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The Inhibitory Co-Receptor, PECAM-1 Provides a Protective
Effect in Suppression of Collagen-Induced Arthritis
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Studies of PECAM-1−/− mice have identified that PECAM-1
functions as an inhibitory co-receptor to modulate immunologi-
cal responsiveness. In this study, we describe the in vivo conse-
quences of PECAM-1 deficiency in mouse models of collagen-
induced arthritis (CIA) and K/BxN passive transfer model that
resembles many of the features of human rheumatoid arthri-
tis. Immunization of PECAM-1−/− C57BL/6 (H -2b) mice with
chicken collagen type II induced CIA with an incidence of 82%
by day 49, while 33% of wild-type and 100% of DBA/1 mice
developed arthritis in a similar time frame. The mean onset of
disease for PECAM-1−/− C57BL/6 mice was day 32 compared
to day 51 for wild-type C57BL/6 mice and day 18 for DBA/1
mice (H -2q susceptible). In terms of disease severity, the mean
maximal arthritic index for PECAM-1−/− C57BL/6 mice was
comparable to DBA/1 mice (8.91 ± 0.91 vs 11.67 ± 0.82).
This mean maximal index in PECAM-1−/− C57BL/6 mice was
significantly higher than wild-type C57BL/6 mice (5.00 ± 0.73).
IgG1 and IgG2b antibody responses against CII were elevated in
arthritic PECAM-1−/− C57BL/6 mice compared to wild-type
C57BL/6 mice. Histological examination of arthritic paws of
PECAM-1−/− C57BL/6 mice revealed inflammatory infiltrates
of lymphocytic/monocytic cells and cartilage/bone destruction
similar to CIA-induced DBA/1 arthritic paws. In the K/BxN
model, the arthritis was not augmented in PECAM-1−/− mice
compared to wild-type mice. In contrast, in active CIA, PECAM-
1−/− mice developed severe disease comparable to susceptible
DBA/1 mice and profoundly more severe than C57BL/6 mice,
where only one third developed a mild/moderate disease. To-
gether these observations suggest that PECAM-1 plays a crucial
role in the suppression of development of autoimmune arthritis.
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INTRODUCTION

Murine models of active and adoptive passive trans-
fer of collagen-induced arthritis (CIA) have been exten-
sively used for defining new in vivo therapeutic targets
in rheumatoid arthritis (RA) and understanding processes
involved in the development of erosive autoimmune arthri-
tis (1). The active CIA murine model resembles many
of the features of human RA including pannus forma-
tion, synovitis, and susceptibility dependence on MHC
class II alleles (2–4). Rheumatoid arthritis and CIA are
characterized by development of pannus, together with
a hyperplastic and chronic inflammatory tissue that in-
vades the articular cartilage and bone of the joints (5).
Macrophages located in the pannus tissue produce proin-
flammatory cytokines, IL-1β, and TNF-α that activate the
pannocytes that produce adhesion molecules and matrix
degrading enzymes (6). The culmination of these events
is irreversible cartilage destruction, bone erosion, and a
pathological remodeling of the bone structure.

Active CIA closely resembles the pathological expres-
sion of RA due to its immunoreactivity to multiple autoim-
mune targets, pathogenic mechanisms and the genetic pre-
disposition based upon MHC alleles (3, 4). CIA requires a
functional B-cell response and the development of autoan-
tibodies to native helical collagen type II (2). In contrast,
the adoptive passive transfer model of RA using arthri-
togenic K/BxN sera or anti-collagen type II antibodies is
not MHC dependent, but is histologically similar to the
postimmunization disease (7). This model requires the au-
toantibodies to target arthritogenic epitopes and bypasses
the requirement for autoantibody development required in

Abbreviations used: CIA, collagen-induced arthritis; RA, Rheumatoid
arthritis; GPI, glucose 6-phosphate isomerase; PECAM-1, Platelet En-
dothelial Cell Adhesion Molecule-1; SPF, specified pathogen-free; CII,
chicken type II; CFA, complete Freund’s adjuvant; MT, Mycobacterium
tuberculosis.

19
0271-9142/05/0100-0019/0 C© 2005 Springer Science+Business Media, Inc.



20 WONG, HAYBALL, HOGARTH, AND JACKSON

the active CIA model (8). It is severe and rapid in onset
usually within hours or days of transfer (7). Arthritis in
the K/BxN mouse model has been attributed to pathogenic
antibodies that recognize glucose 6-phosphate isomerase
(GPI). Recent studies have indicated that there is a low
prevalence (∼20%) of antibodies to GPI in patients with
RA (9). In contrast, antibodies to collagen type II occur in
∼70% of patients with early RA and their frequency de-
creases with time after onset, indicating the importance of
native helical collagen type II as an arthritogenic epitope
in the initiation of RA (10).

Using either the active or adoptive passive transfer CIA
model, mice deficient in complement factors, Fc recep-
tor γ chain and the low-affinity IgG receptor, Fcγ RIII
have been shown to be highly resistant to development of
CIA (11–14). In contrast, mice deficient in the inhibitory
Fc receptor, Fcγ RIIb1 have been shown to be more sus-
ceptible and have increased disease severity on an H -2b

genetic background in active models of CIA, while in
passive transfer models of CIA, the Fcγ RIIb1-deficient
mice are similar to wild-type mice in their kinetics and
disease severity (8, 15, 16). Therefore, by using these two
different models (active CIA and K/BxN) of RA induc-
tion, it can provide information about the importance of
immunoreceptors in the two concomitant stages of CIA
including the initial stage and the end stage of disease
development.

Platelet Endothelial Cell Adhesion Molecule-1
(PECAM-1/CD31) is now classified into the Ig-ITIM su-
perfamily and has the distinguishing features of six extra-
cellular Ig-domains with the amino terminal Ig-domain
mediating homophilic binding and two intracellular ITIM
domains that modulate its cell-signaling properties pri-
marily through SHP-2 protein—tyrosine phosphatase
(17). Our studies with PECAM-1-deficient mice strongly
suggest that it serves an important role in modulation of
B-cell immunological responsiveness and regulation of
peripheral tolerance (18). PECAM-1 is broadly expressed
on the surface of both vascular and haematopoietic cells.
PECAM-1 is also expressed in the synovial lining and
its level of expression is upregulated in adjuvant-induced
models of rat arthritis (19, 20). Previous studies have
demonstrated that intravenous infusion of anti-PECAM-1
antibodies leads to a significant reduction in adherent,
but not rolling leukocytes in arthritic animals (21). A
more recent study has suggested that administration of
an anti-PECAM-1 monoclonal antibody 2H8 modulated
the disease course of established CIA in DBA/1 mice (22).
As PECAM-1 is a multifunctional immunoreceptor that
plays a pivotal role in integrin-dependent cell adhesion,
cell migration, leukocyte transmigration, negative regula-
tion of immune signaling, and autoimmunity, it is likely

to be important in the pathogenesis of CIA. However,
due to the heterogeneity of factors involved in onset and
disease progression including complement components,
Fc receptors and glucose phosphate isomerase in mouse
models of RA, the precise role of PECAM-1 is not clearly
defined. In order to assess the role of PECAM-1 in the
pathogenesis of RA, we studied the onset and progres-
sion of inflammatory arthritis in PECAM-1-deficient mice
compared to wild-type mice in both active and adoptive
passive transfer models of RA.

MATERIALS AND METHODS

Mice

PECAM-1-deficient mice were backcrossed onto
C57BL/6 background (H − 2b) for eight generations
(23). The backcrossed mice were then intercrossed to
generate mice homozygous PECAM-1 deficient mice
(PECAM-1−/−). PECAM-1 genotypes determined by
PCR using tail derived genomic DNA and the following
primer sets: 5′-GCCCAGTATTTTTCATGATGC-3′; 3′-
CACCCTGACCCTCAGGATC-5′. PCR was performed
in 25-µL volumes using 10 mM Tris–HCl, pH 8.3,
50 mM KCl, 1.5 mM MgCl2, 0.2 mM dNTPs, 0.20 µM
primers, and 2.5 U of AmpliTaq Gold polymerase
(Applied Biosystems Division, Foster City, CA) for
40 cycles.

The Institutional Animal Care and Use Committee
Approved All Procedures

All mice were backcrossed, bred, and maintained at
the specified pathogen-free (SPF) facility in the Animal
House of the Austin Research Institute, Heidelberg, Victo-
ria. The animals were fed rodent chow and acidified water.
Experiments were performed with age- and sex-matched
mutant and wild-type mice.

K/BxN offspring were generated by mating KRN trans-
genic mice on a C57BL/6 (B) background with NOD/Lt
(N) mice (24). Serum was collected from arthritic K/BxN
mice at approx. 5–6 weeks of age (24).

Induction of CIA

Chicken collagen type II (Sigma Chemical Company,
St. Louis, MO) or ultrapure, pepsin-free bovine collagen
type II (Chrondrex, USA) were solubilized to a concen-
tration of 4 mg/mL in 0.01 M acetic acid at 4◦C with
constant mixing overnight. 200 µg chicken collagen type
II was emulsified with an equal volume of complete
Freund’s adjuvant (1:1) (Difco Laboratories, Detroit, MI),
and 100 µL of the emulsion was injected intradermally
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under halothane anesthesia, at the base of the tail of each
8-week-old mouse. Mice were boosted on day 21 and
42 with 200 µg of chicken collagen type II emulsified
in an equal volume of incomplete Freund’s adjuvant (1:1)
(Difco Laboratories, Detroit, MI) (16, 25). Arthritis devel-
opment was monitored every three times per week starting
from day 7 post immunization. Arthritis development was
monitored for 80 days or until mouse paws reached the
maximum grades for swelling. Clinical severity of arthritis
was quantified according to the following scoring crite-
ria and grading from 0 to 4. Score 0, no swelling; score
1, the appearance of swelling of a single joint or mild
edema; score 2, two or more joints and moderate swelling;
score 3, severe swelling affecting most joints; score 4, se-
vere swelling over the entire paw, summed over all four
paws to give a maximum score of 16. Using this mouse
model, the onset and severity in susceptible DBA/1 mice
is usually between days 18 and 20. Each of these arthritis
experiments was balanced in terms of the age, sex, genetic
background, immunization protocol, and clinical scoring
of the mice.

Histological Assessment of CIA

At the termination of the CIA experiment, the hind
paws of wild-type C57BL/6, PECAM-1−/− C57BL/6 and
DBA/1 mice were removed. The paws were fixed in phos-
phate buffer containing 4% (v/v) formaldehyde, decal-
cified in EDTA, and paraffin embedded. Sagittal sec-
tions (5 µm) were stained with hematoxylin and eosin
and evaluated using a Leitz DMRBE microscope (Leica,
Hawthorn East, Victoria).

Measurement of Anti-CII Antibodies

Mice were bled from the tails at four different time
points (day 14, 28, 48, and 59) after immunization, and
individual sera was analyzed for CII-specific IgG anti-
bodies by ELISA. Microtiter plates (Nunc Maxisorb, Me-
dos) were coated overnight at 4◦C with 50 µL of native
CII in PBS at 50 µg/mL. Plates were washed with PBS
containing 0.05% (v/v) Tween 20 (PBS/Tween) and se-
rially diluted serum samples in PBS/Tween were added
and incubated for 2 h at room temperature. The plates
were then washed and incubated for 2 h at room tempera-
ture with 50 µL of sheep anti-mouse conjugated to alka-
line phosphatase (Jackson ImmunoResearch Laboratories
Inc., West Grove, PA) diluted to 1:10,000 in PBS/Tween.
Following washing, 50 µL of p-nitrophenyl phosphate
disodium salt (PNPP) (Pierce Chemical Company, Rock-
ford, IL) diluted in diethanolamine buffer at 1 mg/mL
was applied. Absorbances were read at 405 nm once color
development had occurred. A standard curve was gener-

ated from pooled sera obtained from CII hyperimmunized
DBA/1 mice.

ELISA to detect anti-CII specific IgG isotypes was
performed using a modification of the above protocol.
Serially diluted serum samples were incubated at 4◦C
overnight followed by the addition of 50 µL of biotiny-
lated rat anti-mouse IgG1 (1:1,000), biotinylated rat anti-
mouse IgG2a (1:1,000); or biotinylated rat anti-mouse
IgG2b (1:1,000) (Caltag Laboratories, Burlingame, CA)
were applied to each plate for 5 h at room temperature. Af-
ter washing, 50 µL of streptavidin-alkaline phosphatase
(diluted 1:1,000) (Amersham Pharmacia Biotech AB, Up-
psala, Sweden) was added and incubated for 1 h at room
temperature. The plates were washed and PNPP substrate
was added. The concentrations of each antibody isotype
were calculated by comparison with a polyclonal anti-CII
standard.

T-cell Proliferation Assay

Eight-week-old age and sex matched PECAM-1−/−

and PECAM-1+/+ mice were immunized in foot pads and
base of tail with 400 µg bovine collagen type II emulsified
1:1 with complete Freund’s adjuvant (CFA). After 21 days
post immunization, mice were sacrificed and the popliteal
lymph nodes were removed. Individual single cell sus-
pensions were made DMEM supplemented with 50 µM
2-mercaptoethanol, 10 mM HEPES pH 7.2, 20 mM Glu-
tamine, 100 U/mL Penicillin, 100 µg/mL Streptomycin,
and 5% (v/v) foetal calf serum. 1 × 105 lymph node cells
were plated in 96-well round bottom microtiter plates in
triplicate and stimulated in the presence and absence of 5,
50, and 100 µg/mL heat-denatured ultrapure, pepsin-free
bovine collagen type II in PBS. The cells were incubated at
37◦C in 5% CO2 for 4 days, and 1 µCi/well of [3H]-TdR
was added to the culture for the last 6 h. [3H]-TdR in-
corporation was measured using a β-scintillation counter,
and the results expressed as mean cpm ± SEM.

Arthritis Transfer with K/BxN Mouse Sera

Sera from K/BxN mice (40–60 days of age) were pooled
and 100 µL injected intraperitoneally at time 0 and 48 h.
Arthritis was scored twice daily by clinical examination
(clinical scoring described above) and experiments were
normally conducted over a two-week period or until mice
reached maximal clinical scoring.

Statistical Analysis

The anti-CII IgG antibodies were analyzed at different
time points after immunization using ANOVA.
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RESULTS

PECAM-1−/− Mice on an H -2b Background
are Susceptible to CIA

Susceptibility to CIA and RA are clearly associated
with the MHC class II polymorphism in the induction
of the disease (26–28). In genetically resistant strains of
mice, neither arthritis nor high levels of anticollagen anti-
bodies are produced, including BALB/c (H -2d ), C3H/He
(H -2k), or C57BL/6 (H -2b) mice (28–29). Although the
PECAM-1−/− mice were generated and backcrossed eight
generations onto H -2b C57BL/6 background, a haplotype
that is less susceptible to CIA induction, we wanted to
determine if deletion of this inhibitory co-receptor would
convert a nonsusceptible strain of mice into a susceptible
one. In order to investigate if PECAM-1−/− mice on an

H -2b background with 200 µg chicken type II collagen
(CII) in conjunction with CFA containing Mycobacterium
tuberculosis (MT) strain H37Rv and boosted at the same
location with 200 µg CII plus incomplete Freund’s ad-
juvant 21 and 42 days later. The mice were observed for
the development of arthritis three times a week starting
from day 7 after immunization and bled periodically for
anti-CII antibody determination in comparison to age and
sex-matched H -2b wild-type C57BL/6 or DBA/1 mice.
In addition, we have included wild-type littermates from
C57BL/6/129 genetic background to control for any in-
fluence of residual 129 genes.

To our surprise, we found that PECAM-1−/− mice on a
genetically resistant background were more susceptible to
erosive progressive arthritis and had increased incidence
of disease in an active CIA model. As shown in Fig. 1A,

Fig. 1. Incidence and severity of collagen-induced arthritis in PECAM-1−/− mice on a H-2b

background. (A). Incidence of arthritis expressed as a percentage of mice that are assessed for
clinical features of arthritis for each group determined on a given day. The figure shows results
of three combined experiments performed (n = 9 per experiment). (B). Clinical scoring of
PECAM-1−/− C57BL/6 H-2b mice (�, n = 9), BX8 C57BL/6/129 H-2b littermate mice (•,
n = 9), wild-type C57BL/6 H-2b mice ( , n = 9), and DBA/1 H-2q mice (�, n = 9) after
immunization with CII according to “Materials and Methods.” Results are expressed as a
clinical score based upon the mean arthritic score for each group determined on a given day
during the course of collagen-induced arthritis.
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PECAM-1−/− C57BL/6 mice developed a more accel-
erated arthritis over time than wild-type C57BL/6 mice
and wild-type C57BL/6/129 littermate mice, but not as
progressive as DBA/1 mice. By day 49, 82% of PECAM-
1−/− C57BL/6 mice had developed arthritis, while 22% of
wild-type C57BL/6, 22% of wild-type C57BL/6/129 lit-
termates and 100% of DBA/1 mice had developed arthri-
tis. The mean onset of the disease following CII immu-
nization for PECAM-1−/− C57BL/6 mice was day 32
compared to wild-type C57BL/6 mice at day 51, PECAM-
1+/− C57BL/6 littermates at day 53 and DBA/1 mice at
day 18. In terms of disease severity, the mean maximal
arthritic index for PECAM-1−/− C57BL/6 mice was sig-
nificantly lower as compared to DBA/1 mice (11.67 ±
0.82 vs 8.91 ± 0.91 by Day 65; P < 0.05; n = 9). This
mean maximal arthritic index in PECAM-1−/− C57BL/6
mice was significantly higher than wild-type C57BL/6
mice (5.00 ± 0.73; P < 0.05, n = 9) and wild-type
C57BL/6/129 littermates (2.50 ± 0.34; P > 0.05, n = 9)
(Fig. 1B).

Histopathological Features of CIA
in PECAM-1−/− C57BL/6 Mice

The hind paws of CIA-induced wild-type C57BL/6,
PECAM-1−/− C57BL/6, and DBA/1 mice were ex-
amined visually and histologically at the termination
of the experiment by hematoxylin and eosin staining
(Fig. 2A–I). PECAM-1−/− C57BL/6 and DBA/1 joints
showed arthritic lesions consisting of inflammatory in-
filtrates of lymphocytic and monocyte/macrophage cells
associated with cartilage-bone destruction (Fig. 2D, F,
G, I). In contrast, the joints of nonarthritic wild-type
C57BL/6 mice appeared histologically normal, with no
significant inflammatory infiltrates or cartilage-bone de-
struction (Fig. 2E, H). Thus, histologically the arthritic
lesions of CIA-induced PECAM-1−/− C57BL/6 mice
showed similar features to the CIA-susceptible DBA/1
mouse strain.

Cellular and Humoral Immune Responses in
CIA-Induced PECAM-1−/− C57BL/6 Mice

Previous studies have demonstrated that PECAM-1−/−

mice have higher antibody levels in response to thymus-
independent antigens (18). These studies suggested that
PECAM-1 may serve a role in modulation of humoral
immune responses. In order to investigate differences in
the immune responses to collagen type II, we examined
the cellular and humoral responses for PECAM-1−/−

compared to PECAM-1+/+ mice. As shown in Fig. 3,
the T-cell proliferative response of popliteal lymph node
cells derived from ultrapure, pepsin-free collagen type II

primed PECAM-1−/− and PECAM-1+/+ mice demon-
strated that the PECAM-1−/− T cells had lower prolifera-
tive responses. These results suggest that the exaggerated
CIA observed in the PECAM-1−/− mice is not explained
by hyper-proliferative T-cell responses.

As immunization with CII leads to development of an-
tibodies directed towards conformational CII-specific epi-
topes that play a major role in the pathogenesis of CIA, we
wanted to determine the collagen-specific total IgG, IgG1,
IgG2a , and IgG2b antibody production in sera of PECAM-
1−/− C57BL/6 mice compared to wild-type C57BL/6 and
DBA/1 immunized mice. As shown in Fig. 4, PECAM-
1−/− mice had higher anti-CII antibody titres than those of
wild-type C57BL/6 and DBA/1 mice for anti-CII IgG1 and
IgG2b isotypes (P < 0.05; n = 9). DBA/1 mice showed
high anti-CII antibody titres for anti-CII IgG2a compared
to wild-type C57BL/6 and PECAM-1−/− C57BL/6 mice
(Fig. 4) (P < 0.01; n = 9) (Fig. 4). Therefore, the en-
hanced antibody response to anti-CII IgG1 isotype in the
PECAM-1−/− C57BL/6 mice may suggest that PECAM-
1 may be regulating Th2-biased help and IL-4 activities
that are generally associated with IgG1 isotype.

Arthritic Development is not Augmented by Transfer
of Arthritogenic K/BxN Sera into PECAM-1−/−

C57BL/6 Mice

In order to determine if PECAM-1 modulates the early
stages of arthritis development or the later stages of
progressive disease, we adoptively transferred arthrito-
genic monoclonal antibodies derived from pooled sera
of K/BxN mice into both wild-type and PECAM-1−/−

C57BL/6 mice. In these experiments, pooled (K/BxN)
and normal C57BL/6 sera were transferred to wild-type
and PECAM-1−/− C57BL/6 mice. All mice that received
the pooled K/BxN sera initially developed arthritis by
day 2 and reached maximum clinical scores by day 10
(Fig. 5). In contrast, both the wild-type and PECAM-
1−/− C57BL/6 mice receiving normal C57BL/6 sera did
not develop clinical signs of arthritis. Both PECAM-
1−/− C57BL/6 and wild-type C57BL/6 mice developed
inflammatory arthritis over time with similar kinetics and
severity (Fig. 5). Therefore, based upon these results, it
would appear that by circumventing the development of
an antibody response by adoptive transfer of arthritogenic
antibodies (K/BxN model), it is possible to bypass the
requirement for PECAM-1 regulation of that response.

DISCUSSION

In this study we have utilized an active CIA mouse
model and an adoptive passive K/BxN serum transfer
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Fig. 2. Clinical and histological features of collagen-induced arthritis in PECAM-1−/− C57BL/6 H-2b mice. (A–C) The
appearance of paws from a typical DBA-1 (A), wild-type C57BL/6 (B), and PECAM-1−/− C57BL/6 (C) mice 60 days after
CII immunization. Note that the PECAM-1−/− and DBA/1 paws are arthritic, while the wild-type mouse paw is normal
in appearance. (D–F) Histological features of hind paws of DBA/1, wild-type C57BL/6, and PECAM-1−/− C57BL/6
mice 60 days after CII immunization. Severe arthritis is seen in DBA/1 (D) and PECAM-1−/− C57BL/6 (F) mice with
inflammatory cellular infiltrate, invasive pannus, and cartilage-bone destruction. Joints of wild-type C57BL/6 (E) mice
were normal in appearance with normal synovia and smooth intact cartilage. Representative sagittal paraffin sections with
haematoxylin–eosin stain (original magnification, 10 × in D–F; bar = 0.1 mm). (G–I) Inflammatory cellular infiltrates and
pannus formation is observed within hind paws of PECAM-1−/− C57BL/6 and DBA/1 mice, but not wild-type C57BL/6
mice. Magnification, 20 × in G–I; bar = 0.1 mm). Ac, articular cartilage, B, bone, P, pannus.

system to dissect the role(s) of PECAM-1 in the initial-
stage and end-stage effector mechanisms in inflamma-
tory arthritis. This study demonstrates a critical role of
PECAM-1 as a key player in the pathogenesis of CIA.
Several important findings have emerged from this study.
Firstly, that the deletion of PECAM-1 renders the nonper-
missive H -2b mouse strain susceptible to CIA in an active
CIA model. Secondly, by adoptive transfer of arthrito-
genic antibodies (K/BxN model), it is possible to bypass

the requirement for PECAM-1 regulation of the antibody
response. Thirdly, the antigen-specific T-cell proliferative
response to collagen type II in PECAM-1-deficient H -2b

mice was reduced compared to wild-type H -2b mice, sug-
gesting that it does not account for the increased suscep-
tibility of PECAM-1-deficient mice on a nonpermissive
genetic background.

Using an active CIA model, we demonstrate
that PECAM-1-deficient mice on an H -2b genetic
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Fig. 3. T-cell proliferation of CII-primed lymph node cells in response
to CII immunization. Popliteal draining lymph node cells from bovine
collagen type II primed PECAM-1+/+ (black bars) and PECAM-1−/−
(white bars) (n = 8) were stimulated in vitro with different doses of
heat denaturated collagen type II (0-250 µg/mL). ConA (1.25 and
2.5 µg/mL) was included as a positive control. Proliferation responses
were determined after 6 h of culturing with [3H]-TdR. These results are
representative of three separate experiments.

background develop a progressive erosive arthritis and
an increased incidence of disease compared to wild-type
mice on a similar genetic background (Fig. 1). The his-
tological characteristics of the arthritic paws of PECAM-
1-deficient mice are similar to those observed in CIA-
susceptible DBA/1 mice (H -2q) (Fig. 2). CIA-induced
PECAM-1-deficient mice also showed elevated levels of
anti-CII IgG1 and IgG2b production (Fig. 4). In contrast,
using the K/BxN model, the passively transferred antibod-
ies induced erosive arthritis in wild-type and PECAM-1-
deficient mice with similar kinetics and severity (Fig. 5).
These results are consistent with the results obtained with
Fcγ RIIb−/− mice, where deletion of Fcγ RIIb lead to an
earlier onset and exaggerated CIA in susceptible mouse
strains and permitted induction of CIA in resistant H -2b

mouse strain (11, 16). The fact that Fcγ RIIb-deficient
mice are more susceptible to CIA induction upon im-
munization with type II collagen may reflect a failure to
maintain peripheral tolerance to potentially cross-reactive
autoantigens (30). This hypothesis is supported by re-
cent studies that suggest that autoreactive B-cell clones

Fig. 4. Anti-CII IgG antibody levels in arthritic PECAM-1−/− C57BL/6 mice after CII immunization. Circulating anti-CII IgG total (A) and
specific isotypes (B) were determined at day 14, 28, 48, and 59 after CII immunization in individual sera of nonarthritic wild-type C57BL/6, arthritic
PECAM-1−/− C57BL/6, and arthritic DBA/1 mice. The mean ± standard deviation of antibody levels of total IgG and isotype-specific IgG anti-CII
are shown. ∗P < 0.05 compared with the wild-type group (n = 9).
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Fig. 5. Passive-transferred arthritis in wild-type versus PECAM-1−/−
mice. (A) Arthritogenic pooled K/BxN sera was transferred into 6-week-
old wild-type C57BL/6 and PECAM-1−/− C57BL/6 mice. Clinical
scoring was recorded for both wild-type C57BL/6 (�) and PECAM-
1−/− C57BL/6 (�) mice over a two-week period (n = 6). Results are
expressed as the mean clinical score (mean ± SD) for each group on
a given day following induction of K/BxN serum-transferred arthritis.
Results represent four combined experiments (n = 6 per group).

may be the important perpetrators in the pathogenesis
of RA (31–33). Alternatively, the increased susceptibil-
ity of Fcγ RIIb-deficient mice to CIA induction could be
due to lack of regulation of antibody effectors. CIA re-
quires a functional B-cell response and the development
of pathogenic anti-CII antibodies directed to target arthri-
togenic epitopes on native helical collagen (2). Therefore,
based upon our study of active and passive transfer models
of CIA using PECAM-1-deficient mice, it would appear
that PECAM-1, like Fcγ RIIb, controls the development
of arthritis by regulating antibody production.

The aetiology and pathogenesis of RA is still un-
der considerable debate. Various studies have demon-
strated that RA is a multifaceted disease involving au-
toimmune targets, different pathogenic mechanisms and
a chronic inflammatory response. Multiple effector cells,
cell surface receptors, and inflammatory mediators have
been shown to be important players in modulation of
the initial-stage and end-stage effector mechanisms of
the disease process. These include B cells, T cells, neu-
trophils, macrophages and mast cells, complement factors
(C5a, C5aR), inflammatory cytokines (IL-1β and TNF-α),
Fc receptors (Fcγ RI, Fcγ RIII, Fcγ RIIa, Fcγ RIIb), Fcγ
common chain and immune complex deposition (GPI–
anti-GPI complexes, pathogenic immunoglobulins) in the
joints (13, 14, 32–34).

Apart from PECAM-1’s role in regulating immunolog-
ical responsiveness, it also has a defined role in chronic
inflammation. PECAM-1 has been previously shown to
be an important mediator of transendothelial migration
of leukocytes, neutrophil recruitment in vivo, and neu-
trophil and monocyte chemotaxis (35–38). These earlier
studies utilized antibody blocking experiments and solu-
ble recombinant PECAM–Ig chimeric molecules to impli-

cate PECAM-1 in regulating leukocyte transmigration and
neutrophil recruitment in vivo (39–41). The subsequent
generation of the PECAM-1 knockout mouse revealed that
its function was not essential during development and in
acute transient inflammation (23). However, it was shown
to be important in attenuating the chronic process of for-
eign body inflammation, transbasement membrane migra-
tion of leukocytes, and vascular permeability (23, 41–43).

Recent studies have demonstrated that PECAM-1 can
negatively regulate ITAM-associated signaling pathways
involving Fcγ common chain and Fcγ RIIa (44–46).
Fc receptors are known to play an important role in
the initiation phase of the pathogenesis of chronic
inflammatory processes and are attractive targets for
biological therapies for RA (11, 14). In this study, we
demonstrate that CIA-induced PECAM-1-deficient H -2b

mice have elevated anti-CII IgG isotype levels, primarily
involving IgG1 and to a lesser extent, IgG2b antibodies in
arthritic animals (Fig. 4). While elevated IgG2a responses
are normally associated with CIA, our findings of elevated
IgG1 and IgG2b in CIA-induced PECAM-1−/− mice are
consistent with deletion of an inhibitory co-receptor as
observed in CIA-induced Fcγ RIIb-deficient mice (16).
Previous studies have demonstrated that multimerized
IgG1 is sufficient at activating the Fcγ III receptor in the
effector pathway of arthritis (47). As the IgG1 isotype
is associated with Th2 promoting regimens, it would
appear that PECAM-1 has a potential role in regulating
Th2 biased help and IL-4 activities in RA. Future studies
will be required to clarify this issue.

During submission of our manuscript, other workers
reported similar findings that deletion of PECAM-1 on a
CIA susceptible H -2q DBA/1 background accelerates the
onset of CIA (48). The main difference in our studies is
that we examined PECAM-1−/− mice on a nonsuscepti-
ble H -2b C57BL/6 genetic background. As PECAM-1 is
widely expressed and upregulated in RA, it is likely to
play an important role in regulating chronic inflammation
throughout the body. Indeed, it would appear that in RA,
PECAM-1 may prove to be an attractive target for therapy
as it has a protective role in the suppression of the autoim-
mune process and modulation of the chronic inflamma-
tory response. Therefore, future treatment strategies may
exploit the ligand and inhibitory signaling properties of
PECAM-1 in chronic inflammatory states to treat patients
with established RA.
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