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Abstract
Objective—CC chemokines and their receptors play a fundamental role in trafficking and activation
of leukocytes at sites of inflammation, contributing to joint damage in rheumatoid arthritis. Met-
RANTES, an amino-terminal–modified methionylated form of RANTES (CCL5), antagonizes the
binding of the chemokines RANTES and macrophage inflammatory protein 1α (MIP-1α; CCL3) to
their receptors CCR1 and CCR5, respectively. The aim of this study was to investigate whether Met-
RANTES could ameliorate adjuvant-induced arthritis (AIA) in the rat.

Methods—Using immunohistochemistry, enzyme-linked immunosorbent assay, real-time reverse
transcription–polymerase chain reaction, Western blot analysis, adoptive transfer, and chemotaxis,
we defined joint inflammation, bony destruction, neutrophil and macrophage migration, Met-
RANTES binding affinity to rat receptors, proinflammatory cytokine and bone marker levels, CCR1
and CCR5 expression and activation, and macrophage homing into joints with AIA.

Results—Administration of Met-RANTES as a preventative reduced the severity of joint
inflammation. Administration of Met-RANTES to ankles with AIA showed decreases in
inflammation, radiographic soft tissue swelling, and bone erosion. Met-RANTES significantly
reduced the number of neutrophils and macrophages at the peak of arthritis compared with saline-
injected controls. Competitive chemotaxis in peripheral blood mononuclear cells demonstrated that
Met-RANTES inhibited MIP-1α and MIP-1β at 50% inhibition concentrations of 5 nM and 2 nM,
respectively. Furthermore, levels of tumor necrosis factor α, interleukin-1β, macrophage colony-
stimulating factor, and RANKL were decreased in joints with AIA in the Met-RANTES group
compared with the control group. Interestingly, the expression and activation of CCR1 and CCR5 in
the joint were down-regulated in the Met-RANTES group compared with the control group.
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Functionally, Met-RANTES administration decreased adoptively transferred peritoneal macrophage
homing into the joint.

Conclusion—The data suggest that the targeting of Th1-associated chemokine receptors reduce
joint inflammation, bone destruction, and cell recruitment into joints with AIA.

Rheumatoid arthritis (RA) is a chronic inflammatory disease characterized by infiltration of
monocytes, T cells, and polymorphonuclear cells into the joint. Leukocytes and other cells in
the RA synovial tissue produce mediators of inflammation, including cytokines, chemokines
and matrix-degrading enzymes, among others (1). Chemokines are chemotactic cytokines that
participate in immune and inflammatory responses by facilitating chemoattraction and the
migration of leukocytes from the circulation to sites of inflammation. Chemokines are divided
into 4 subfamilies (CXC, CC, C, and CX3C) based on the arrangement of their amino-terminal
cysteine residues (2).

Macrophage inflammatory protein 1α (MIP-1α; CCL3) and RANTES (CCL5), which are
ligands for CCR1 and CCR5, respectively, are chemotactic for monocytes, T cells, natural
killer cells, eosinophils, and basophils (3,4). RA synovial fibroblasts produce MIP-1α and
RANTES upon stimulation with tumor necrosis factor α (TNFα) or interleukin-1 (IL-1) (5,6).
Evidence from our laboratory indicates that CCR1 is expressed in normal and RA peripheral
blood monocytes and on some synovial fluid monocytes, whereas CCR5 expression on
monocytes and T memory cells from RA synovial fluid is significantly higher than the
expression on monocytes and memory T cells from RA and normal peripheral blood. In RA
synovial tissue, CCR1 and CCR5 immunoreactivity has been detected in areas in which there
are CD68+ macrophages (7).

We recently showed that CCR1, CCR5, and MIP-1β/CCL4 messenger RNA (mRNA)
expression is up-regulated on day 14 (early arthritis) after adjuvant injection and peaks on day
18 after adjuvant injection, which is coincident with maximum inflammation in the joints of
rats with AIA (8). In addition, increases in receptor tyrosine phosphorylation of CCR1 (days
14, 18, 21, and 24 after adjuvant injection) and CCR5 (days 14, 18, and 21 after adjuvant
injection) were detected in rats with AIA compared with nonarthritic control rats. CCR1 and
CCR5 mRNA up-regulation was simultaneous with phosphorylation of these 2 receptors on
day 14 after adjuvant injection in rat ankles with AIA. Phosphorylated CCR1 and CCR5
subsequently associate with JAK-1/STAT-1/STAT-3 at different stages of disease; however,
their signaling activation overlaps during the peak of arthritis in AIA (8). Based on these
observations, we treated AIA in the rat with an amino-terminal–modified methionylated
RANTES (Met-RANTES).

Met-RANTES antagonizes the binding of RANTES to CCR1 and CCR5 with nanomolar
potency (9). Met-RANTES blocks calcium mobilization and T cell and monocyte chemotaxis,
and induces only weak internalization of CCR1 and CCR5 (10). In this study, we present
evidence that Met-RANTES blocks receptors in the rat with high affinity. Met-RANTES has
previously been shown to reduce symptoms of inflammation in Th1-mediated disorders, such
as allograft nephropathy (11) and colitis (12), in the rat, as well as in a rat model of organ
transplant rejection (13).

In this study, we found that the incidence and severity of arthritis in rats with AIA were reduced
by the administration of Met-RANTES. This was assessed by measuring clinical indicators of
inflammation, macrophage and neutrophil infiltration, and bone destruction. Met-RANTES
blocked the binding of human MIP-1α and MIP-1β to rat peripheral blood mononuclear cells
(PBMCs) and decreased levels of proinflammatory cytokines, markers of bone destruction,
and CCR expression and activation in the joints of rats. We also demonstrated that the
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mechanism of amelioration of AIA by Met-RANTES is by down-regulating the migration of
macrophages into the joint.

MATERIALS AND METHODS
Isolation and chemotaxis of rat PBMCs

Rat blood was purchased from Harlan Sera-Lab (Loughborough, UK), and PBMCs were
isolated using OptiPrep according to the manufacturer’s instructions (Accurate, Westbury,
NY). Chemotaxis was performed using a method previously described (14), with the following
modifications. The pore size used for PBMC migration was 3 μm. Rat PBMC chemotaxis was
performed with different doses (from 10 pM to 10 μM) of human MIP-1α and MIP-1β. To test
inhibition by Met-RANTES, a constant concentration of 1 nM of the agonists MIP-1α and
MIP-1β was placed in the lower chambers, with the various concentrations of Met-RANTES
(from 10 pM to 10 μM) in the upper chambers.

Induction of AIA in rats and treatment with Met-RANTES
Five-week-old female Lewis rats weighing 100 gm were injected subcutaneously at the base
of the tail with 300 μl (5 mg/ml) of lyophilized Mycobacterium butyricum (Difco, Detroit, MI)
in sterile mineral oil on day 0. On day 5 after adjuvant injection, Met-RANTES was diluted
with 0.9% NaCl, and rats were given a daily intraperitoneal (IP) injection of 100 μg of Met-
RANTES until day 18 after adjuvant injection (total of 14 days). We chose the dosage of 100
μg/day in order to be in the middle range of the doses in previous studies (11–13). Control rats
received injections of 0.9% NaCl from day 5 to day 18 after adjuvant injection. The
experimental and the control groups contained 8 rats each. Rats with AIA that received saline
showed signs of inflammation around days 10–14 after adjuvant injection, and on day 18, most
of the rats had severe arthritis.

Clinical measurements
The clinical parameters measured included body weight, an articular index (AI) score, ankle
circumference, and paw volume. AI scores were recorded for each ankle joint by the same
observer (SS), who was blinded to the treatment the animal received. Scoring for arthritis was
performed using a 0–4 scale, where 0 = no swelling or erythema, 1 = slight swelling and/or
erythema, 2 = low-to-moderate edema, 3 = pronounced edema with limited use of the joint,
and 4 = excessive edema with joint rigidity. Ankle circumferences were determined by
measuring 2 perpendicular diameters, the laterolateral diameter and the anteroposterior
diameter, using Lange calipers (Cambridge Scientific, Cambridge, MA). Circumference was
determined using the following formula:

Circumference = 2π × (a2 + b2/2)
where a and b represent the measured diameters. Evaluations of body weight, AI score, and
ankle circumference were performed on days 0, 3, 7, 10, 14, 16, 18, 23, 25, and 29. Hind ankle
volume was determined using a paw volume plethysmometer (Kent Scientific, Litchfield, CT)
on days 0, 16 and 29. Rats were killed on days 0, 14, 18, and 29, and the blood was removed
and stored for laboratory testing.

Antibodies and immunohistochemistry
Staining was performed as previously described (15,16). Macrophages were identified with
mouse anti-rat CD68 monoclonal antibody (mAb) (1:50 dilution; Serotec, Oxford, UK).
Isotype-matched control IgG (mouse) was used as a negative control. Neutrophils were
distinguished by staining with hematoxylin and eosin.
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Microscopic analysis
Macrophages were distinguished based on immunostaining for CD68. A 4-point scale was
used to score both vascularity (1 = marked decrease in vessel density, 2 = normal vessel density,
3 = increased vessel density, and 4 = marked increase in vessel density, resembling granulation
tissue) and inflammation (1 = normal, 2 = increased number of inflammatory cells, arrayed as
individual cells, 3 = increased number of inflammatory cells including distinct clusters
(aggregates), and 4 = marked diffuse infiltrate of inflammatory cells). A 5-point scale was used
to score neutrophils (0 = none, 1 = rare, 2 = scattered, 3 = many, and 4 = abscess-like). The
score data were pooled, and the mean ± SEM was calculated in each group of data.

Protein extracts
In order to perform enzyme-linked immunosorbent assay (ELISA) and Western blotting
analyses, protein was extracted from ankles as previously described (8).

ELISA
Cytokine levels in ankle homogenates were determined using commercially available ELISA
kits that specifically recognize the rat cytokines TNFα, IL-1β, and RANTES (BioSource
International, Camarillo, CA) (17,18). Assays were performed according to the manufacturer’s
instructions.

Ankle radiographs and radiographic scoring
On day 29 after adjuvant injection, rats were killed, ankles were removed and placed on ice,
and radiographs were taken. Radiographs were scored for the degree of bony destruction/
erosions, assigning 1 point for an erosion in the tibia, the calcaneus, the talus, and the
metatarsals (considered together) (total score 0–4). For example, the maximum score an ankle
could receive was 4 if erosion was present in the tibia, calcaneus, talus, and any one or more
of the metatarsals. Soft tissue swelling was scored on a scale of 0–3, where 0 = mild or no
swelling, 2 = moderate swelling, and 3 = severe swelling (maximum score of 3 for a single
ankle). Radiographs were scored by 2 observers (CCP and RMP), who were blinded to the
experimental groups.

TaqMan real-time reverse transcription–polymerase chain reaction (RT-PCR)
Preparation and reverse transcription of mRNA were performed as described previously (8).
The PCR primer and the TaqMan fluorogenic probe were designed using the Primer Express
program (version 1.01; Perkin-Elmer Applied Biosystems, Foster City, CA). The primer and
probe sequences were chosen from GenBank, as follows: for macrophage colony-stimulating
factor (M-CSF), NM_023981; for RANKL, NM_057149OPG, and for osteoprotegerin (OPG),
U94330. The primer and probe sets used for CCR1 and CCR5 were as previously described
(8). The TaqMan probe carries a 5′ FAM reporter dye and a 3′ TAMRA quencher dye (Mega
Bases, Chicago, IL). The quantity of complementary DNA (cDNA) for the gene of interest
was directly related to the fluorescence detection of FAM after 40 cycles.

The amount of cDNA was calculated using a comparative threshold (Ct) method and standard
curve method as described in Perkin Elmer ABI Prism 7700 User Bulletin 2, 1997, and by
Favy et al (19). In both methods, the estimated amount of the gene of interest was normalized
against the amount of GAPDH to compensate for variations in quantity as well as for
differences in reverse transcription efficiency, as previously described (8). The primer and
probe sequence for M-CSF, RANKL, and OPG are shown in Table 1.
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Immunoprecipitation
Immunoprecipitation was performed according to the instructions of Roche (Indianapolis, IN).
The reagents used were 50 μl of protein A–agarose (Roche) and 5 μl of either CCR1 (SC-7934;
Santa Cruz Biotechnology, Santa Cruz, CA) or CCR5 (obtained from BD PharMingen, San
Diego, CA, through the Acquired Immunodeficiency Syndrome Research and Reference
Reagent Program, National Institute of Allergy and Immune Diseases, National Institutes of
Health, Bethesda, MD) as described previously (8).

Western blot analysis
Equal amounts of each sample were loaded on a 10% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis gel and transferred to nitrocellulose membranes using a semidry
transblotting apparatus (Bio-Rad, Hercules, CA). Nitrocellulose membranes were blocked for
60 minutes at room temperature with 5% nonfat milk in Tris buffered saline–Tween (TBST)
buffer (20 mM Tris, 137 mM NaCl, pH 7.6, with 0.1% Tween 20). Blots were incubated for
60 minutes with anti-CCR1, CCR5 antibody (pan–antibody) (Santa Cruz Biotechnology), or
antiphosphotyrosine (Cell Signaling Technology, Beverly, MA) at a dilution of 1:1,000 in
TBST containing 5% nonfat milk (8).

Western blotting was performed identically for all antibodies and samples used. In this study,
all 4 polyacrylamide minigels were run and blotted simultaneously in a semidry transfer
apparatus. In addition, all 4 membranes (pCCR1/control day 14, pCCR1/Met-RANTES day
14, pCCR1/control day 18, and pCCR1/Met-RANTES day 18) were placed in the same cassette
and exposed to radiographic film for 2 minutes. The same was done for the pCCR5 membranes.
Thereafter, the membranes were stripped and rehybridized with anti-CCR1 antibody or with
anti-CCR5 antibody. The 4 membranes of each group were then placed in the same cassette
and simultaneously exposed to radiographic film for 2 minutes. The blots were scanned, and
the pCCR1 and pCCR5 band intensities were measured and normalized against those of CCR1
and CCR5, respectively.

Adoptive transfer of dye-tagged resident peritoneal macrophages
On day 0, AIA was induced in female Lewis rats. In the experimental group (n = 8), each rat
received a daily IP injection of 100 μg of Met-RANTES from day 1 to day 14 after adjuvant
injection (total of 14 days). The control rats (n = 8) received 0.9% NaCl from day 1 to day 15
after adjuvant injection. Rats were then killed, and 20 ml of Hanks’ balanced salt solution
(HBSS) containing 2 mM EDTA (pH 8.0) was injected into the abdominal cavity. After
massaging the abdomen for 10–15 minutes, the abdominal cavity was opened, and the
intraperitoneal fluid was obtained. The harvested cells were resuspended in HBSS, and the
number and purity of the cells were evaluated. Freshly isolated resident rat peritoneal
macrophages from female Lewis rats (n = 10) were dye-tagged with PKH26 (Sigma, St. Louis,
MO) according to the manufacturer’s instructions. Successful labeling of the cells was
monitored with a fluorescence microscope after performing a cytospin.

Labeled cells (2 × 106/rat) were injected intravenously into the tail vein of rats with AIA, and
48 hours later (day 18 after adjuvant injection), the animals were killed, and the ankles were
removed and frozen. Cryosections (10 μm thick) were cut, and the sections were examined
using a fluorescence microscope. The number of fluorescent macrophages that migrated was
assessed by counting four 100× fields from 20 sections (10 sections in duplicate) obtained from
the right and left ankles of 5 rats (total of 10 ankles). The number of cells per high-power field
(100×) were counted blindly in ankle joint sections from each treatment group (n = 10 ankles
per group).
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Statistical analysis
Clinical data were analyzed using Wilcoxon’s 2-sample test or rank sum test and Student’s 2-
sample t-test assuming equal variance. The remainder of the data were analyzed using Student’s
t-test. P values less than 0.05 were considered significant.

RESULTS
High-affinity binding of Met-RANTES to rat receptors

Rat mononuclear cell chemotaxis was performed with different concentrations of MIP-1α and
MIP-1β. Using 1 nM MIP-1α and MIP-1β, a competitive chemotaxis was performed with
different concentrations of Met-RANTES in rat PBMCs (Figures 1B and D). The results
showed that Met-RANTES inhibited MIP-1α with a 50% inhibition concentration (IC50) of 5
nM and inhibited MIP-1β at an IC50 of 2 nM. Since both MIP-1α and MIP-1β bind to CCR1
and CCR5, these data support the high-affinity binding of Met-RANTES to these rat receptors.

Reduction of clinical features of AIA in the rat by Met-RANTES administration
Met-RANTES was administered IP from day 5 to day 18 after adjuvant injection (100 μg/day
per rat; n = 8 rats). Control rats received sterile saline. Scores on the AI (0–4 for each ankle)
were calculated as the sum of the left and right ankles. The mean AI scores for control ankles
show that AIA-induced swelling began around day 10, increased through day 23, and plateaued
thereafter (until day 29). In comparison, in the Met-RANTES–treated animals, only a mild
increase in the mean AI scores was observed from day 10 until day 16 after adjuvant injection
and then leveled off through day 29. From day 18 through day 29, the mean AI score in Met-
RANTES–injected animals was significantly lower (44–58% decrease; P < 0.05) than that in
the control rats (Figure 2A).

The mean ankle circumference in the Met-RANTES–treated group demonstrated significantly
smaller ankles (P < 0.05) on days 10 (6% difference), 14 (10%), 16 (15%), 18 (13%), 23 (14%),
25 (16%), and 29 (16%) after adjuvant injection compared with the control group (Figure 2B).
Plethysmometry showed that mean paw volume for the Met-RANTES–treated group with AIA
was significantly lower (P < 0.05) on days 16 (45%) and 29 (65%) after adjuvant injection as
compared with the control group (data not shown). These results, as well as the consistency of
results for the 3 methods of measuring inflammation in the rat paws, indicate that Met-
RANTES reduced the inflammation of AIA in the rat.

Furthermore, the mean body weight of control rats was lower on day 10 after adjuvant injection
and declined gradually throughout the study. In contrast, the mean body weights of the Met-
RANTES–treated rats remained fairly constant from day 10 until day 23 after adjuvant injection
and then increased for the remainder of the study. Met-RANTES–treated rats had significantly
higher mean body weights on days 18 (6% difference), 25 (12%), and 29 (13%) compared with
the control group (Figure 2C).

Radiographs of all ankles harvested on day 29 after adjuvant injection were scored for bony
erosion and soft tissue swelling. Consistent with the physical examination findings, Met-
RANTES treatment resulted in less radiographic swelling and significantly reduced joint
erosion by almost 50% (Figure 2D). Our results demonstrate that Met-RANTES treatment
decreased neutrophil influx by 23% on day 18 after adjuvant injection compared with the
control group. However, on day 29 after adjuvant injection, there was no significant difference
in neutrophil recruitment between the 2 treatment groups (Figure 2E). Therefore, Met-
RANTES administration not only reduced signs of inflammation and joint destruction, but also
decreased the numbers of neutrophils, which are important in early phases of arthritis.
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Reduction of inflammation and CD68+ macrophage detection in synovial tissues of rats with
AIA by Met-RANTES administration

Ankles from rats with AIA were obtained on day 18 after adjuvant injection and were
immunostained with anti-CD68+ antibody (Figure 3). Consistent with the clinical data, the
Met-RANTES–treated animals had significantly lower scores for inflammation and vascularity
than did the controls (P < 0.05). Staining for macrophages in the synovial lining and sublining
was also down-regulated in the Met-RANTES group (by 46% and 54%, respectively)
compared with the control group (P < 0.05). These observations suggest that decreased
inflammation and macrophage infiltration were responsible for the effects of Met-RANTES.

Down-regulation of proinflammatory cytokine levels in the joint and markers of bone
destruction in rats with AIA by Met-RANTES administration

Met-RANTES treatment significantly reduced joint levels of TNFα (normalized to protein
content) on days 14 (71%), 18 (61%), and 29 (86%) after adjuvant injection compared with
the control group (P < 0.05) (Figure 4A). IL-1β levels were also down-regulated by Met-
RANTES administration on days 18 (76%) and 29 (71%) after adjuvant injection in rat ankles
with AIA (Figure 4B). The mean level of RANTES in the joints of Met-RANTES–treated rats
was significantly lower on days 14 (78%) and 29 (80%) after adjuvant injection compared with
control rats. However, Met-RANTES treatment had no effect on RANTES secretion on day
18 after adjuvant injection compared with the control group (data not shown). This may be
because there was some ongoing inflammation in the Met-RANTES–treated AIA group,
although it was still significantly lower than that in the control group. As seen in Figure 4A,
joint levels of TNFα were also increased at that time point, so it is not unlikely that there were
higher levels of RANTES. Based on our data from competitive chemotaxis studies, Met-
RANTES may theoretically have a better affinity for replacing MIP-1α and MIP-1β binding
to CCR1 and CCR5. The variability in RANTES response may also be due to the fact that it
is produced by several cell types, namely, monocyte/macrophages, T cells, and RA synovial
fibroblasts.

M-CSF and RANKL are 2 essential factors that induce the production of osteoclasts from
hemopoietic progenitors. OPG is a soluble nonsignaling receptor for RANKL and interferes
with RANK activation. The mean levels of M-CSF mRNA on days 18 and 29 after adjuvant
injection in the Met-RANTES group were 24% and 36% below those in the control group at
the same time points (Figure 4C). The mean level of RANKL mRNA was significantly lower
(39%) on day 29 after adjuvant injection in the treatment group than in the control group,
whereas there were no differences in the RANKL mRNA levels in the 2 groups on days 14
and 18 after adjuvant injection (Figure 4D). In contrast, Met-RANTES treatment had little or
no effect on mean OPG mRNA levels (Figure 4E). These results indicate that Met-RANTES
significantly decreased M-CSF mRNA levels on day 18 after adjuvant injection, prior to the
reduction of RANKL on day 29.

Reduction of the expression and activation of CCR1 and CCR5 in ankles with AIA by Met-
RANTES administration

We quantified CCR1 and CCR5 mRNA levels using real-time RT-PCR at different time points.
Our results indicated that the CCR1 mRNA levels were significantly lower (P < 0.05) in the
joints of Met-RANTES–treated animals on days 14 (55%), 18 (57%), and 29 (40%) after
adjuvant injection as compared with the controls (Figure 5A). Similarly, Met-RANTES
administration in rats with AIA suppressed CCR5 mRNA levels on days 14 (50%), 18 (40%),
and 29 (50%) after adjuvant injection as compared with the controls (Figure 5B).

Phosphorylation of CCR1 and CCR5 was studied on days 14 and 18 after adjuvant injection
since we previously showed that these 2 chemokine receptors were phosphorylated at these
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times (8). Phosphorylation of both CCR1 and CCR5 was significantly down-regulated (P <
0.05) by Met-RANTES administration on day 14 (60% for CCR1; 24% for CCR5) and on day
18 (63% for CCR1; 20% for CCR5) as compared with the controls (Figures 5C–F). The reduced
activation of the receptors was not due to their diminished expression, since the intensities of
pCCR1 or pCCR5 were normalized by the total CCR1 or CCR5 values, respectively. Taken
together, the findings show that Met-RANTES reduced the levels of CCR1 and CCR5, as well
as the level of receptor activation, in ankles with AIA.

Decreased migration of resident peritoneal macrophages into rat synovial tissue by Met-
RANTES administration

To determine whether Met-RANTES administration could functionally decrease adoptively
transferred peritoneal macrophage homing into the joint, an in vivo cell migration assay was
used. Results from this assay demonstrated that Met-RANTES treatment decreased resident
peritoneal macrophage recruitment into the rat synovial tissue by almost 50% (Figure 6).
Together with the other data, this observation suggests that Met-RANTES suppressed
inflammation and joint destruction by inhibiting the migration of macrophages into the joints.

DISCUSSION
Met-RANTES has previously been shown to be effective in other animal models of
inflammation, including a collagen-induced arthritis model (20). However, little is known
about the mechanism by which Met-RANTES exerts its effect in animal models of RA;
therefore, we studied the mechanisms of Met-RANTES amelioration in AIA in rats. The
pharmacokinetics of Met-RANTES has not been elucidated in rats. In determining the
appropriate dosage of Met-RANTES, we examined other studies that used Met-RANTES in
rodent models of disease (11–13). In a mouse model of atherosclerosis, Veillard et al (21) show
that Met-RANTES could be rapidly detected in sera 2 hours after an initial injection of 100
μg. Those investigators administered a total of 400 mg of Met-RANTES to 12-week-old male
mice (weighing ~25 gm) over a 2-week period (21). In our rat model, we administered a total
of 1,400 mg of Met-RANTES to 5-week-old rats (weighing ~100 gm) over a 2-week period.
Since Met-RANTES antagonizes the binding of human MIP-1α and MIP-1β to rat mononuclear
cells (see Figure 1) at a similar range as its binding to THP-1 cells (IC50 of 6 nM) (9), the
dosage used in our study would be comparable to that in previous studies.

In the Met-RANTES–treated animals, only a mild increase in the mean AI scores, paw volume,
and joint circumference was observed until day 16 after adjuvant injection and then plateaued
thereafter, whereas the same clinical parameters were elevated for a longer period in the control
group before leveling off (Figure 2). In general, Met-RANTES significantly ameliorated levels
of the clinical parameters beyond day 18 after adjuvant injection. This could be attributed to
the fact that Met-RANTES treatment may modify the composition of leukocyte infiltrates by
selective blockade of CCR1 and CCR5.

Consistent with the findings in our study, a previous study showed that polyclonal antibody
against RANTES ameliorates inflammation and lymphocyte infiltration (22). Interestingly, the
same group of investigators showed that anti–MIP-1α antibody had no effect on AIA, and they
further hypothesized that the effect of RANTES in the AIA model may be through an un-cloned
chemokine receptor or through a distinct signaling pathway. However, in the present study,
we found evidence that Met-RANTES significantly decreases CCR1 and CCR5 mRNA and
tyrosine phosphorylation, which as we have previously shown, signal through the JAK-1/
STAT-1/STAT-3 pathway. Moreover, it would be expected that blockade of RANTES alone
may differ from blockade of CCR1/CCR5, in which binding of a number of chemokines may
be affected. A recent study showed that the collagen-induced arthritis phenotype in CCR5-
deficient mice was similar to that in wild-type mice (23). We therefore speculate that the
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protective role of Met-RANTES in AIA may be attributed to the blockage of both CCR1 and
CCR5.

Met-RANTES treatment decreased joint neutrophil influx on day 18 after adjuvant injection
compared with control non–Met-RANTES–treated rats. It has been reported that neutrophils
express CCR1 and CCR3 (24) and are responsive to MIP-1α (25) in in vivo migration assays.
We previously showed that the mRNA and protein levels of MIP-1α increased in the initial
and peak stages of arthritis in rat AIA. Thus, Met-RANTES might decrease neutrophil
migration directly by blocking CCR1 or indirectly by down-regulating monocyte infiltration
and secretion of cytokine-induced neutrophil chemoattractant (26). Consistent with our
findings, Ajuebor et al (12) showed that Met-RANTES administration significantly reduces
neutrophil infiltration in a rat model of colitis.

CD68+ immunostaining of ankles from the Met-RANTES group demonstrated reduced
inflammation and synovial tissue lining cell and macrophage staining during peak
inflammation (Figure 2). Consistent with our findings, other investigators have shown that
Met-RANTES treatment in animal models decreases mononuclear cell recruitment to sites of
inflammation (11,13,21). Kaufmann et al (27) showed that as peripheral blood monocytes
mature to macrophages, they show higher levels of transcript and cell surface CCR1 and CCR5,
and lower levels of CCR2. We have also previously shown that the vast majority of normal
peripheral blood monocytes express CCR1 and CCR2 (87% and 84%, respectively); however,
little cell surface CCR5 was detected (7). Since macrophages recruited into the AIA joint
coexpress CCR1 and CCR5, the blocking of both receptors could result in decreased leukocyte
adhesion and transmigration into the joint. CCR2 may be important in AIA, as described in a
recent preliminary report (28) of a study showing that treatment with a CCR2 antagonist in
AIA resulted in significant inhibition of inflammation and macrophage migration. Since Met-
RANTES could not completely abrogate inflammation, receptors such as CCR2 and CXCR3
could account for the residual cell attraction.

Met-RANTES decreased the secretion of the proinflammatory cytokines TNFα and IL-1β in
rat joints with AIA (Figures 4A and B). It is known that RA synovial fibroblasts produce
RANTES, MIP-1α, and MIP-1β upon stimulation with TNFα and IL-1β (5,6). Interestingly,
RANTES has been reported to induce TNFα and IL-1β production in murine astrocytes (29)
and bone marrow–derived dendritic cells (30). There may thus be several possible mechanisms
that could account for the action of Met-RANTES. It may be that Met-RANTES inhibits
RANTES induction of proinflammatory cytokines in macrophages. Given that the
proinflammatory cytokines enhance the production of RANTES through fibroblasts,
reductions in levels of TNFα and IL-1β could affect RANTES secretion in AIA. In contrast to
our findings, Veillard and coworkers (21) showed that Met-RANTES treatment had no effect
on RANTES expression in the mouse model of hyper-cholesterolemia. However, the levels of
MIP-1α, MIP-1β, and MIP-2 mRNA were down-regulated within vascular atherosclerotic
tissue (21). We have previously shown that the maximum increase in the number of
macrophages in AIA synovial tissue occurs between days 11 and 29 after adjuvant injection
(15). Since Met-RANTES treatment in AIA down-regulates macrophage infiltration during
this period, this may be another reason why TNFα and IL-1β production was found to be
suppressed.

RANKL, M-CSF, and OPG are considered to be key regulators of osteoclastogenesis (31,
32). Osteoclast precursors express RANK, which recognizes RANKL through cell-to-cell
interaction, and this binding is inhibited by OPG (31,32). Osteoclast differentiation is M-CSF
dependent and is either induced by RANKL–RANK interaction or through a TNFα-mediated
pathway (31,33–36). IL-1 and RANKL regulate the activation of the osteoclast subsequent to
its differentiation (36,37).
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OPG treatment of rat AIA had no effect on inflammation but completely blocked bone loss
(38). However, our data indicate that Met-RANTES treatment did not have any effect on the
levels of joint OPG (Figure 4D). OPG production is increased by treatment with bone
morphogenetic protein, IL-1, TNF, and estrogen, among other factors (39). Theoretically, since
levels of TNFα and IL-1β were suppressed by Met-RANTES, OPG levels were not
significantly increased to competitively block RANKL binding to its receptor.

TNFα activates M-CSF production (40), whereas levels of RANKL can be enhanced by IL-1
in T cells (39). Interestingly, in the present study, we demonstrated that M-CSF down-
regulation occurred subsequent to TNFα reduction in rat AIA, whereas levels of IL-1β were
reduced preceding the reduction of RANKL (Figure 4). To our knowledge, this is the first
demonstration that a chemokine antagonist suppresses markers of bone destruction. It is
noteworthy that TNFα stimulates osteoclast differentiation, and levels of TNFα were
significantly decreased prior to those of IL-1β, which mediates osteoclast activation (Figure
2).

The down-regulation of markers of bony destruction is consistent with the findings of
radiographic analysis of Met-RANTES–treated animals, which demonstrated 50% less bony
erosion compared with controls (Figure 2C). It is possible that Met-RANTES reduces bone
destruction by inhibiting bone resorption through its actions on osteoclast regulators and
proinflammatory cytokines.

Met-RANTES treatment not only decreased the number of both receptors, but it also suppressed
receptor activation. The maximum reduction in CCR1 (57%) was on day 18; however, the
levels of CCR5 mRNA were almost equally reduced at the different time points examined
(Figures 5A and B). Met-RANTES administration in rats with AIA resulted in lower pCCR1
levels compared with those of pCCR5 on days 14 and 18 (Figures 5C and D). These results
suggest that the up-regulation and activation of CCR1 and CCR5 during peak arthritis, as
previously shown by us (8), is probably due to an influx of receptor-expressing cells rather
than an induction of CCR1+/CCR5+ cells present in the AIA joint.

To test this hypothesis, we adoptively transferred peritoneal macrophages into the tail vein of
rats with AIA subsequent to Met-RANTES treatment. Previous studies have shown that
adoptively transferred macrophages stay in the peripheral circulation only for a matter of hours.
Specifically, the number of circulating peritoneal macrophages following intravenous injection
is highest after 1 hour, declines significantly thereafter, and is detectable for 6 hours in the
blood (41). After initial arrest in the lungs, peritoneal macrophages rapidly disseminate to the
liver, and within 4 hours postinjection, they can be detected in the spleen (42). Hence, it would
be difficult to account for the adoptively transferred macrophages that did not migrate to the
joint. Our data demonstrate that Met-RANTES decreased almost by half the homing of
peritoneal macrophages into the synovial tissue lining and sublining (Figure 6). This indicates
that Met-RANTES participates functionally in the inhibition of the inflammatory process of
arthritis by interfering with leukocyte migration into the joint lesion. Moreover, this
observation supports the idea that suppression of leukocyte migration can control the AIA
inflammatory response.

In conclusion, Met-RANTES reduces joint inflammation and neutrophil and macrophage
migration, prevents bony destruction, has high-affinity binding for rat receptors, down-
regulates levels of proinflammatory cytokines in the joint, lowers the levels of markers of bone
destruction, reduces the levels of expression and activation of CCR1 and CCR5, and
functionally decreases macrophage recruitment into AIA joints. These findings highlight the
contributions of CCR1 and CCR5 in AIA.
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Figure 1.
Inhibition of the binding of human macrophage inflammatory protein 1α (MIP-1α) and
MIP-1β to rat mononuclear cells by Met-RANTES in the nanomolar range. A, Chemotaxis of
rat peripheral blood mononuclear cells (PBMCs) was induced by adding different doses of
human MIP-1α. B, Dose-response curve of human MIP-1β chemotaxis performed using rat
PBMCs. C, Met-RANTES inhibited human MIP-1α–induced chemo-taxis in rat PBMCs. D,
Met-RANTES displaced human MIP-1β–induced chemotaxis in rat PBMCs. Values are the
mean ± SEM of 2 rats per group.
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Figure 2.
Amelioration and reduction of the severity of joint inflammation, bony destruction, and
neutrophil recruitment in the ankles of rats with adjuvant-induced arthritis (AIA) by Met-
RANTES administered as a preventative. Changes in A, the sum of articular indices on the
right and left sides, B, the sum of the ankle joint circumferences on the right and left sides,
C, the body weights, D, radiographic scores, and E, neutrophil staining scores of rats in the
Met-RANTES and control groups over the 29-day course of study of AIA. Ankles were
radiographed on day 29 after adjuvant injection and were scored for bony erosion and soft
tissue swelling. Values were significantly lower in the Met-RANTES–treated group compared
with the control group at the time points indicated (scale ends on day 29). Values are the mean
and SEM of 8 rats per group, except for neutrophil staining, which represents 3 rats per group.
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Figure 3.
Decrease in CD68+ macrophage immunostaining in Met-RANTES–treated rats with adjuvant-
induced arthritis (AIA) compared with control rats with AIA on day 18. Shown is staining of
A, synovial tissue (ST) from a control rat, B, synovial tissue sublining from a control rat, C,
synovial tissue from a Met-RANTES–treated rat, and D, synovial tissue sublining from a Met-
RANTES–treated rat. Arrows indicate the lining cell layer; arrowheads indicate subsynovial
macrophages. (Original magnification × 200 in A; × 400 in B–D.) E, Quantification of CD68
+ immunoreactivity in synovial tissue from Met-RANTES–treated and control rats with AIA.
Inflam = inflammation; vasc = vascularity; lining = synovial lining; Mac = macrophages.
Values are the mean and SEM percentage of cells (n = 6 ankles per group).
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Figure 4.
Lower levels of proinflammatory cytokines and markers of bone destruction in rats with
adjuvant-induced arthritis (AIA) given Met-RANTES as a preventative compared with control
rats with AIA. Changes in levels of A, tumor necrosis factor α (TNFα), B, interleukin-1β
(IL-1β), C, macrophage colony-stimulating factor (M-CSF) messenger RNA (mRNA), D,
RANKL mRNA, and E, osteoprotegerin (OPG) mRNA. Cytokine levels were measured in
ankle homogenates by enzyme-linked immunosorbent assay and were normalized against the
protein concentration. Levels of mRNA for M-CSF, RANKL and OPG were normalized
against mRNA for GAPDH. Values were significantly lower in the Met-RANTES–treated
group compared with the control group at the time points indicated (scale ends on day 29).
Met-RANTES–treated rats had significantly lower levels of M-CSF after the peak of arthritis.
There was no significant difference in OPG levels between the 2 groups at any time point.
Values are the mean and SEM of 5 rats per group.
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Figure 5.
Significant decreases in joint levels of CCR1 and CCR5 messenger RNA (mRNA) and in
tyrosine phosphorylation of CCR1 (pCCR1) and CCR5 (pCCR5) in Met-RANTES–treated
rats with adjuvant-induced arthritis (AIA) compared with the control rats with AIA. Expression
of A, CCR1 mRNA and B, CCR5 mRNA in the ankles of Met-RANTES–treated and control
rats over the course of AIA. Values were normalized against mRNA for GAPDH. On days 14
and 18 after adjuvant injection, ankle homogenates from the 2 groups were immunoprecipitated
with C, anti-CCR1 antibody and E, anti-CCR5 antibody and then Western blotted with
antiphosphotyrosine antibody. Levels of *pCCR1 and *pCCR5 were normalized against the
total CCR1 and CCR5 values, respectively. Quantification of D, *pCCR1/CCR1 and F,
*pCCR5/CCR5 was obtained by the Western blot analyses performed in C and E, respectively.
The intensity of the Western blot bands was quantified using Un-Scan-It software (version 5.1;
Silk Scientific, Orem, UT). Values in A, B, D, and F are the mean and SEM of 5 animals per
group; in C and E, each lane represents a different animal.
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Figure 6.
Significant reductions in the numbers of adoptively transferred peritoneal macrophages
migrating into the ankle joints of rats with adjuvant-induced arthritis (AIA) treated with Met-
RANTES as compared with controls. Macrophages were dye-tagged with PKH26. Shown are
macrophages that migrated to A, the synovial lining layer of a control ankle, B, the synovial
sublining layer of a control ankle, C, the synovial lining layer of a Met-RANTES–treated ankle,
and D, the synovial sublining layer of a Met-RANTES–treated ankle. (Original magnification
× 200 in A and B; × 400 in C and D.) E, Quantification of the number of macrophages per
high-power field (hpf; 100×) that migrated into the synovial tissue of Met-RANTES–treated
and control rats with AIA. Cells in 4 high-power fields from 20 ankle joint sections (10 sections
in duplicate) obtained from the right and left ankles of 5 rats (total of 10 ankles) were counted
blindly. Values are the mean and SEM. Color figure can be viewed in the online issue, which
is available at http://www.arthritisrheum.org.
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Table 1
Primer and probe sequences for markers of bone destruction*

Forward primer TaqMan probe Reverse primer

M-CSF CTTGGCTTGGGATGATTCTCA AGGACAGAGGGAAGCTCCCTCTTGCC TCTATGCGAAGAGGCAGATCACT
RANKL TGAGGCTCAGCCGTTTGC CACCTCACCATCAATGCTGCCGA ATGGGAACCCGATGGGAT
OPG AGCTGGCACACGAGTGATGA TGCGTGTACTGCAGCCCCGTG TTTCACGGTCTGCAGTTCCTT

*
M-CSF = macrophage colony-stimulating factor; OPG = osteoprotegerin.
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