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Abstract

Adjuvant-induced arthritis (AIA) is one of many animal
models of rheumatoid arthritis, a disease characterized by a
T-lymphocyte and macrophage cellular infiltrate. We have
characterized the development of this disease model with
respect to chemokine expression. Increased levels of two
chemokines, RANTES, a T-lymphocyte and monocyte
chemo-attractant, and KC a chemoattractant for neutro-
phils, were found in whole blood and in the joint. Surpris-
ingly, levels of MIP-1a, another T-lymphocyte and mono-
cyte chemoattractant, were unchanged throughout the
course of the disease in whole blood and only slightly ele-
vated in the joint. RANTES expression plays an important
role in the disease since a polyclonal antibody to RANTES
greatly ameliorated symptoms in animals induced for ATA
and was found to be as efficacious as treatment with in-
domethacin, a non-steroidal anti inflammatory. Polyclonal
antibodies to either MIP-1a or KC were ineffective. This is
the first report to show the importance of RANTES in
the development of AIA. (J. Clin. Invest. 1998. 101:2910-
2919.) Key words: RANTES « MIP-1a. « KC -« arthritis «
chemokine

Introduction

Rheumatoid arthritis (RA)! is a chronic inflammatory disease
characterized by infiltration of the synovial membrane with T
lymphocytes and macrophages and pannus formation over the
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underlying cartilage and bone (1). The pannus is rich in acti-
vated macrophages secreting proteases and other inflam-
matory mediators resulting in destruction of these tissues. In
comparison with normal synovial fluid, which is essentially
acellular, RA synovial fluid is abundant in neutrophils, mac-
rophages, T lymphocytes, and dendritic cells. It is thought that
both humoral immunity and cellular immunity operating at the
same time may contribute to the pathology of the disease.

A role for humoral immunity has been proposed based on
the presence of rheumatoid factors in the sera of most RA pa-
tients (2). Rheumatoid factors are autoantibodies that are di-
rected against the Fc fragment of IgG. Cellular immunity is
also thought to be important because of the linkage of RA to
certain MHC-encoded T cell restriction elements (e.g., DR4
and DRI1 [3, 4]). Examination of RA synovial tissue shows
high levels of proinflammatory cytokines IL-1 (5), TNF-«
(6-8), IL-6 (6) and growth factors such as GM-CSF (7) and
M-CSF (8), but the T cell-derived mediators IL-2 (8), IL-3 (8),
IL-4 (9), and TNF-B (10) are either absent or present at low
levels. These results have led some researchers to conclude
that RA is not T cell driven (11) during the chronic phase of
the disease.

While the proinflammatory cytokines are thought to play a
role in inflammation, there is also a role for those cytokines
that are negative immunoregulators and that are inhibitors of
inflammation. IL-10 is presumed to repress expression of
TNF-a and IL-1 in RA since it was found that a monoclonal
antibody that neutralized IL-10 resulted in elevated levels of
these proinflammatory cytokines from RA synovial cell cul-
tures (12). More importantly, treatment of mice with anti-IL-10
antibody resulted in a worsening of the clinical score and
raised the levels of the chemokines macrophage inflammatory
protein-la. (MIP-1a) and MIP-2 in the joints of animals in-
duced for type II collagen arthritis (13).

The inflammatory process observed in RA is mediated, in
part, by chemotactic factors released by inflamed tissues. The
proinflammatory cytokines IL-1B and TNF-a are known to in-
duce expression of small chemotactic proteins (i.e., chemo-
kines) in a number of different cell types. Chemokines are sub-
divided into two major classes, C-X-C and C-C, depending on
the position of the first two cysteines (14). Regulated upon ac-
tivation, normal T cell expressed and secreted (RANTES; ref-
erence 15) and MIP-1a (16, 17) are both members of the C-C
chemokine family and have overlapping activities. Both of
these chemokines can chemoattract T lymphocytes, although
MIP-1a preferentially attracts CD8" cells (18, 19) while
RANTES preferentially attracts CD4" T lymphocytes (20).
Both chemokines also attract monocytes (20, 21). Recently,
MIP-1a, and especially RANTES, have been shown to be able
to activate T lymphocytes and promote T cell proliferation
(21, 22). These data suggest that RANTES may be involved in



the clonal amplification of activated T cells indicating that
RANTES can not only attract activated T cells but also induce
the expansion of the activated population at local sites of
RANTES production. RANTES and MIP-1a mediate their ef-
fects through specific binding to high affinity receptors ex-
pressed on the surface of target cells (23). One of the receptors
for these ligands, CCR1, is a member of a growing family of
seven transmembrane domain, G protein-linked receptors
(24).

Recently, it was found that rheumatoid synovial fibroblasts
upregulate RANTES mRNA in response to IL-1B, TNF-a,
and yIFN. Rathanswami et al. (25) demonstrated, by Northern
hybridization analysis and ELISA, that cultured synovial fi-
broblasts isolated from rheumatoid patients were capable of
expressing and producing RANTES and other chemokines in
response to IL-1B. Snowden et al. (26) have used reverse tran-
scriptase—PCR to detect RANTES mRNA in four out of seven
synovial tissue samples from rheumatoid arthritis patients. By
contrast, osteoarthritis tissue does not express RANTES
mRNA (26). These data constitute indirect evidence that
RANTES may play a role in RA. The purpose of this study
was to determine the role of RANTES in the development of
the inflammatory process present in RA. This is only possible
with the use of animal models and we have used an adjuvant-
induced arthritis (ATIA) model in Lewis rats. We also assessed
the importance of other chemokines, including MIP-1a and
KC, in the AIA model by comparing control serum-treated an-
imals to those in which chemokine production was blocked by
treatment with polyclonal antibody. Our data indicates a spe-
cific role for RANTES in the mediation of the inflammatory
and destructive aspects of AIA.

Methods

Antibody. Polyclonal antibody to recombinant human RANTES was
prepared by injecting New Zealand white rabbits with purified
RANTES (250 p.g per injection) subcutaneously in incomplete Freund’s
adjuvant followed by subsequent boosts in incomplete Freund’s. The
serum was collected and titered against immunogen. Titer of the anti-
body used in this study was 1/500,000 against human RANTES and
1/50,000 for rat RANTES. It did not react with any other chemokine
tested including: MIP-1a, MIP-13, MCP-1, KC, MIP-2, IL-1B, TNF-q,
or IL-6. Polyclonal antibody to mouse MIP-1a was described previ-
ously (27) and had a titer of 1/1,000,000 for mouse MIP-1a and cross
reacted with rat MIP-1a with a titer of 1/200,000. Polyclonal antibody
to rat KC was obtained from PeproTech, Inc. (Rocky Hill, NJ) and
had a titer of 1/200,000.

Adjuvant-induced arthritis. All animal studies were approved by
the Berlex Biosciences Institutional Review Board. Adult male Lewis
rats (160-170 g) were injected with 0.1 ml of CFA containing 10 mg/ml
of Mycobacterium butyricum subcutaneously in the proximal quarter
of the tail essentially as described previously (28). The day of injec-
tion is designated day 0. On days 3, 5, and 7, animals in a given study
group were injected with the appropriate antibody or with normal
rabbit serum (0.5 ml/injection per rat) i.p. Animals receiving in-
domethacin received i.p. injections of 0.5 mg/kg per day in sterile sa-
line. Vehicle controls for these animals were i.p. injections of sterile
saline solution alone. Animals were monitored periodically for body
weight, measurement of swelling of each hind paw, degree of redness
and flexibility of the rear ankle joints. Each characteristic was then
assigned a subjective score of zero to four. The sum of these scores
for each animal was determined and the total is designated as the
clinical score, as described previously (29).

Radiological score. Whole body radiographs were taken on day

22 after induction and at the end of the study (day 34). Animals were
anesthetized with sodium pentobarbital, 20 mg/kg. All radiographs
were taken by a Raymax imager (Raymax Medical Corp., Ontario,
Canada) at 25 mA, 50 kV for anterioposterior or 56 kV for lateral
projections with Kodak Memmo Ready Pack film with a 3 s exposure
(Eastman Kodak Co., Rochester, NY). A zero to three subjective
grading system was then used to evaluate five different parameters
including: degree of swelling, osteoporosis, cartilage loss, erosion,
heterotopic ossification, and periosteal new bone formation all as de-
scribed (29). The radiological score refers to the sum of the subjective
scores for each of the above parameters.

Histopathological evaluation. After death, rat paws were resected
above the ankle joint and fixed in buffered 10% formalin. After de-
calcification in 10% formic acid, the paws were sectioned longitudi-
nally between digits one and two, and between three and four. These
tissue blocks were embedded in paraffin and sectioned longitudinally
until the tarsal, metatarsal, and phalangeal joints with adjacent bones
and soft tissue were in view. Tissue sections 5-pwm thick were picked
up on glass slides and stained with hematoxylin-eosin and evaluated
for morphological changes and cellular infiltrate.

Chemokine determination. Blood was drawn into heparin-con-
taining tubes (50 U/ml of blood). An aliquot of 100 wl was removed
and treated with 100 pl of 1% Triton X-100 in PBS (1.0 mM
NaH,PO,, 8.1 mM Na,HPO,, 154 mM NaCl, pH 7.2). Chemokines
from ankle joints were assayed by first removing the hind feet and
distal portion of the leg. The skin was removed and the tissue sur-
rounding the ankle joint was dissected away from the bone. This tis-
sue was placed in a tube containing lysis buffer (20 mM imidazole-
HC], pH 6.8, 100 mM KCI, 1 mM MgCl,, 10 mM EGTA, 1.0% Triton
X-100, 10 mM NaF, 1 mM sodium molybdate, 1 mM EDTA, 1 pg/ml
of leupeptin, aprotinin, and PEFA block) and frozen at —80°C. Sam-
ples were then thawed and allowed to sit at 4°C overnight. An aliquot
of the lysate supernatant was removed and spun in a microfuge at
10,000 g for 5 min to remove insoluble material. The supernatant was
assayed for presence of chemokines. The lysates were also assayed
for presence of hemoglobin by measuring the absorbance at 450 nm
compared with whole blood lysate using the method described previ-
ously (30).

Chemokines were assayed by the use of ELISA kits (R & D Sys-
tems, Inc., Minneapolis, MN). Because of the high degree of similar-
ity maintained in chemokines across species, kits that used polyclonal
antibodies for the detection of either mouse or human chemokines
could also be used to detect the rat cognate provided that a standard
curve was obtained using known concentrations of rat chemokine.
Thus, rat RANTES was assayed using a kit to detect human
RANTES except that the standard curve was obtained using rat
RANTES (PeproTech, Inc.). MIP-1a and KC levels were determined
using kits that detect mouse chemokines and, in this case, standard
curves were prepared using rat MIP-1a and rat KC (both from Pepro-
Tech, Inc.). Optical densities were read at 450 nM using a V.., kinetic
microplate reader (Molecular Devices, Sunnyvale, CA).

Results

Chemokine production in AIA. Our initial question was aimed
at determining whether there was any correlation with the in-
flammatory and destructive elements of AIA and the appear-
ance of various chemokines in whole blood or joint. A number
of different cells make up the cellular infiltrate of the pannus
in RA, but the T lymphocytes and monocytes are postulated to
play the most important roles. Therefore, it seemed reason-
able to examine the role of chemokines such as RANTES and
MIP-1a that would be expected to attract these cell subsets. In
addition we asked whether KC, a chemoattractant for neutro-
phils that have been postulated to play a role in RA (for re-
view see reference 31) was involved in mediating the disease.

RANTES in Adjuvant-induced Arthritis 2911



A

12,5
e
Q
(5
»n
™
o
£
o
®
5
[
-]
[=2]
©
@
>
<

40
Days After Induction

C

4

-

= 34
E
4= —i+— RANTES
o u
.“E’ 2] —o— KC
<
g —O0— MIP-1a
Q
5 1- -

o_

0 2 4 8 12 18 22 34

Days After Induction

To determine the role of chemokines during the develop-
ment of AIA, 35 Lewis rats were induced and a simple time
course study was performed. In addition, as a control, three
age-matched uninduced naive animals were included. Animals
were induced on day O and five animals each were killed at
each time point on days 2, 4, 8, 12, 18, 22, and 34. At the time
of death, each animal was assessed for the clinical score. At
that time blood samples were collected, x rays were taken, and
joints were prepared. Blood and joint samples were frozen
away at —80°C until all samples could be analyzed at the same
time at the end of the study. X rays for all animals were also as-
sessed at the end of the study. As shown in Fig. 1 A, animals do
not show any signs of disease until day 12. From days 12 to 20,
there is a steep increase in clinical score which then plateaus
after day 20. The course of AIA is monophasic given that ani-
mals, once they become ill, maintain high clinical scores.

The degree of bone destruction with time was also followed
using radiographic analysis. Data from the x rays were ana-
lyzed and scored with respect to swelling, osteoporosis, carti-
lage loss, erosion, heterotopic ossification, and periosteal new
2912

Barnes et al.

50
—~ 40 =
€ E
h =
£ E £
7] 30 - '\E’ 2
m " U
= ¢ g
S 20 X =
o
L &
0 T 0

Y T Y T Y T T
0 2 4 8 12 18 22 34

Days After Induction

Figure 1. Chemokines and development of AIA. (A) The clinical score
during the progression of AIA. Day 0 represents the time of induction.
Each time point represents an average of five animals. The SEM is also
given for each point. (B) Graph depicting the level of chemokines in
whole blood as determined by ELISA. RANTES levels are repre-
sented by squares and concentrations are given on the left y axis,
MIP-1a by circles and KC by diamonds and their concentrations are
given on the right y axis. Each point represents the average of five ani-
mals and the SEM is given. (C) Graph depicting the level of chemo-
kines in the ankle joint. Graph designations are as in B. Each point rep-
resents the average of five animals and the SEM is given.

bone formation. Addition of each of these individual numbers
gives the radiological score. A study of the radiological score
reveals that the bone destruction characteristic of AIA is just
detectable at day 22, but the most deleterious symptoms are
not seen until day 34 after induction (data not shown).

As shown in Fig. 1 B, KC in whole blood rises immediately
after induction and then gradually declines until by the end of
the study it has decreased to preinduction levels. MIP-1a, how-
ever, never increases and remains at very low levels in the
blood (between 50-100 pg/ml) throughout the entire study.
RANTES is found in normal animals in whole blood at very
high levels (10 ng/ml) probably because of its presence in
platelet granules. Whole blood was assayed rather than plasma
as it was easier to maintain uniform treatment of samples and
bypass the possibility of variable platelet activation. The
RANTES levels rise and peak by days 8-12 and then fall. The
rise in RANTES levels in the blood just precedes the onset of
clinical signs of disease.

Because induction of chemokines in the blood was ob-
served, we were interested to determine whether there would



also be an increase observed in the ankle joint of the affected
animals. As shown in Fig. 1 C, there is no detectable chemo-
kine in the joint through day 12. Maximal levels were detected
at days 18-22, depending on the chemokine. At this point,
there is a rise in RANTES as well as KC levels with RANTES
being the greater of the two. Both RANTES and KC levels re-
turn to undetectable levels by day 34. There is also a very slight
increase in the MIP-1a levels as compared with those observed
in whole blood. The MIP-1« in the joint is between 200-250
pg/ml. It is unlikely that these increases are due to the leaki-
ness of the vasculature surrounding the joint, otherwise one
would expect to observe continued high levels of RANTES in
the joint on day 34 because blood levels remained high (Fig.
1 B). However, to rule out this possibility, we measured the ab-
sorbance of the joint extract at 450 nm against a standard curve
of whole blood. Absorbance at this wavelength gives an indica-
tion of the amount of hemoglobin present and allowed us to
estimate the degree of contamination in the joint extract. With
this approach we calculated that there was < 3% whole blood
contamination of our cell extracts (data not shown). There-
fore, at days 18-22 when RANTES is at its peak in the joint,
the maximum amount of RANTES present in the joint due to
contamination can be no more than 3% of the value in whole
blood (35 ng/ml at days 18-22) and could account for 1 ng/ml.
Since the actual measurement is 3 ng/ml, at least 2 ng/ml must
be produced by those cells in the joint. Since MIP-1a levels are
higher in the joint than in the circulation this must be due to
production of MIP-la in the local environment by resident
cells. The fact that by day 34 all chemokine levels return to 0
suggests that RANTES, MIP-1a, and KC may be downregu-
lated in the cells making up the inflammatory response once
the destructive process has been initiated.

RANTES is involved in the development of AIA. To de-
termine whether RANTES played any role in the develop-
ment of AIA, 30 Lewis rats were induced for disease and
5 age-matched naive control animals remained uninduced.
Animals were induced on day 0. On days 3, 5, and 7, 10 ani-
mals received normal rabbit serum and ten received a poly-
clonal antibody directed against recombinant human RANTES.
As a positive control, five animals that were induced on day 0
were given indomethacin (0.5 mg/kg per day in saline, i.p.) a
nonsteroidal anti-inflammatory drug known to ameliorate the
clinical effects of AIA through the inhibition of cyclooxygenase
(32). These animals received indomethacin on day 0 and
throughout the course of the study. Finally, five animals in-
duced on day 0 were given a vehicle control (saline, i.p.) start-
ing on day 0 and continuing through the course of the study.
The negative control animals treated with either normal rabbit
serum (control for the anti-RANTES-treated group) or with
vehicle (control for the indomethacin-treated group) were nec-
essary so that each group of animals would be handled in the
same manner. [t is well known that differential handling of the
animals can lead to ambiguous results. All animals were as-
sessed periodically for clinical score. On days 24 and 34, all an-
imals were x rayed. On day 34, all of the anti-RANTES, serum
control animals and naive animals were killed and joints were
prepared for histopathological examination. Indomethacin
and vehicle control animals were killed on day 42.

Clinical scores for this study are shown in Fig. 2. Animals
which were treated with control serum or with vehicle had
very high cumulative clinical scores. As with the study de-
picted in Fig. 1 A, clinical scores begin to rise on day 12 and

—&—  Serum
—e— anti-RANTES
—-O0— Vehicle

—2Z— Indomethacin

Clinical Score

50

Days After Induction

Figure 2. Anti-RANTES and indomethacin treatment ameliorate
ATIA. There were six animals in each study group. Study groups con-
sisted of anti-RANTES-treated animals (black diamonds), animals
given normal rabbit serum (black squares), animals treated with in-
domethacin (open triangles), and finally animals treated with a vehi-
cle control for indomethacin (open circles). Each point represents the
average and the SEM is shown.

peak by day 20-22. Animals which were treated with either the
anti-RANTES antibody or with indomethacin never showed
the high clinical scores associated with the disease.

Because the clinical score is associated with the inflamma-
tory response we wanted to determine what effects anti-
RANTES treatment had on histopathology. Fig. 3 shows the
representative histopathological changes in these animals at
day 34. First, examination of the synovial joint of naive animals
at low magnification reveals that the space between the bones
is completely clear (Fig. 3 A). Animals treated with normal
rabbit serum have lost the integrity of the joint. This space now
shows severe leukocyte infiltration and interstitial edema (Fig.
3 B). There is also significant bone erosion and periosteal new
bone formation. By comparison the anti-RANTES-treated
animals show relatively little infiltration (Fig. 3 C). The syno-
vial lining is discerned at higher magnification (Figs. 3, D-F).
In naive animals (Fig. 3 D) the synovial cells form a single
layer and are flat and quiescent. No leukocyte infiltration is
observed. In animals treated with control serum (Fig. 3 E) the
synovial lining cells are round to cuboidal, suggesting active
proliferation and form a layer two to three cells deep. The un-
derlying connective tissues show infiltration by large numbers
of lymphocytes. Irregularly-shaped mesenchymal cells (Fig.
3 E, arrowhead) are indicative of active differentiation. In the
synovial tissues of anti-RANTES-treated rats (Fig. 3 F), fewer
leukocytes are present and no active mesenchymal cells are
seen. The synovial lining cells, however, are reactive with
rounded somata and oval nuclei. Their cytoplasm is often pale
and vacuolated. In some areas, these cells appear to be dissoci-
ating from the underlying connective tissue.

One of the hallmarks of the AIA model is that it results in
severe destruction of the ankle joint with characteristic bone
proliferation in soft tissue and concurrent erosion of pre-exist-
ing bony structures. This destruction can be assayed by radio-
graphic analysis. An example of representative joints from
each of the study groups is shown in Fig. 4, A-H. An animal
that received the preimmune serum (Fig. 4, B and F) clearly

RANTES in Adjuvant-induced Arthritis 2913



Figure 3. Anti-RANTES treatment reduces the severity of histopathological changes in AIA. A, B, and C show a synovial joint at a magnifica-
tion of 5. D, E, and F show synovial tissues at a magnification of 40. A and D show naive rat joint; B and E show an arthritic joint from a rat
treated with control serum; C and F show effects of treatment with anti-RANTES antibodies. B shows severe leukocyte infiltration (L), intersti-
tial edema (E), periosteal new bone formation (P), and bone erosion (B). By comparison, the anti-RANTES-treated sample (C) shows very lit-
tle infiltration. The arrows in D, E, and F point to the synovial lining. The arrowheads point to mesenchymal cells.

shows the destruction typically seen using this model. No sig- All of the animals killed in the study were evaluated for
nificant destruction is seen in the naive animals (Fig. 4, A and bone destruction using x-ray analysis. The summary of the ra-
E), the anti-RANTES-treated animals (Fig. 4, C and G), or in diological scores are graphed in Fig. 5. At 24 d there is no sig-
the indomethacin control animals (Fig. 4, D and H). nificant statistical difference between any of the study groups

2914  Barnes et al.



Figure 4. Anti-RANTES treatment reduces the level of bone destruction in AIA. A, B, C, and D represent anterioposterior radiographs and E,
F, G, and H represent lateral radiographs. A and E are from naive animal, B and F are from serum control animal, C and G are from anti-
RANTES treated animal, panel D and H are from an indomethacin-treated animal. Of particular note is the soft tissue swelling and heterotopic
ossification.
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(Fig. 5, only anti-RANTES and serum control group are
shown). By day 34, however, destruction has reached very high
levels for those animals in the serum control and vehicle con-
trol groups. Radiological scores for animals treated with anti-
RANTES or indomethacin have significantly lower scores.
There is no statistical difference between the anti-RANTES-
treated group and those given indomethacin.

These data strongly suggest that RANTES is important in
the development of AIA and that pretreatment of the animals
before onset of disease with an antibody directed against
RANTES prevents the inflammation and destruction associ-
ated as efficiently as a known nonsteroidal anti-inflammatory,
indomethacin.

Specific chemokine involvement in AIA. Because we had
shown a role for RANTES in the development of AIA, and
because RANTES and MIP-1a are ligands for the chemokine
receptor CCR1 (24), we wanted to determine whether MIP-1a
was involved in the pathophysiology of the disease. To answer
this question various animal study groups were treated with
polyclonal antibodies directed against either RANTES or
MIP-1a. Two groups of 16 animals were injected either with
anti-RANTES, or with anti-MIP-1a all as described in the
previous study. In addition, 16 animals were injected with nor-
mal rabbit serum. 3 animals out of the 16 in both the anti—
MIP-1a and serum control group did not develop disease and
were not included in the study. To maintain consistency, three
animals from the anti-RANTES group that did not develop
disease were also excluded from the study. Clinical scores were
determined periodically. Half of the animals from each group
were killed on day 22 and the remaining half were killed on
day 34. At those times they were subjected to radiography.

Clinical scores from this study are given in Fig. 6 A. Again,
anti-RANTES is found to ameliorate the symptoms of AIA.
Polyclonal antibody to MIP-1a had no effect on amelioration
of disease. This is interesting given the overlapping activities of
these two chemokines. Polyclonal antibody to KC was also
tested in this manner and had no effect on the course of the
disease (data not shown).

2916
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Fisher’s test (41). The P values

Indomethacin

for the serum control and anti-
RANTES group and for the in-
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The fact that anti-RANTES treatment before appearance
of clinical symptoms has an effect on disease progress is shown
most clearly by examining the level of this chemokine in the
ankle joint itself. As shown in Fig. 6 B, RANTES levels in the
serum control joint are high as expected at day 22 and drop
back down again at day 34, the end of the study. The anti-
RANTES-treated animals, however, have much reduced lev-
els of RANTES in the joints. These data correlate with the
lower clinical scores (Fig. 6 B) and with a reduced radiological
score (data not shown) observed in the anti-RANTES animals
and is a result of the prevention of the cellular infiltrate from
reaching the target joint in the first place.

Discussion

The availability of animal models of human diseases makes
possible the identification and analysis of factors involved in
pathogenesis. The usefulness of a model is determined by its
relative similarity to human disease, its reproducibility and its
predictability with respect to responsiveness to therapeutic
agents in comparison to human disease. Two widely used ani-
mal models of rheumatoid arthritis are collagen type II-induced
arthritis (CIA) and AIA.

We have used the AIA model of RA in the Lewis rat to ex-
amine the role RANTES plays in the development of this dis-
ease. Unfortunately, there is no animal model available that
perfectly mimics the course and features of human rheumatoid
arthritis. Both AIA and CIA, however, show peripheral joint
involvement, erosion, pannus formation, and T cell depen-
dence (for review see reference 33) similar to that observed in
human disease.

In this study, we determined the levels of the chemokines
RANTES, MIP-1a, and KC in AIA animals. We found very
little change in the MIP-1a levels in either whole blood or in
the joint. The levels of KC in whole blood were elevated im-
mediately after induction through day 4 and then were found
to slowly decrease until they resumed preinduction levels by
day 34. These data measure the total amount of KC in blood.
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the mean average. The SEM is also given. (B) RANTES levels in the joint of anti-RANTES-treated animals and serum-treated animals.

The circulating levels of KC in plasma are undetectable
(Barnes, D.A., unpublished observation). This discrepancy
may be due to the binding of KC to the Duffy antigen receptor
for chemokines (DARC) which is found in abundance on the
surface of red blood cells and binds this chemokine (34). It has
been suggested that DARC serves as a receptor sink for a
number of chemokines, including RANTES, and may be in-
volved in clearing of these potent peptides (35). If this receptor
plays a role in the modulation of RA, by clearing chemokines
from the blood, one might expect that individuals that are
Duffy negative would have more devastating disease. In fact,
African Americans who are in large part Duffy negative have
a much lower incidence of RA than the Caucasian population
(36). This is primarily a result of the fact that African Ameri-
cans do not generally carry the DR1 or DR4 markers. DR1
and DR4 are variants of the HLA-D locus and are highly cor-
related with appearance of rheumatoid factors in patients with
RA. It would be interesting to determine whether Duffy nega-
tive individuals that are diagnosed with RA have more severe
disease than those that are Duffy positive.

RANTES has an entirely different profile than KC and lev-
els of this chemokine are not elevated until days 8-12, the time
just before the onset of inflammation as measured by the
clinical score. While the cellular source of this circulating
RANTES is still unclear, the levels in circulation must be
higher than can be removed by DARC, otherwise one would
predict that an antibody that binds RANTES would have no
effect since RANTES would be bound to DARC and unavail-
able to the antibody. Furthermore, because antibody was
given in only three injections (days 3, 5, and 7) and would be
predicted to be cleared from the animal after 3 d, it suggests
that the RANTES generated in the circulation during the day
8-12 time period is critical to disease development.

Previously, it was shown that when mice were induced for
CIA and passively immunized with antibodies directed against
MIP-1a or MIP-2 they had significantly decreased severity of
disease (13). Unlike Kasama et al. (13), we did not find that

treatment with antibody to MIP-1a had any ameliorating ef-
fect on disease. However, we used a different animal model
in this study. The CIA model has a much longer time course
(> 60 d) than the AIA model and the rise in clinical score is
much more gradual. In addition, anti-MIP-1la treatments in
the form of F(ab), fragments were provided throughout the
study whereas in the AIA model, anti-RANTES treatment
was limited to three injections before onset. Nevertheless, the
actual amount of MIP-1a detected at peak levels in the joints
of afflicted CIA animals was quite low (200 pg/ml) and there
appeared to be a very low level constitutive expression of
MIP-1a (100 pg/ml). These data agree well with our findings in
the AIA model in the rat. The induction of MIP-2 observed in
the CIA model was much greater, from < 100 pg/ml in naive
animals to 800 pg/ml in CIA induced animals.

Our finding that antibodies to RANTES but not to MIP-1a
ameliorate disease in this RA model are interesting, particu-
larly since both of these CC chemokines bind to similar recep-
tors, CCR1 and CCRS5 (23). How, then, can we explain our
data? Interestingly, Cook et al. (37) have examined the in vivo
biologic role of MIP-1a in mice in which the gene encoding the
chemokine has been disrupted. They showed that mice ho-
mozygous for MIP-la. mutant (—/—) were resistant to Cox-
sackie virus-induced myocarditis but wild-type (+/+) mice
were not. Obviously in this case MIP-la and RANTES have
entirely separate effects. Further evidence that these two
chemokines have distinct biological effects comes from find-
ings by Karpus et al. (27) who have shown that antibodies
to MIP-1a ameliorate an EAE model of multiple sclerosis in
the mouse. We have repeated these studies and not only con-
firm their data but show that antibodies to RANTES have no
effect in this model (Barnes, D., and J. Tse, data not shown).
Thus, it is possible that our data can be explained by assuming
that RANTES effects in the AIA model of RA are produced
by action through an as yet uncloned chemokine receptor or
through a distinct signaling pathway, that MIP-1a cannot trig-
ger, through an existing receptor. In line with these specula-
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tions, it is interesting that at least one group of investigators
(21) has reported that T cells stimulated with RANTES and
with MIP-1a produce an increase in intracellular Ca at low nM
concentrations. However, at higher concentrations RANTES
but not MIP-1a produces a second Ca?* transient that is more
sustained than the first and is not desensitized by pretreatment
with MIP-1a. These data show that RANTES can activate a
novel chemokine receptor that is not sensitive to MIP-1a and
that activation of this receptor may play a role in this model
of RA.

There is clear evidence that RANTES and MIP-1a have
distinctly different effects on T cells and monocytes, the major
cell types involved in RA. For example a number of reports
have demonstrated that RANTES affects the directed migra-
tion of CD4* T cells and upregulates integrin expression, all
effects that would culminate in the extravasation of T cells to
sites of inflammation (18, 21). In contrast, it appears that MIP-
la is mainly effective in inducing the directed migration of
CDS8", but not CD4*, T cells. In addition to these cell-specific
effects, RANTES is also about 10 times more potent than
MIP-1a in inducing T cell migration (18). Taken together,
these data provide a partial explanation for the effects of
RANTES on the RA model that we have investigated here
and may speak for a specific effect of this chemokine in the hu-
man disease.

It has recently been shown that a human monocyte
chemoattractant protein-1 (MCP-1) antagonist greatly amelio-
rated adjuvant arthritis-induced disease in a mouse MRL-Ipr
genetic background (38). MCP-1 is a chemokine with the abil-
ity to attract monocytes (39), the precursors of macrophages.
The MRL-Ipr disease model has an earlier onset than that ob-
served in the rat AIA model, although, as with the AIA
model, onset is rapid and the development from no detectable
symptoms to peak clinical score occurs within a matter of days
(generally from day 5-10). In these experiments, an MCP-1
peptide (amino acids 9-76) was synthesized and found to com-
pete with MCP-1 for binding to monocytes. This antagonist,
when given continually throughout the course of disease, re-
sulted in decreased inflammation. However, the MCP-1 antag-
onist was given only through day 15 (after inflammation had
already peaked) and then withdrawn. After withdrawal the
disease progressed until swelling reached the same level as that
observed in the untreated animals.

This is a very different pattern from what we observed with
the RANTES antibody treatment. In our study anti-RANTES
treatment ended on day 7. By day 11 one would predict that all
of the rabbit polyclonal antibody had disappeared. Since peak
inflammation is observed by day 18, the data suggest that
early expression of RANTES in circulation is one of the criti-
cal steps involved in development of AIA. RANTES may be
involved in initiating the inflammatory response because this
chemokine has the potential to play key roles as both a
chemoattractant and as an immunomodulator, since it also
serves to activate and expand clonal T cell populations. It
should also be noted that studies by Plater-Zyberk et al. (40)
using an altered form of RANTES, met-RANTES, which acts
as a CCR1 antagonist were also able to show efficacy in an an-
imal model of RA. In their studies, delivery of the antagonist
i.p. three times per week through day 21 resulted in the delay
of onset and amelioration of CIA in DBA/1 mice. These data
constitute additional proof for the role of RANTES in the de-
velopment of disease.
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If RANTES directs the initial response, what roles do
other chemokines play in the development of AIA? It may be
that the chemokines MIP-1a and MCP-1 are expressed later in
the course of disease and are involved in the destructive pro-
cess of arthritis by their actions on the appropriate cell types
once the initial inflammatory signal has been given.

We show here that RANTES is expressed in whole blood
and in the joint of ATA animals and that antibody to RANTES
can prevent development of disease. Thus, these data strongly
support the concept that RANTES plays a pivotal role in the
pathogenesis of RA. These potent proinflammatory effects
and chemoattraction for T lymphocytes and monocytes makes
RANTES an attractive candidate for therapeutic intervention.
Furthermore, since RANTES binds to and mediates its bio-
logic effects through the CCR1 receptor, this makes this recep-
tor an important target for intervention therapy in RA and
provides evidence in support of the notion that CCR1 antago-
nists will be useful therapeutics in the treatment of RA. Other
useful therapeutic approaches could, for example, take the
form of inhibitors of the cellular expression of RANTES. Fi-
nally, an anti-RANTES treatment regimen has the potential to
serve not only as an anti-inflammatory agent, but also as a dis-
ease modifying antirheumatic drug.
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