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Abstract

In the enclosed study we have examined the expression and
contribution of specific chemokines, macrophage inflamma-
tory protein la (MIP-la) and macrophage inflammatory
protein 2 (MIP-2), and interleukin 10 (IL-10) during the
evolution of type II collagen-induced arthritis (CIA). Detect-
able levels of chemotactic cytokine protein for MIP-la and
MIP-2 were first observed between days 32 and 36, after
initial type II collagen challenge, while increases in IL-10
were found between days 36 and 44. CIA mice passively
immunized with antibodies directed against either MIWP-la
or MIP-2 demonstrated a delay in the onset of arthritis and
a reduction of the severity of arthritis. On the contrary, CIA
mice receiving neutralizing anti-IL-10 antibodies demon-
strated an acceleration of the onset and an increase in the
severity of arthritis. Interestingly, anti-IL-10 treatment in-
creased the expression of MWP-la and MWP-2, as well as

increased myeloperoxidase (MPO) activity and leukocyte
infiltration in the inflamed joints. These data suggest that
MWP-la and MWP-2 play a crucial role in the initiation and
maintenance, while IL-10 appears to play a regulatory role
during the development of experimental arthritis. (J. Clin.
Invest. 1995. 95:2868-2876.) Key words: chemotactic factor
* neutrophils - monocytes * chemokines * autoimmunity

Introduction

Rheumatoid arthritis (RA) is an autoimmune disease character-
ized by the sequestration of various leukocyte subpopulations
within both the developing pannus and synovial space. The
chronic nature of this disease results in multiple joint inflamma-
tion with subsequent destruction of joint cartilage and erosion
of bone. While this disease has a world-wide distribution, its
pathogenesis is not clearly understood (1). Type II collagen-
induced arthritis (CIA)' in the mouse has proven to be a useful
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1. Abbreviations used in this paper: CIA, collagen-induced arthritis;
MIP, macrophage inflammatory protein; MPO, myeloperoxidase.

model of RA, as it possesses many of the cell and humoral
immunity characteristics found in human RA (2, 3). The patho-
genesis of CIA is dependent upon the host's response to type-
II collagen challenge and the subsequent generation of antibod-
ies that recognizes collagen rich joint tissue (2, 3). The chronic
activities initiated by immune complexes trigger a variety of
cell-mediated and humoral events. Moreover, the recruitment
and activation of neutrophils, macrophages, and lymphocytes
into joint tissues and the formation of the pannus are hallmarks
of the pathogenesis of both CIA and human RA. While the
contribution of inflammatory leukocytes to the progression of
experimental arthritis and human RA is unquestioned, the mech-
anisms whereby these leukocytes are recruited to the inflamed
joint is still not fully known. Recently, several chemotactic
cytokines (chemokines) which demonstrate a high degree of
specificity for the movement of leukocyte subpopulations have
been isolated and cloned. These chemokines belong to a super-
gene family of cytokines that are divided into two distinct
groups, C-X-C and C-C, designated by the position of the first
two cysteine amino acid residues (4, 5). The C-C chemokines
include, MWP-la, MIP-lf3, RANTES, MCP-1, MCP-2, MCP-3,
and 1-309. The other chemokine family (C-X-C) includes, IL-
8, MIP-2 (murine functional homologue of IL-8), ENA-78,
cleavage products of platelet basic protein (CTAP-IH, f3-throm-
boglobulin, and NAP-2), PF4, GRO a,f3y, and IP-10. The C-
X-C chemokines are mainly chemotactic for neutrophils, while
the C-C chemokine family are primarily chemotactic for mono-
nuclear cells. Recently, it has been demonstrated that IL-8, MIP-
la, MIP-1, and RANTES are differentially chemotactic for
lymphocyte subsets (6-9). Members of both chemokine fami-
lies may play prominent roles in RA, as neutrophil and mononu-
clear cell elicitation and activation are prevalent in this disease.

While a number of pro-inflammatory cytokines have been
studied in both human RA and murine CIA, relatively little is
known regarding the production of immunomodulating cyto-
kines, such as IL-10, during the development of this disease.
Originally, interleukin 10 (IL-10) was described as a cytokine
synthesis inhibitory factor produced by murine Th2 cell clones
that could inhibit the synthesis of interferon-y by Th, clones
(10-13). Recent studies have demonstrated that IL-10 can in-
hibit the production of a variety of cytokines from other leuko-
cyte populations, including IL-1, IL-6, TNF, IL-8, GM-CSF,
and G-CSF, from macrophages/monocytes (14-16), and IL-1,
TNF, IL-8, MIP-la and MIP-1,6, from PMNs (17, 18). Interest-
ingly, exogenous IL-10 has been found to exert suppressive
effects in vivo, such as preventing endotoxin-induced lethality
by inhibiting the over expression of TNF (19), and delaying the
onset of autoimmunity in NZB/W F1 mice (20). Thus, IL-10
appears to possess certain immuno-regulatory activities during
inflammatory/immune responses.

In the present study, we have analyzed the expression of
MIP-1a, MIP-2, and IL-10 using a variety of parameters, in-
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cluding cytokine-specific ELISAs, immuno-histochemistry, and
RT-PCR. In addition, passive immunization with neutralizing
antibodies to these mediators demonstrated their contribution
to the evolution of CIA. Our data supports our hypothesis that
the expression of specific chemokines during the development
of CIA are important pathologic factors which mediate the elic-
itation of blood leukocytes to the pannus and surrounding joint
tissue. In addition, IL-10 appears to be an important immuno-
modulator of the pathogenesis of CIA via regulating the expres-
sion of pro-inflammatory cytokines, including MIP-1a and
MIP-2.

Methods

Animals and reagents. Male DBA/IJ mice, 8-10 wk of age, were pur-
chased from the Jackson Laboratory (Bar Harbor, ME). Chick type II
collagen was purchased from Sigma Chemical Co., (St. Louis, MO).
Murine recombinant IL-10, MIP-la, and IFN-y were purchased from
Pepro Tech Inc. (Rocky Hill, NJ). Murine MIP-2 was purchased from
Austral Biologicals (San Roman, CA). Specific murine cytokine antisera
(MIP-la, MIP-2, IL-10, and IFN-y) were raised in our laboratory by
immunizing rabbits with recombinant murine cytokines. F(ab)2 frag-
ments of anti-MIP-la, MIP-2, and IL-10 IgG antibody were generated
using an immobilized pepsin system (Pierce Chemical Co., Rockford,
IL). 50 jg/ml of anti-MIP-la, anti-MIP-2, or anti-IL-O0 antibody were
capable of neutralizing 50 ng/ml of MIP-la, 50 ng/ml of MIP-2, and
50 ng/ml of IL-10, respectively. The antisera to murine MIP-la, MIP-
2, IL-10, or IFN-y neither cross reacted with each other nor with the
following members of the chemokine family: RANTES, MCP-1, MIP-
1 6, platelet factor 4 (PF-4), connective tissue activating peptide HI
(CTAP-III), beta-thromboglobulin, NAP-2, ENA-78, GROa, or IP-10.
All reagents were tested for endotoxin contamination using a limulus
amebocyte lysate test kit (QCL-1000; Whittaker Bioproducts, Inc.,
Walkersville, MD). The concentration of endotoxin was consistently
below 1 pg/ml in all reagents.

Induction of collagen-induced arthritis. Type II collagen-induced
arthritis in mice was elicited using established methods previously de-
scribed (21-23). Briefly, mice were immunized by intradermal injection
of 100 Mg of acidified type II collagen emulsified in complete Freund's
adjuvant (Difco Laboratories, Detroit, MI). Mice were boosted intrader-
mally with 100 .g of type H collagen emulsified in incomplete Freund's
adjuvant (Difco Laboratories) at 21 d after the first immunization. As
controls, mice were injected with acidified complete then incomplete
Freund's adjuvant.

Arthritis evaluation. Mice were observed daily for the presence of
distal joint swelling and erythema. Paws were individually scored, using
previously described procedures, on a scale of 0-3 based on the amount
of erythema, swelling, or joint rigidity (Arthritis Index), giving a maxi-
mum score of 12 per mouse (24). The joints were also histologically
evaluated for the presence of arthritic lesions. Histopathologic assess-
ment was coded for blind observation, and a histopathologic score as-
signed to each joint was based upon the extent of inflammation, pannus
formation, cartilage damage, and bone erosion, each using a scale of 1
(minimal) to 5 (severe) (25). Scores were combined to give a global
arthritis score of a maximum of 20 for each mouse.

Preparation of aqueous joint extracts. Joint tissues were prepared
by first removing the skin and separating the limb below the ankle
joint. Joint tissues were homogenized on ice in 3 ml lysis buffer (PBS
containing: 2 mM PMSF, and 1 mg/ml [final concentration], each of
aprotinin, antipain, leupeptin, and pepstatin A) using a Polytron (Brink-
mann Instruments, Westbury, NY). The homogenized tissues were then
centrifuged at 2,000 g for 10 min. Supernatants were sterilized with a
millipore filter (0.2 ym) and stored at -80°C until analyzed. The extracts
usually contained 0.2-1.5 mg protein/ml, as measured by protein assay
kit (Pierce Chemical Co., Rockford, IL).

Murine cytokine-specific ELISA. Murine cytokines (MIP-la, MIP-
2, IL-10, and IFN-y) were quantified using a modification of a double

ligand method, as previously described (18). Briefly, flat-bottomed 96-
well microtiter plates were coated with 50 /l/well of rabbit anti-cytokine
antibodies (1 Isg/ml in 0.6 mol/liter NaCl, 0.26 mol/liter H3BO4, and
0.08 N NaOH, pH 9.6) for 16 h at 40C, and then washed with PBS,
pH 7.5, 0.05% Tween 20 (wash buffer). Nonspecific binding sites on
microtiter plates were blocked with 2% BSA in PBS and incubated for
90 min at 37TC. Plates were rinsed four times with wash buffer, and
diluted aqueous joint samples (50 pd) were added, followed by incuba-
tion for 1 h at 37°(. Plates were washed four times with wash buffer,
then 50 ILI/well of biotinylated rabbit anti-IL-10 was added and incu-
bated for 30 min at 370C. After washing of plates, chromogen substrate
was added. The plates were incubated at room temperature to the desired
extinction, and the reaction terminated with 50 pIL/well of 3 M H3SO4
solution, and were read at 490 nm in an ELISA reader. This ELISA
method consistently had a sensitivity limit of 30 pg/ml.

Histopathology and immunohistochemical localization of cytokines
in joint tissues. Joint specimens were fixed in 4% paraformaldehyde for
24 h before transfer to 70% ethanol. Specimens were decalcified for 1
to 2 h in a RDOt solution (active reagent; hydrochloric acid; APEX
engineering products corp., Plainfield, IL), embedded in paraffin, and
stained with hematoxylin and eosin. For immunohistochemical localiza-
tion of cytokines, paraffin-embedded specimens were deparaffinized
with xylene followed by rehydration in 100, 95, 70, and 50% ethanol.
Before staining, the slides were fixed for 30 min in ice-cold acetone.
Endogenous peroxidase activity was quenched by incubating the slides
for 30 min in absolute methanol and 3% hydrogen peroxide. The tissue
sections were blocked with normal goat serum for 2 h at 37°C, and then
incubated with optimal concentrations of purified rabbit anti-murine
cytokine (MIP-la, MIP-2, and IL-10) antibodies or normal rabbit puri-
fied IgG for 2 h at 37°C. After washing three times with PBS, the tissue
sections were incubated with secondary biotinylated goat anti-rabbit
IgG (supersensitive reagent; BioGenex, San Ramon, CA). The slides
were then treated with streptavidin conjugated to peroxidase for 30 min
at 37°C, rinsed three time with PBS, overlaid with 300 ml of equal
volumes of 3-amino-9-ethylcarbazole 40 mg/ml in NN-dimethylform-
amide (Sigma Chemical Co.), and treated with 3% hydrogen peroxide
in 0.1 M sodium acetate for 5-15 min at 37°C to allow color develop-
ment. After rinsing with distilled water, the slides were stained with
Mayer's hematoxylin. Specificity was demonstrated in these studies
by competitive inhibition. Preincubation of anti-cytokine antibody with
excess recombinant, exogenous specific cytokine before immunostain-
ing resulted in a complete loss of staining.

Isolation of whole joint RNA and reverse transcriptase-polymerase
chain reaction (RT-PCR). Total RNA from joint tissues was isolated
using previously described techniques (18). Briefly, 3 ml of guanidine
isothiocyanate solution containing 25 mM Tris, pH 8.0, 4.2 M guanidine
isothiocyanate, 0.5% Sarkosyl, and 0.1 M 2-ME was added to each joint
sample. After homogenization using a Polytron, the above suspension
was added to a solution containing an equal volume of 100 mM Tris,
pH 8.0, 10 mM EDTA, and 1.0% SDS. The mixture was then extracted
with chloroform-phenol and chloroform-isoamyl alcohol. The RNA was
alcohol-precipitated and the pellet dissolved in diethyl pyrocarbonate-
treated H20.

RT-PCR was performed as previously descried (26) Briefly, 5 ,ug
of total RNA from joint sample was reverse transcribed into cDNA
utilizing M-MLV reverse transcriptase (GIBCO BRL, Grand Island,
NY). The cDNA was then amplified using specific primers for murine
MIP-la, MIP-2, IL-10, and GAPDH, the latter as an internal control.
The primers were 5'-GCC-CTT-GCT-GTh-CTT-CTC-TGT (sense), and
5'-GGC-AAT-CAG-TTC-CAG-GTC-AGT (anti-sense) for murine
MIP-la (27), 5'-GCT-GGC-CAC-CAA-CCA-CCA-GG (sense) and 5'-
AGC-GAG-GCA-CAT-CAG-GTA-CG (anti-sense) for murine MIP-2
(28), 5'-GCT-ATG-TTG-CCT-GCT-CTT-AC (sense), and 5'-GCC-
TGG-GGC-ATC-ACT-TCT-AC (anti-sense) for IL-10 (12), 5'-GGC-
ATC-CGG-ACG-TTC-TAC-GG (sense) and 5'-ATG-GTG-AAG-GTC-
GGT-GTG-AAC (anti-sense) for GAPDH (29). Amplifications were
performed in 4 mM MgCl, 50 mM KC1, 10 mM Tris-HCI (pH 8.3), 0.2
M of each deoxynucleotide triphosphate, 2.5 U/,ul Taq DNA polymerase,
4 Asg/ml of each specific primer, and 1 41 of the reverse transcribed
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Figure 1. Histological demonstration of normal joint (A), and arthritic joints taken at 36 d (B), and 68 d (C) after primary immunization with type
II collagen. The sections from the arthritic joints demonstrate significant pannus formation with infiltration of neutrophils, and mononuclear cells,
as well as cartilage destruction and bone erosion. (H & E stain, x 100).

cDNA samples. The cDNA was amplified in an automated thermal
cycler (Perkin Elmer Cetus, Norwalk, CT) at 90C for 30 s, 650C for 45
s, 720C for 75 s. Amplification was stopped at 35 cycles. After amplifi-
cation, the samples (20 ILI) were separated on 2% agarose gel containing
0.3 Ag/ml of ethidium bromide. The DNA were visualized and photo-
graphed using UV transillumination.

Measurement of serum anti-collagen antibody titers. Measurement
of anti-collagen IgG was preformed using an ELISA, as described pre-
viously (21, 30). Briefly, microtiter plates were coated with 50 Al/well

of chicken type U collagen (20 /Ag/ml), blocked, and incubated with
serially diluted serum samples. Bound IgG was detected by incubation
with 50 kA/well of peroxidase-conjugated goat anti-mouse IgG, fol-
lowed by chromogen substrate. Plates were read at 490 nm in an ELISA
reader. A standard, consisting of pooled mouse anti-type II antiserum,
and normal mouse serum were titered on each plate to ensure uniformity
of the assay system.

Measurement of IFN--y responses. Gamma-interferon production
was determined from spleen cells and inguinal lymph node cells from

Figure 2. Immunolocalization of MIP-la and MIP-2 in joint tissue form chronic arthritis. Paraffin-embedded specimens were deparaffinized and
immunostained for MIP-la (B) and MIP-2 (C). A is a control using pre-immune serum. (x400).
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Figure 3. Kinetic expression of MIP-la and MIP-2 antigen from joint
aqueous extracts, as measured by cytokine specific ELISAs. Samples
were taken every fourth day from time of initial immunization
(mean±SE of 12 joint tissue samples per time point X 3 studies). Data
differed significantly between the group of controls and type II coliagen-
immunized mice on days 40 and thereafter (P < 0.05 for MIP-I a) and
on day 36 and thereafter (P < 0.05, MIP-2), respectively.

either mice treated with either anti-IL-10 sera or with preimmue sera
(31). Cells were obtained by dissection and single cells (5 X 106 cells/
ml) were suspended in RPMI 1640 (GIBCO BRL) supplemented with
2 mM L-glutamine, 25 mM Hepes, 100 U/ml penicillin, 100 lg/ml
streptomycin (Hazelton Research Products, Lenexa, KS), and 5% heat-
inactivated fetal calf serum (FCS) (GIBCO BRL). Cells were seeded in
triplicate into 96-well flat-bottom plates with or without collagen (25
,Og/ml of native type II collagen, or 10 qg/ml of denatured type II
collagen) in a total volume of 0.2 ml/well. Supernatants were collected
after 72-h incubation at 370C in humidified 5% CO2, and IFN-y produc-
tion was measured by cytokine-specific ELISA.

Myeloperoxidase (MPO) assay. Neutrophil infiltration to the in-
flamed joints was indirectly quantitated using an MPO assay, as pre-
viously described for neutrophil elicitation (32). Tissue was prepared
as described above and placed in a 50 mM phosphate buffer (pH = 6.0)
with 5% hexadecyltrimethyl ammonium bromide (Sigma Chemical Co.).
Joint tissues were homogenized, sonicated, and centrifuged at 12,000 g
for 15 min at 40C. Supernatants were assayed for MPO activity using
a spectrophotometric reaction with 0-dianisidine hydrochloride (Sigma
Chemical Co.) at 460 nm.

Statistical analysis. Data were analyzed by Macintosh® H computer
using a statistical software package (Statview II; Abacus Concept, Inc.,
Berkeley, CA) and expressed as mean±SEM. Differences between cy-
tokine levels, arthritis severity, MPO activity, and histopathologic score
were compared by analysis of variance. Arthritis incidence was analyzed
by the Mann-Whitney U test. Differences were considered significant
if P values were < 0.05.
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Figure 4. Kinetic analysis of MIP-la and MIP-2 mRNA by RT-PCR
amplification. Whole RNA was isolated from joint tissues at specific
time points, mRNA reversed transcribed and amplified using cytokine-
specific primers. GAPDH primers were used as an internal control. Data
are representative of three individual experiments.

Results

Development of experimental arthritis. Arthritis developed in
95% of the mice by 6 wk after the primary immunization with
type H collagen. The histopathology ofjoints from experimental
animals without and with arthritis is shown in Fig. 1 A and Fig.
1, B and C, respectively. Synovial proliferation with pannus
formation, cartilage erosion, and bone degradation can clearly
be observed by 36 d after the initial primary immunization (Fig.
1 B), as compared with normal joints (Fig. 1 A). In addition,
the infiltration of PMNs and mononuclear cells (macrophages
and lymphocytes) can be observed at this time with exudation
of cells into the joint space (Fig. 1 B). By 68 d after the primary
immunization, joint pathology revealed significant bone ero-
sion. This was accompanied with significant pannus formation
and cartilage destruction (Fig. 1 C). This longitudinal histologic
pattern of arthritis is consistent with the joint pathology associ-
ated with human rheumatoid arthritis.

Immunolocalization and longitudinal expression of chemo-
kines during experimental arthritis. The above histological pat-
tern ofjoint pathology appeared to be correlated with the influx
of leukocytes into the joint, joint space, and surrounding tissue.
Therefore, we initiated studies to assess the localization of
chemokines to inflamed joints and determine the longitudinal
expression patterns of these chemotactic cytokines during the
development of CIA. As shown in Fig. 2, immunolocalization
of both MIP-la and MLP-2 could be identified in association
with infiltrating macrophage-like cells, chondrocytes, and fi-
broblast-like cells in the chronically inflamed joint tissues (Fig.
2, B and C). However, tissue sections stained with preimmune,
control serum in a similar fashion demonstrated little nonspe-
cific staining for murine cytokines (Fig. 2 A). Immunohisto-
chemical assessment of normal, non-inflamed joints failed to
detect any constitutive expression of MIP-2 or MIP-1 a. In
additional studies, the temporal expression pattern ofjoint MIP-
la, and MIP-2 was assessed by ELISA and was found to corre-
late with the development of arthritis. Mice with or without
type H collagen immunization were sacrificed every 4 days and
joint tissue prepared for cytokine analysis. As shown in Fig. 3,
both MIP-la and MIP-2 were expressed in a kinetic fashion as
joint disease progressed. MIP-la and MIP-2 were first identified

- 32 d after the initial immunization protocol. The elevation in
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Figure 5. Kinetic study on the effects of either neutralizing anti-MIP-
la or MIP-2 on the development of arthritis incidence (A) and severity
(B). F(ab)2 fragments of anti-MIP-la, MIP-2, or control were adminis-
tered every other day from 24-32 d after primary immunization. Data
represents a total of five mice per time point. The incidence and severity
differed significantly between the group of control and anti-MIP-la or

anti-MIP-2 sera treated mice on days 44 and thereafter (P < 0.05) and
on days 56 and thereafter (P < 0.05), respectively.

chemokine protein levels correlated with a significant leukocyte
infiltrate, as shown in the histopathology in Fig. 1. The amount
of MIP-la and MIP-2 antigen from mice with arthritis reached
maximum expression 40-44 d after the primary immunization
and then gradually decreased. An increase in cytokines from
control mice (immunized without type II collagen) was not
identified throughout the entire experimental period. These stud-
ies demonstrate that MWP-la and MIP-2 are both expressed in
a kinetic manner at sites of inflamed joints and likely play a

crucial role in the induction and maintenance of experimental
arthritis.

Kinetics of chemokine mRNA expression during the evolu-
tion ofexperimental arthritis. To determine whether the expres-
sion of antigenic MWP-la and MIP-2 was accompanied by simi-
lar increases in steady-state mRNA levels, we assessed their
expression from joint tissue using RT-PCR. As shown in Fig.
4, both MIP-la and MIP-2 mRNA were significantly expressed
in joint tissue during the evolution of experimental arthritis.
Interestingly, mRNA for MIP-2 was first observed 12 d after
primary immunization and continued to be expressed during the
study period (out to day 60), while mRNA for MIP-lIa was first
significantly expressed at day 36 and diminished after day 44.

Days after Primary Immunization

Figure 6. Kinetic assessment of IL-10 mRNA and protein during the
initiation and maintenance of chronic arthritis. Detection of IL-10
mRNA (A) was determined by RT-PCR at the designated time points
and represents data from three separate studies. 11-10 antigen was deter-
mined by cytokine specific ELISA (mean±SE of 12 joint tissue samples
per time point X 3 studies). Data differed significantly between the
group of control and type II collagen-immunized mice on days 44 and
thereafter (P < 0.05).

Chemokine mRNA expression was not found in control mice
at any time points after primary immunization (data not shown).

The effects ofpassive immunization with neutralizing chem-
okine antibodies on the evolution of experimental arthritis. The
above observations demonstrate that steady-state mRNA and
protein levels for both MP-1la and MIP-2 are temporally asso-

ciated with the recruitment of leukocytes into inflamed joints.
To determine the potential contribution of these chemokines to
the developing inflammation, mice were passively immunized
with control F(ab)2 fragments or neutralizing F(ab)2 directed
against either MIP-la or MIP-2. The F(ab)2 fragments were

used to eliminate the potential influence of Fc-dependent activa-
tion that may occur during the formation of chemokine/anti-
chemokine immune complexes, thus altering the development
of CIA (33, 34). Mice were intraperitoneally treated with 1 mg
of neutralizing F(ab)2 fragment every other day from days 24-
32. The therapeutic effect of passive immunization on the inci-
dence and severity of arthritis is shown in Fig. 5. Depletion of

either MWP-la or MWP-2 had a beneficial effect on reducing the
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Figure 7. Immunolocalization of IL-10
from synovial tissue and isolated syno-
vial fibroblasts at day 56 after primary
immunization. A and B represent syno-
vial tissue immunostained with pre im-
mune serum and anti-IL-10 serum, re-
spectively. C and D represent isolated
synovial fibroblasts stained with pre im-
mune serum and anti-IL-10 serum, re-
spectively.

incidence of arthritic, as well as reducing the amount of joint
erythema, swelling, and rigidity (Arthritic Index).

The temporal production and contribution of IL-1O to the
development ofexperimental arthritis. A number of in vitro and
in vivo studies have identified important regulatory aspects of
IL-1O with regard to controlling the production of specific cyto-
kines (13-17, 35). In addition, we have identified IL-10 as an
important cytokine involved in regulating the levels of both
steady-state chemokine mRNA and protein (18). Therefore, we
examined whether IL-10 was expressed in a time-dependent
manner during the development of CIA. In initial experiments,
the kinetic expression of IL-1O steady-state mRNA and protein
was assessed (Fig. 6, A and B). Peak levels of IL-10 protein
were identified at approximately day 44 after primary challenge
with type II collagen. The kinetic pattern for steady-state levels
of IL-10 mRNA was substantiated by RT-PCR, which demon-
strated a zenith at approximately day 44. The time frame for
the expression of IL-10 was coincident with the developing
pathology of the arthritic joint. Interestingly, IL-10 was immu-
nolocalized to infiltrating macrophage-like cells, chondrocytes,
and fibroblast-like cells. A typical immunostaining pattern for
tissue synovial fibroblasts and cultured synovial fibroblasts is
shown in Fig. 7. To confirm a contributing role for IL-1O during
the evolution of joint inflammation, we next examined the ef-
fects of passive immunization using neutralizing F(ab)2 anti-
IL-10 on the development of experimental arthritis (Fig. 8).
Mice were treated intraperitoneally with either 1 mg of anti-
IL-10 or control F(ab)2 fragments every other day from days
24-32 post immunization with type II collagen. Mice treated
with anti-IL-10 demonstrated a significant acceleration ofjoint
inflammation, as identified by an earlier appearance in the inci-
dence of arthritis and a greater arthritis index, as compared to
controls (Fig. 8, A and B). We next assessed potential mecha-
nisms whereby passive immunization with anti-IL-10 could
increase the severity of experimental joint inflammation. Mice

passively immunized, using the above protocol, were sacrificed
at day-48 post primary immunization and joints assessed for
histological alterations, myeloperoxidase (MPO) activity, and
chemokine levels. The histopathology of joints from animals
treated with anti-IL-10 antibody showed more severe cartilage
and bone destruction, as well as severe pannus formation and
fibroblast proliferation than controls. An increase in the severity
of the joint inflammation caused by anti-IL-10 treatment was
also demonstrated by a histopathologic scoring system and the
levels of MPO (Fig. 8, C and D). Moreover, both MIP-la and
MIP-2 expression in the joint from mice treated with anti-IL-
10 sera at day-48 were augmented, as compared with the other
two control groups (Fig. 9). As additional controls, we found no
significant effect on either anti-collagen antibody titers or IFN-
y production between anti-IL-10 treated mice and controls (data
not shown). Taken together, our results suggest that MIP-la
and MIP-2 are important for the initiation and maintenance of
experimental joint inflammation. In addition, endogenous IL-10
likely plays a crucial role in this model by regulating the expres-
sion of inflammatory mediators, including MIP-la and MIP-2.

Discussion

Rheumatoid arthritis is one of the most common inflammatory
joint diseases, possessing a world-wide distribution. In spite of
a large research effort, the pathogenesis of this disease is not
entirely clear. However, it is known that the progression of the
disease is characterized by the presence of inflammatory cells in
both the granuloma-like pannus and the joint fluid followed by
cartilage destruction and bone erosion. Interestingly, the active
inflammatory stage of arthritis shares a number ofcommon histo-
logic features of chronic inflammation, including the organized
focal accumulation of mononuclear cells in the developing pan-
nus, proliferation of fibroblast-like synovial cells, and injury to
the surrounding tissue. While the proliferation of synovial cells
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Figure 8. The effects of neutralizing IL-10
antibody on the incidence, severity, and pa-

thology of joint inflammation. Mice were

passively immunized with either control or

anti-IL-10 antibody, as described, and joints
were assessed for the incidence of arthritis
(A), severity of arthritis (B), levels of MPO
activity (C), and the histologic score (D).
MPO and histologic score were performed at
day 48. Data represents six mice per time.
The incidence an severity differed signifi-
cantly between the group of control and anti-
IL-10 sera treated mice form days 32-48 (P
< 0.05). Levels of MPO activity and the his-
tologic score differed significantly between
the groups of control and anti-IL-10 sera

treated mice on days 48 (P < 0.05).

and the infiltration of leukocytes are fundamental events in the
development ofjoint inflammation, it is difficult to longitudinally
examine the mediators important to the initiation and mainte-
nance of this pathologic cascade in human arthritis. Therefore,
it is necessary to establish and characterize experimental animal
models to assess cellular and molecular events that contribute
to the pathogenesis of joint inflammation. Interestingly, type-Il
collagen-induced arthritis in the mouse has proven to be a useful
model, as it possesses many of the cellular and humoral immune
events found in human rheumatoid arthritis.

While T cell and antibody responses against type II collagen
are a crucial event for the initiation of CIA (2, 36), it has been
demonstrated that several cytokines also appear to direct cell-
to-cell communication in a cascade fashion during the progres-
sion of CIA. These cytokines include: IL-1(30, 37, 38), TNF-
a (24, 39, 40), IL-6 (41), TGF-/B (40), and IFN--y (42, 43).
The data presented in this report demonstrates that chemokines
(MIP-la and MIP-2) and IL-10 are also expressed at sites of
inflamed joints and these cytokines likely contribute in different
capacities to the evolution of chronic joint inflammation. Our
longitudinal analyses demonstrate that chemokine expression
is observed coincident with the histopathologic observation of

leukocyte accumulation. Furthermore, passive immunization
with neutralizing antibodies to either MIP-la or MIP-2 resulted
in an attenuation of the inflammation, while anti-IL-O0 antibod-
ies augmented the arthritic response.

A number of recent studies have demonstrated that the re-

cruitment of cells into an area of inflammation may be mediated
not only by C5a, leukotrienes, platelet activating factor, or bac-
terial-derived peptides, but also by a novel group of small pro-

teins with relatively specific chemotactic activity for leukocyte
subpopulations. These small molecular weight polypeptides are

synthesized by a variety of cells and belong to a novel supergene

family of inflammatory mediators which share substantial ho-
mology via four conserved cysteine amino acid residues (4,
5). In one family, the first two cysteine amino acids are in
juxtaposition, and are referred to as C-C chemokines. This fam-
ily includes MWP-la, MIP-1f3, RANTES, MCP-1, MCP-2,
MCP-3, and 1-309. Recently, it has been demonstrated that
MCP-1, MIP-la, MIP-l1,, and RANTES are differentially che-
motactic for lymphocyte subsets (6-9). The other chemokine
family (C-X-C) have their first two cysteines separated by an

additional amino acid residue, this family includes, IL-8, MIP-
2 (a murine functional homologue of human IL-8), ENA-78,
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CTAP-Ill, /3-thromboglobulin, NAP-2, PF4, GRO, and IP-10.
The C-X-C chemokine family is mainly chemotactic for neutro-
phils, while members of the C-C chemokines possess chemotac-
tic activity for mononuclear cells (lymphocytes and monocytes).
Since the recruitment of neutrophils, macrophages, and lympho-
cytes into joint tissue and formation of the pannus are hallmarks
of both CIA and human rheumatoid arthritis, it is important to
determine the contribution of chemokines in the progression of
this experimental model of human rheumatoid arthritis. Our
laboratory and others have demonstrated that several chemo-
kines, including IL-8, MCP-1, RANTES, and MIP-la, are ex-
pressed in tissue from the inflamed joints of human rheumatoid
arthritis (44-50).

While chemokines and other cytokines are known to play
a pro-inflammatory role in the development of chronic inflam-
mation, it has been reported that IL-10 may play an important
regulatory role during the initiation and maintenance of in-
flammation (19, 51, 52). Many in vivo studies suggest that
IL-10 can block the expression of proinflammatory cytokines,
including IL-1 and TNF-a, which would corroborate a number
of in vitro studies (15, 16, 53). Our laboratory and others have
reported that IL-1O can inhibit the production and expression of
chemokines, including IL-8, MWP-la, and MIP-fl3 from human
monocytes and neutrophils (17, 18, 53). Furthermore, IL-10
appears to augment the release of cytokine modulating proteins,
such as soluble TNF receptor, and interleukin- 1 receptor antago-
nist protein (54, 55). Interestingly, studies have demonstrated
that the soluble TNF receptors and the interleukin- 1 receptor
antagonist can prevent the development of CIA (25, 39, 56).
Although the above studies demonstrate that IL-10 may act as
a protective cytokine during the evolution of an inflammatory
reaction and IL-10 is expressed by human synovium (57, 58),
the contribution of chemokines and IL-10 to the arthritic re-
sponse is not clear. However, it appears that the balance of pro-

inflammatory cytokines, such as chemokines, and anti-inflam-
matory cytokines, such as IL-10, may dictate the magnitude-of
the arthritis response. Taken together, our studies demonstrate
that chronic joint inflammation is a multi-factorial response,
which is dependent upon both pro-inflammatory chemokines,
such as MWP-la and MIP-2, as well as regulatory cytokines,
such as IL-10. This latter cytokine appears to be particularly
important as a modulating cytokine during the progression of
experimental arthritis and may play a similar role during the
pathogenesis of autoimmune responses in human rheumatoid
arthritis.
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