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Abstract
Collagen antibody induced arthritis is a robust murine model of arthritis that histologically
recapitulates the inflammatory characteristics of rheumatoid arthritis including pannus formation and
destruction of articular cartilage and bone. PECAM is a molecule expressed by both leukocytes and
endothelial cells that has been shown to play a major role in the extravasation of leukocytes into sites
of inflammation. Genetic deletion of many molecules will blunt the onset and progression of arthritis
in murine models, as will administration of various anti-inflammatory therapies given prior to the
onset of disease. However, patients seek medical attention when symptomatic, which means that the
disease is well established. We investigated whether blocking PECAM interactions would inhibit
progression of established disease in the collagen antibody induced arthritis model. We report that
treatment of symptomatic mice with a PECAM-Fc chimera significantly reduced inflammation and
virtually eliminated cartilage and bone destruction. The results suggest that therapies that block
PECAM function may be beneficial in the treatment of established arthritis.
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Introduction
Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease characterized by joint
inflammation and progressive cartilage and bone erosion (Feldmann and Maini, 1999). Murine
models of collagen induced arthritis (CIA) have been widely used to understand the
development of erosive autoimmune arthritis (Van den Berg, 2002). Pathogenesis of both RA
and CIA involve pannus formation and hyperplastic inflammatory tissue that invades the
articular cartilage and bone of the joints (Zvaifler and Firestein, 1994). Leukocyte infiltration
into the joint space and tissue is a key component of both RA and CIA (Tarrant and Patel,
2006). Cytokines generated by the leukocytes that have migrated into synovial tissue
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(specifically TNF-α, IL-1β and Il-6) enhance inflammation (Feldmann and Maini, 1999). These
cytokines activate endothelial cells and leukocytes and cause upregulation of adhesion
molecules such as intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion
molecule 1 (VCAM-1), which are known to regulate adhesion that promotes subsequent
transendothelial migration (TEM) of leukocytes across vascular endothelium (Harlan, 1985).

Active models of CIA involve immunizing susceptible strains of mice with heterologous type
II collagen (Courtenay et al., 1980; Wooley et al., 1981) whereas passive models involve
passive transfer of K/BxN sera (Kouskoff et al., 1996, 1997; Maccioni et al., 2002) or anti
collagen type II antibodies (Terato et al., 1985). A recent commercially available arthritis
induction protocol has provided a new murine RA model (Kachigian, 2006). In this collagen
antibody induced arthritis model (CAIA) disease is triggered by systemic administration of a
cocktail of monoclonal antibodies against various regions of type II collagen.
Lipopolysaccharide (LPS) is administered following the antibody cocktail to provide an
inflammatory stimulus that initiates disease (Terato et al., 1995). The pathogenic features of
CAIA resemble those of RA and CIA, including pannus formation, leukocyte infiltration,
synovitis and cartilage and bone destruction. Disease onset and progression are severe and
rapid in CAIA with onset of symptoms within days of immunization.

Platelet endothelial cell adhesion molecule 1 (PECAM) is constitutively expressed on the
surface of leukocytes and at the borders of endothelial cells and is known to play an important
role in leukocyte transmigration out of the vasculature and into tissues (Muller et al., 1993;
Vaporciyan et al., 1993; Bogen et al., 1994; Muller, 2003; Muller, 2009). PECAM on the
leukocyte participates in a homophilic interaction with PECAM on the endothelial cell, and
blocking this interaction inhibits leukocyte TEM both in vitro and in vivo (Muller et al.,
1993; Liao et al., 1995; Liao et al., 1997; Liao et al., 1999). Blockade of PECAM using
monoclonal antibodies and chimeric soluble PECAM fused to human IgG Fc (PECAM-Fc)
significantly blocks monocyte and neutrophil emigration in several murine models of acute
inflammation (Bogen et al., 1994; Liao et al., 1997; Reinke et al., 2007).

There is increasing evidence that blocking PECAM may also affect leukocyte emigration in
in vivo models of chronic inflammation. Blocking PECAM has been shown to suppress
inflammation in murine models of neuroinflammation (Kalinowska and Losy, 2006; Reinke
et al., 2007) and experimental colitis (Rijcken et al., 2007).

Our laboratory has previously developed a soluble PECAM-Fc chimera that binds to PECAM
in a homophilic manner and inhibits TEM both in vitro and in vivo (Muller, 1995; Liao et al.,
1997). This construct is a better therapeutic agent than xenogeneic monoclonal antibodies, as
it does not opsonize leukocytes (Liao et al., 1997), stimulate host production of neutralizing
antibodies, or activate cells by high affinity binding of cell surface molecules. In this study we
show that murine PECAM-Fc chimera (mPECAM-Fc) treatment ameliorates CAIA in DBA
1/J mice when given after the onset of disease. In addition to suppressing hind paw swelling,
we show for the first time that PECAM-Fc chimera also reduced bone and cartilage destruction
during the course of disease. These results show that PECAM plays an important role in the
progression of CAIA and suggest that PECAM-Fc may have therapeutic value for the clinical
treatment of RA.

Materials and Methods
Mice

Female DBA 1/J (6 wks old) were purchased from the Jackson Laboratory (Bar Harbor, ME)
and housed for 2 wks at Weill Medical College of Cornell University prior to experiments.
Animals were used at 8 wks of age.
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Isolation and purification of mPECAM-Fc from transgenic sera
Transgenic mice expressing high levels of mPECAM-Fc (Tg11) have been described
previously (Liao et al., 1999). These mice constitutively secrete a fusion protein composed of
the extracellular portion of murine PECAM and the Fc domain of human IgG1. The transgenic
mPECAM-FC protein was purified from pooled Tg11 serum by affinity chromatography using
a protein A sepharose column. The bound protein was eluted with 0.1 M glycine (pH 2.5) and
neutralized with 1/10 vol of 1 M Tris-HCl. After dialysis in PBS, the purified protein was filter-
sterilized and stored at −20°C until use. Human IgG1 was purified in a similar manner and
used as a negative control.

The molecular size of the purified transgenic protein was verified by SDS-PAGE under non-
reducing conditions. The gel was stained with Coomassie blue to verify the 230 kD mPECAM-
Fc band and purity.

PECAM-Fc Quantification
Soluble chimeric PECAM-Fc protein was quantified by ELISA using purified human IgG1 as
standards as described by Liao et al (Liao et al., 1995). In brief, 96-well polyvinyl microtiter
dishes were coated with 25 µg/ml of purified goat anti-human Fc Ab (Pierce, Rockford, IL),
nonspecific binding was blocked with PBS containing 0.1% OVA, and dilutions of the test
sera (or purified chimera) were then incubated on the treated plates, which were then washed
extensively. Bound chimera was detected with alkaline phosphatase-conjugated goat anti-
human Fc polyclonal Ab (Pierce) and substrate (p-nitrophenyl phosphate) in Attophos substrate
buffer (JBL Scientific, San Luis Obispo, CA). Fluorescence was quantified on a Cytofluor
3500 (PerSeptive Biosystems, Framingham, MA) using known quantities of human IgG1 as
standards.

Induction of Arthritis
Commercially available Arthrogen-CIA Monoclonal Antibody Blend (Chemicon
International), was used according to the protocol described (Kachigian, 2006). Briefly at day
-3 mice received an intraperitoneal (i.p.) injection of 4 mg of Arthrogen monoclonal antibody
cocktail under isofluorane anaesthesia. Control mice received an equal volume of PBS. On day
0 all mice received and i.p. injection of 50 µg of LPS. Mice were monitored daily for arthritic
symptoms. By day 2 all mice receiving arthrogen showed hind paw redness and edema. At this
point all mice were randomized into treatment and control groups. Mice received i.p. injections
of 100 µg of mPECAM-Fc (or control human IgG1, to match the isotype of the human Fc
portion of the chimera) every other day (experiment 1) or every third day (experiment 2) for
14–17 days after which mice were sacrificed by CO2 asphyxiation and analyzed.

Peripheral Leukocyte Counts
Blood was obtained from all mice in the middle and end of the experiment by retro-orbital
bleeding. Approximately 20 ul of heparinized blood was diluted with 180 ul of Turks solution
to lyse RBC’s. Leukocytes were visualized under a light microscope and counted using a
hemacytometer.

Ankle Thickness Measurements
Hind paw swelling was monitored throughout the experiment by measurements with a dial
thickness gauge (Mitutoyo, USA).

Histologic Analysis of Joints
Following sacrifice, the hind legs and forearms of every animal were severed and fixed in 10%
(wt/vol) buffered formalin. The specimens were then decalcified embedded in paraffin.
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Sections were stained with hematoxylin and eosin for microscopic evaluation. The severity of
arthritis in each joint was graded by an experienced pathologist blind to the identity of the
specimens. A histopathology score was assigned to each slide based on the following criteria:
0= normal, no pathology; 1=mild inflammation, mild synovial hyperplasia; 2=moderate
synovial hyperplasia and pannus formation; 3=severe synovial hyperplasia with no bone
destruction; 4=focal bone destruction; 5=diffuse bone destruction. After scoring the results
were unblinded and the score for all four paws was averaged for each mouse.

Statistical Analysis
Values were expressed as the mean +/− SEM. Statistical analysis between group I and group
II was performed using Student’s t-test and Wilcoxon sum rank test. All analysis was performed
using GraphPad Prism software.

Results
mPECAM-Fc treatment protects against inflammation

Figure 1a shows ankle thickness measurements throughout the course of CAIA. On Day -3,
mice received either 4 mg of arthrogen antibodies or PBS. On Day 0 all mice received 50 µg
of LPS. Several mice that had received arthrogen already showed mild ankle swelling at this
point. By Day 2 almost all of the arthrogen treated mice were symptomatic and showed a
significant increase in ankle thickness, but were otherwise healthy. The control mice appeared
to be unaffected. At this point the arthrogen-treated and PBS-treated mice were randomized
into two treatment groups. One group received 100 µg of mPECAM-Fc every other day; the
other received 100 µg of human IgG1 every other day.

In the arthrogen-treated control group (treated with human IgG1 every other day) ankle
thickness steadily increased between days 3 and 7. Although joint swelling began to decrease
after day 7 (as is customary in this model (Kachigian, 2006), ankle thickness remained elevated
above the initial background level until the end of the experiment (day 17). The progression
of ankle swelling was significantly different in the mice treated with mPECAM-Fc every other
day: Swelling decreased down to background levels from day 2 (the day they received
mPECAM-Fc) through the end of the experiment. Therefore, it appeared that treating mice
with mPECAM-Fc limited ankle joint inflammation. Control mice treated with either
mPECAM-Fc or human IgG1 showed no change in ankle thickness throughout the time course.

Based on the success of this experiment, we repeated the experiment and administered
mPECAM-Fc (or human IgG) to the mice every third day. A similar trend in ankle thickness
was seen where mPECAM-Fc reduced the severity and progression of ankle thickness (Figure
1b). The area under the curve in both experiments for the mPECAM-Fc treated mice is half of
the area for the arthritic mice treated with control IgG1.

mPECAM-Fc treatment reduced the severity and progression of CAIA
Since joint swelling represents mostly tissue edema, and this resolved (although not to baseline
in the group treated with control IgG), we carried out histopathologic studies at the end of the
experiments to determine whether there were any permanent changes in the joints as a result
of the arthritis.

Each joint was assigned a histopathology score based on the severity of disease as described
in Materials and Methods. The average histopathology score (assessing all four joints) for each
mouse, as well as the mean for each treatment group, are shown in Figure 2. The full spectrum
of chronic inflammatory changes was seen in affected joints, including severe erosion and
invasion of articular cartilage by pannus and destruction of bone. Mice exposed to the arthrogen
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but treated with mPECAM-Fc showed a significantly lower histopathology score including
much less bone destruction than arthrogen-exposed mice treated with human IgG1. This was
true whether the mPECAM-Fc treatment was given every other day (Fig. 2A) or every third
day (Fig. 2B). A score of 4 indicates focal bone destruction; a score of 5 indicates diffuse bone
destruction. Although mPECAM-Fc treated mice showed evidence of disease (as compared to
the PBS control groups), the treatment group showed significantly less histopathologic damage
in terms of leukocyte infiltration, pannus formation and bone destruction than the arthritic mice
treated with human IgG1.

mPECAM-Fc treated mice have normal numbers of circulating leukocytes
The number of circulating leukocytes in each animal at two different time points during the
experiment is shown in Figure 3. The number of leukocytes present in peripheral blood for
each animal was determined at the middle and end of arthritis progression. Comparison of the
means shows that all four treatment groups had similar numbers of peripheral leukocytes
throughout the time course of the experiment. These data show that mPECAM-Fc treatment
does not decrease the total number of circulating leukocytes in the treated mice and that the
decrease in joint infiltrating leukocytes seen in the treatment group is not due to a reduction in
total number of leukocytes present in the animal.

mPECAM-Fc ameliorates bone and cartilage destruction in arthritic mice
Representative joint histologic sections are shown in Figure 4. In the non-arthrogen treated
animals no inflammatory cell infiltrates, synovitis, or joint destruction was observed. In the
control arthritic mice treated with human IgG a massive inflammatory response was seen in
the ankle joint. A large number of migrating leukocytes were present in the synovium. The
synovial tissue showed significant pannus formation and extensive hyperplasia. The articular
surface of the joint was almost completely destroyed and there was evidence of massive bone
and cartilage erosion. In marked contrast, the mPECAM-Fc treated mice show few infiltrating
leukocytes, limited synovial hyperplasia and much less bone and cartilage destruction.

Discussion
Our data show that treatment with a PECAM-blocking agent inhibits inflammation and
progression of arthritis in the CAIA model. This model is a very robust one that mimicks the
efferent phase of rheumatoid arthritis, where leukocytes are attracted by and respond to immune
complexes in the joint. Affected joints display acute and chronic leukocyte infiltration, pannus
formation, articular cartilage erosion and destruction of underlying bone. To our knowledge,
this is the first report of a treatment that can prevent cartilage and bone destruction in a mouse
model. In a previous study using the CIA model, treating arthritic mice with anti-PECAM
antibody inhibited hindpaw swelling but failed to have an effect on joint destruction (Ishikawa
et al., 2002). The discrepancies may relate to differences in the model. The chronic
inflammatory changes and joint destruction that we observed were far more severe than the
images shown in that study (Ishikawa et al., 2002), so the salutary effects of blocking PECAM
function are likely to be more apparent in our model.

Just as important, the treatment was effective when given after the mice became symptomatic.
This represents a more realistic clinical situation where patients present after the onset of
symptoms. Mice were randomized into treatment groups after joint swelling was readily
apparent. Those treated with control IgG developed progressive inflammation and joint
destruction. In contrast, joint swelling in those treated with PECAM-Fc did not progress to the
same severity and resolved more rapidly (Figure 1). The protection afforded by blockade of
PECAM function was not limited to soft tissue edema. Histopathologic studies demonstrated
markedly and significantly reduced inflammatory cell infiltrates in mice treated with
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mPECAM-Fc, which corresponded to a significant reduction in the irreversible changes
associated with arthritis—cartilage and bone destruction (Figure 2 and Figure 4). Virtually no
bone destruction was seen in any joint of affected mice treated with mPECAM-Fc.

Blockade of PECAM using monoclonal antibodies and PECAM-Fc significantly blocks
monocyte and neutrophil emigration in several murine models of acute (Bogen et al., 1994;
Liao et al., 1997; Reinke et al., 2007) and chronic inflammation (Kalinowska and Losy,
2006; Reinke et al., 2007; Rijcken et al., 2007). The antibody or PECAM-Fc interfere with the
homophilic leukocyte PECAM-endothelial cell PECAM interactions that are required for
leukocytes to cross blood vessels into sites of inflammation. The reductions in inflammatory
cell infiltration and subsequent joint destruction in the mPECAM-Fc treated mice in this study
are consistent with the known role of PECAM in leukocyte extravasation from blood into
inflamed tissues, as seen in other models of inflammation.

However in studies where PECAM deficient (i.e. “PECAM knockout”) mice were used to
examine models of acute and chronic inflammation, the results have been more varied and
indicated both pro- and anti-inflammatory roles for PECAM. For example, PECAM deficient
mice showed increased susceptibility to CIA and experimental autoimmune encephalitis (EAE)
(Graesser et al., 2002; Tada et al., 2003; Wong et al., 2005) thereby indicating that in these
studies the absence of PECAM accelerated disease progression. In other studies, PECAM
deficiency had a protective effect on CIA and peritonitis. (Schenkel et al., 2004; Wong et al.,
2005). The complexity of the response of PECAM deficient mice in models of chronic
inflammation may be due in part to the fact that some studies focused on the role of T cells in
the afferent arm of the response while others focused on the role of myeloid cells in the efferent
arm. However, the recent finding that PECAM-1 controls leukocyte transmigration in all strains
of mice tested except C57Bl/6 (Schenkel et al., 2006; Seidman et al., 2009) suggests that those
studies employing PECAM-deficient mice in the C57Bl/6 strain may need to be reinterpreted
(Graesser et al., 2002; Wong et al., 2005).

In summary, in the CAIA model of rheumatoid arthritis, which resembles the destructive
(efferent) arm of the disease process, we find that blocking PECAM function using mPECAM-
Fc significantly reduces inflammation and joint destruction even when given after the mice
become symptomatic. Therefore PECAM may be an important therapeutic target for
established inflammatory arthritis.
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Figure 1. Soluble PECAM chimera reduces inflammation in collagen antibody induced arthritis
Ankle thickness measurements (in mm) are shown throughout the time course of CAIA. On
Day -3 (not shown), mice received either 4 mg of arthrogen antibody cocktail or PBS. The
mice in the top panels received arthrogen (10 mice per group) whereas the mice in the bottom
panels received PBS (5 mice per group). All mice received 50 µg of LPS on day 0. Starting at
day 2 (arrow Rx,) all mice that received arthrogen or PBS were randomized into two treatment
groups that received 100 µg of either human IgG1 (left column) or mPECAM-Fc (right column)
intraperitoneally. A) Mice were treated with mPECAM-Fc or human IgG1 (huIgG1) every
other day. The total area under the curve is significantly less for the arthrogen mice that received
PECAM-Fc (12.49 arbitrary units) compared to arthrogen mice that received human IgG1
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(23.35 arbitrary units). B) Mice were treated every third day. The total area under the curve is
significantly less for the arthrogen mice that received PECAM-Fc (11.57 arbitrary units)
compared to arthrogen mice that received human IgG1 (22.24 arbitrary units).

Dasgupta et al. Page 10

Exp Mol Pathol. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Soluble PECAM chimera reduces pannus formation and joint destruction even when
given after symptoms
The histopathology score for mice in each treatment group is shown. The average combined
score across all four joints (2 fore and 2 hind) is shown for each mouse as an individual dot.
The mean value for each group is shown (bar). A) Mice were treated with mPECAM-Fc or
human IgG1 every other day. B) Mice were treated every third day. In both experiments,
arthrogen-treated mice (Arth) treated with mPECAM-Fc had a significantly lower mean
histopathology score than arthrogen-treated mice treated with control IgG (* t-test, p<0.05).
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Figure 3. Soluble PECAM chimera does not affect circulating leukocyte counts
Peripheral leukocyte counts are shown for each treatment group at two timepoints (day 9 and
day 17). Values are shown as the number of white blood cells per ml of blood. Data are shown
as the average +/− SEM for each treatment group. There are no significant differences between
the means across all treatments groups at both timepoints (p<0.01)
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Figure 4. Soluble PECAM chimera protects from bone destruction in CAIA
Representative histopathology of hind joints. The same portion of the joint is shown in each
panel. Minimal synovial hyperplasia or leukocyte infiltration is seen in the mice that did not
receive arthrogen (bottom two panels). Note smooth articular cartilage surfaces (arrowheads).
Mice that received arthrogen and were treated with control human IgG1 showed significant
synovial hyperplasia, pannus formation and numerous infiltrating leukocytes (upper left panel).
There was significant bone and cartilage destruction and disruption of the articular surface of
the joint (asterisks along what used to be joint space). In contrast, mice that received arthrogen
and were subsequently treated with PECAM-Fc showed markedly reduced leukocyte
infiltration and synovial hyperplasia. Note preserved articular surface (arrowhead). There was
also an absence of cartilage erosion or bone destruction, and the articular surfaces of the joint
appear intact and smooth (upper right panel). Pictures are representative of all mice in each
treatment group from all experiments. Original magnification = 125×.
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