxin-2 has also been shown
to facilitate eosinophil recruitment at sites of allergic inflam-
mation, by shifting their adhesion molecule usage away from
VCAM-1 towards an intercellular adhesion molecule
(ICAM)-1-dominated pathway [25].

Direct inhibition of the CCR3 receptor has been shown to
inhibit eosinophil chemotaxis and is thus a potential thera-
peutic target [26].

Eotaxin-2 may also have direct inflammatory activity
mediated through release of reactive oxygen species [27] and
through induction of histamine and leukotriene C-4
(LTC-4) degranulation in basophils. Notably, CCR3 recep-
tors are not limited to eosinophils but are also expressed on
monocytes [28], mast cells [9], peripheral memory T cells
[29] and Th2 lymphocytes (12). Human dendritic cells
(DCs) have been shown to express this receptor in various
stages of maturation, and their migration in response to
eotaxin can be inhibited by CCR3-specific mAbs [30]. Taken
together, these findings indicate that the anti-eotaxin-2/
CCR3-directed therapy may have wide therapeutic potential
in inflammatory and autoimmune disorders, far exceeding
its original role in allergy and atopy.

The results of the current study demonstrate clearly that
effective inhibition of eotaxin-2, a CCR3 ligand, has a sig-
nificantly protective effect in AIA, a well-established model
of RA [31]. Our results showed the D8 anti-eotaxin-2 anti-
body to be effective both as a preventive treatment given
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Fig. 7. Post-mortem X-ray analysis of joints from rats treated with

phosphate-buffered saline (PBS) (a) and D8 (b). (a) Intense

periarticular soft tissue swelling is evident in the PBS-treated rats

(star), as well as decalcification and early bony erosion at the ankle

joint (arrow head); these findings are not evident in the D8-treated

rats (b) (representative figures). Similar results were seen in X-rays of

the forefeet (not shown).
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before development of arthritis, and more clinically relevant
as a therapeutic agent given at the time of the initial mani-
festation of arthritis. Of note, the central role of eotaxin-2 in
inflammatory cell recruitment and adhesion might imply
that early inhibition of this chemokine would be particularly
effective in amelioration of inflammation. None the less, the
results achieved after inflammation was established highlight
the multiple roles this chemokine may play, e.g. manipula-
tion of adhesion as well as cell migration, and are encourag-
ing regarding its potential as a therapeutic target.

It is noteworthy that in the dose–response experiments
conducted, the maximal effect was observed at an interme-
diate dose, while treatment with an excess of antibody caused
an inferior therapeutic effect. This finding tends to point
towards a true physiological effect of the treatment rather
than a non-specific toxic effect, which would be expected to
intensify with dose escalation. An additional hypothetical
explanation could be the induction of neutralizing anti-
mouse antibodies by the higher-dosed rats. In the current
study, treatment with anti-eotaxin-2 achieved a protective
effect which was comparable to that caused by treatment
with MTX, an established and effective treatment for RA,
which has the capacity to modify joint destruction. The
finding that the combination of D8 and MTX achieved an
additional improvement compared to MTX alone strength-
ens the results further and raises the prospect that this
strategy may find a role in the management of human
inflammatory arthritis, over and above existing therapies.
The clinical results are strengthened by the radiological find-
ings, which suggest that anti-eotaxin treatment may prove to
be effective in inhibition of erosion.

In conclusion, the results of the current study shed new
light on the functional role of eotaxin-2, heightening its role
in the pathogenensis of inflammatory arthritis and under-
lining it as a promising potential therapeutic target for this
spectrum of disease.
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