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Although mast cells (MCs) often are abundant in the synovial tissues of patients with rheumatoid arthritis, the contribution
of MCs to joint inflammation and cartilage loss remains poorly understood. MC-restricted tryptase/heparin complexes have
proinflammatory activity, and significant amounts of human tryptase � (hTryptase-�) are present in rheumatoid arthritis
synovial fluid. Mouse MC protease-6 (mMCP-6) is the ortholog of hTryptase-�, and this serine protease is abundant in the
synovium of arthritic mice. We now report that C57BL/6 (B6) mice lacking their tryptase/heparin complexes have attenuated
arthritic responses, with mMCP-6 as the dominant tryptase responsible for augmenting neutrophil infiltration in the K/BxN
mouse serum-transfer arthritis model. While inflammation in this experimental arthritis model was not dependent on
protease-activated receptor-2, it was dependent on the chemokine receptor CXCR2. In support of the latter data, exposure
of synovial fibroblasts to hTryptase-�/heparin or mMCP-6/heparin complexes resulted in expression of the neutrophil
chemotactic factors CXCL1/KC, CXCL5/LIX, and CXCL8/IL-8. Our proteomics, histochemistry, and immunohistochem-
istry data also revealed substantial loss of cartilage-derived aggrecan proteoglycans in the arthritic joints of wild-type B6
mice but not mMCP-6-null B6 mice. These observations demonstrate the functional contribution of MC-restricted tryptase/
heparin complexes in the K/BxN mouse arthritis model and connect our mouse findings with rheumatoid arthritis
pathophysiology. The Journal of Immunology, 2009, 182: 647– 656.

R heumatoid arthritis (RA)3 is an autoimmune disease
whose pathophysiology involves multiple cellular lin-
eages and inflammatory processes that conspire to pro-

duce synovial inflammation, joint pain, joint swelling, and ulti-
mately destruction of cartilage and bone. Because the synovium in
RA patients is often infiltrated with lymphocytes and macro-

phages, many groups have focused their attention on the roles of
these immune cells in the pathology of the autoimmune disease
(1). Less widely appreciated is the marked increase in mast cell
(MC) numbers in the synovial sublining of RA patients (2–10).
Indeed, numerous groups reported that joint tissue isolated from
RA patients contains 6- to 25-fold more human tryptase �
(hTryptase-�)-expressing MCs than does normal synovial tissue.
In some instances, MCs comprise up to 5% of the nucleated cells
in the arthritic synovium. This cellular increase in the chronically
inflamed joint raises the possibility that MCs have switched from
a beneficial physiologic role (e.g., as sentinel cells that protect the
vulnerable synovial cavity from infectious organisms) to active
participants in the immunopathology of joint inflammation and/or
destruction (11). Indeed, MCs tend to localize at the junction of the
pannus and cartilage, as well as in areas where the pannus is in-
vading cortical bone (2, 12, 13). Moreover, rapid degradation of
cartilage-derived aggrecan proteoglycans occurs when tryptase-ex-
pressing MCs are induced to release their granule proteases in
MC/chondrocyte and MC/cartilage co-cultures (14). Nevertheless,
the definitive contribution of MCs and their varied mediators in
human RA remains enigmatic due to the fact that no MC-specific
therapeutic intervention has been developed.

Although WBB6F1-KitW/KitW-v (W/Wv) and WCB6F1-KitlSl/
KitlSl-d mice possess many non-MC-dependent disorders that
greatly complicate data interpretation, numerous studies conducted
on these respective Kit- and Kit ligand-defective mice have im-
plicated prominent contributions of MCs to the pathophysiology of
autoimmune inflammatory arthritis. For example, we and others
noted that MC-deficient W/Wv and WCB6F1-KitlSl/KitlSl-d mice
are resistant to arthritis induced by autoantibodies against collagen
or glucose-6-phosphate isomerase (15–17). In support of these
data, van den Broek and coworkers (18) noted that cartilage ero-
sion in the knee was significantly reduced in W/Wv mice 14–35
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days after these animals were sensitized with intradermal methyl-
ated BSA in the presence of adjuvant followed by intraarticular
methylated BSA challenge. Although inflammation is a prominent
feature of the methylated BSA arthritis model, swelling of knee
joints is minimal in contrast to other experimental arthritis models
involving distal peripheral joints. In the K/BxN mouse serum-
transfer model in which mice are given pathogenic autoantibodies
to glucose-6-phosphate isomerase, adoptive transfer of in vitro-
differentiated Kit/tryptase-expressing wild-type (WT) MCs into
W/Wv mice restored arthritic susceptibility (15). Further studies in
this animal model revealed that MCs are activated by IgG Fc re-
ceptors and can contribute to joint inflammation by elaborating
IL-1 (19). Although the latter study demonstrated that MC-derived
IL-1 was important in the initiation phase of the disease, a medi-
ator that is more restricted to MCs must contribute significantly to
the pathogenesis of autoimmune arthritis to explain the perceived
MC dependence that occurs in W/Wv mice due to the fact that
macrophages and other cell types in the joint also express IL-1.

Tetramer-forming tryptases are selectively expressed in the
MCs of every examined mammal, including mice (20, 21) and
humans (22–24). The two tetramer-forming tryptases in mice are
mouse MC protease (mMCP)-6 and mMCP-7. Their genes reside
adjacent to one another on chromosome 17A3.3 (25), and
mMCP-6 and mMCP-7 form heterotypic and homotypic tetramers
(26). The human ortholog of mMCP-6 is hTryptase-�, and both
serine proteases are sequestered in the granules of MCs ionically
bound to heparin-containing serglycin proteoglycans. Indeed, the
packaging of MC neutral proteases in the cytoplasmic granules of
safranin� MCs is highly dependent on serglycin proteoglycans
that contain heparin glycosaminoglycans (27, 28), and the biosyn-
thesis of heparin in these cells is controlled by N-deacetylase/N-
sulfotransferase-2 (NDST-2). Heparin stabilizes the tryptase tet-
ramer unit (29, 30) and restricts the enzyme’s substrate specificity
(31). These tryptase/heparin complexes are exocytosed into the
surrounding microenvironment in a regulated fashion upon MC
activation (reviewed in Refs. 32, 33). MC subpopulations in mice
and humans differ in their expression of tryptases and other granule
proteases (34). Relevant to our study, human and mouse synovial
MCs store abundant amounts of hTryptase-� and mMCP-6, re-
spectively, in their secretory granules (7, 8, 13, 35, 36). The ob-
servation that IL-33 induces MC-committed progenitors to in-
crease their expression of hTryptase-� (37) is significant
considering the recent finding that IL-33 exacerbates collagen-in-
duced arthritis in a MC-dependent manner (38). The accumulated
data raise the possibility that MC-restricted tryptases have prom-
inent roles in RA and in experimental arthritis.

Recent studies demonstrated functional roles for MC-restricted
tryptases in innate immunity. Of particular relevance to K/BxN
mouse experimental arthritis that is dependent on neutrophils (39–
41), mMCP-6�/�/mMCP-7�/� (6�/7�) C57BL/6 (B6) mice dem-
onstrated decreased neutrophil recruitment and reduced survival
after infection of the peritoneal cavity with Klebsiella pneumoniae
(42). In support of these data, administration of recombinant
mMCP-6 or hTryptase-� into the peritoneal cavity or lungs of
normal mice resulted in a marked influx of neutrophils (30, 31, 43,
44). The contribution of MC-restricted tryptases to the accumula-
tion of peripheral blood neutrophils into the arthritic joint could be
due to their ability to stimulate the expression and release of neu-
trophil-specific chemotactic factors from nearby bystander cells. In
this regard, we and others showed that tryptases can induce cul-
tured human epithelial and endothelial cells to increase their ex-
pression of CXCL8/IL-8 (31, 45, 46). Nakano and coworkers also
reported that cultured human fibroblast-like synoviocytes (FLS)
increased their expression of CXCL8 when exposed to a partially

purified preparation of synovium-derived hTryptase-� (47). Other
possible mechanisms by which MC-restricted tryptases could con-
tribute to inflammatory pathogenesis include activation of matrix
metalloproteinases (48–50), cleavage of extracellular matrix com-
ponents (51), stimulation of fibroblast proliferation and collagen
production (52), and proteolysis of fibrinogen (53). Indeed, MC
proteases have been demonstrated to contribute to cartilage deg-
radation in vitro in the absence of the inflammatory cells present in
the arthritic joint (14).

Having previously demonstrated the presence of mMCP-6 pro-
tein in the synovial MCs of healthy and diseased mice (35), we
hypothesized that the elaboration of this serine protease and/or its
closely related family member mMCP-7 could represent a MC-
specific contribution to the proinflammatory milieu of the joint in
the K/BxN mouse serum-transfer arthritis model. The creation of
B6 mice that differ in their expression of mMCP-6, mMCP-7, and
NDST-2 allowed us the opportunity to evaluate the potential roles
of MC-restricted tryptase/heparin proteoglycan complexes in ex-
perimental arthritis. Utilizing the autoimmune K/BxN mouse se-
rum-transfer model of experimental arthritis and our different
transgenic mouse strains, we now report that MC-restricted
mMCP-6/heparin proteoglycan complexes serve as important in-
tensifiers of inflammation within the joint via enhancing the re-
cruitment of neutrophils in a protease receptor-2 (PAR-2)-inde-
pendent manner. Furthermore, we show that enzymatically active
recombinant mMCP-6 induces cultured mouse FLS to increase
their expression of CXCL1/KC/GRO-� and CXCL5/LIX/ENA-
78, and we demonstrate that mice lacking CXCR2 develop less
joint inflammation. Finally, we show that mMCP-6/heparin pro-
teoglycan complexes contribute to joint destruction by promoting
the degradation of the aggrecan proteoglycans in the diseased
cartilage.

Materials and Methods
Mice

WT mMCP-6�/�/mMCP-7�/� (6�/7�) (54) B6 mice and CXCR2�/�

BALB/c mice (55) were obtained from The Jackson Laboratory. PAR-2�/�

B6 mice (56) were a kind gift from Dr. Shaun Coughlin (University of
California at San Francisco, San Francisco, CA). These mice and NDST-
2�/� (10-generation backcrosses with B6 mice) (27), 6�/7� (generated in
B6 embryonic stem cells followed by 8-generation backcrosses with B6
mice) (42), and mMCP-6�/�/mMCP-7�/� (6�/7�) (10-generation back-
crosses with B6 mice) (57) mice were maintained under specific pathogen-
free conditions. Although most examined WT mice express mMCP-6 and
mMC-7, the MCs in WT B6 mice constitutively lack mMCP-7 (58) due to
a splice-site point mutation in this gene that causes rapid catabolism of the
defective transcript by the “nonsense” posttranscriptional pathway (54).
K/BxN mice were maintained as described (35). All mice were age and
gender matched, and experiments were conducted using animal protocols
approved by the Dana-Farber Cancer Institute/Brigham and Women’s Hos-
pital Animal Care and Use Committee.

K/BxN mouse serum-transfer arthritis

Arthritogenic K/BxN mouse serum containing autoantibodies to glucose-
6-phosphate isomerase was administered to recipient mice using a modi-
fication of a previously described experimental approach (59). To induce
arthritis, mice received two 150-�l i.p. injections of diluted (50 �l serum �
100 �l sterile PBS) serum on experimental days 0 and 2. Clinical indices
were recorded at 24- to 48-h intervals, and indices were graded on a scale
of 0 to 12 as described (15). Ankle thickness was measured using a spring-
loaded dial thickness gauge (Long Island Indicator Service). Measurements
were made axially across the ankle joint, with the ankle in full dorsiflexion.

Histochemistry, enzyme cytochemistry, and immunohistochemistry
of the arthritic joint

Ankles were harvested as previously described (35). Briefly, the skin
around each ankle was gently removed, and tissue from the distal one-third
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of the tibia to the midpaw was collected. After fixation with 4% parafor-
maldehyde, ankles were decalcified in Kristensen’s solution (60), dehy-
drated, and embedded in paraffin. Tissue was cut into 4-�m sections, and
midsagittal ankle sections were stained with H&E. Histological grading of
synovial inflammation and cartilage and bone erosion in the ankle sections
were performed as previously described (40, 61). Cell lineages were iden-
tified using standard histochemical and enzyme cytochemical approaches
(57, 62). For example, toluidine blue stain, Congo red stain, and chloro-
acetate esterase substrate were used to identify MCs, eosinophils, and neu-
trophils, respectively. Histomorphometric enumeration of leukocyte lin-
eages were performed by counting stained cells in synovial tissue
surrounding ankle and tarsal joints in midsagittal hindpaw sections. An
eyepiece reticule (Leica Microsystems) was used to define a unit of 0.04
mm2 restricted to within 200 �m of the synovial lining layer. Observers
were blinded to the experimental condition and genotype of the animals in
these analyses.

Previously described (35, 57) immunohistochemical approaches were
performed on fixed, deparaffinized sections with a Vectastain ABC-alka-
line phosphatase kit (Vector Laboratories) and the relevant rabbit anti-
peptide Abs to identify the presence of mMCP-4, mMCP-5, mMCP-6, and
mMCP-7 protein in the synovium samples. Rabbit anti-mouse aggrecan Ab
(Millipore) was utilized to analyze aggrecan depletion in cartilage of ar-
thritic ankles. For substrate, FAST Fast Red (1 mg/ml) (Sigma-Aldrich)
was applied for 20 min. To confirm the presence of neutrophils, after Ag
retrieval per manufacturer protocol, sections were stained with the NIMP
R14 anti-neutrophil Ab (Abcam) or with control rat IgG, followed by de-
tection with a Vectastain ABC-HRP kit and DAB substrate. This neutro-
phil-specific Ab recognizes the surface protein Ly6G/Gr1. Tissue was sub-
sequently counterstained with Gill’s II hematoxylin and mounted with
Crystal/Mount (Biomeda) or Cytoseal (Biomeda).

Mass spectrometry analysis of abundant proteins in arthritic
joints

Detergent lysates of joint tissues from hindpaws of experimental mice were
prepared by mechanical disruption, as previously described (40). Twenty-

five micrograms of protein extract obtained from each mouse ankle joint
was fractionated on a 4–10% Tris-HCl polyacrylamide gradient gel (Bio-
Rad) run for 90 min at 130 V with Tris-glycine-SDS buffer (Bio-Rad). All
gels were washed and stained with Coomassie blue G250 (Bio-Rad) for 20
min and then destained in deionized water. A total of 12 gel slices (5 mm2)
were excised from each lane in the gel. Individual gel slices were placed in
0.6-ml microfuge tubes (Axygen Scientific) and incubated at room tem-
perature for 10 min in 25 mM NH4HCO3, and then in 50% acetonitrile/25
mM NH4HCO3. This cycle was repeated twice. After the acetonitrile so-
lution was removed, the dried gel slices were covered with 10 mM DTT
and incubated at 56°C for 45 min and then at room temperature for an
additional 20 min. DTT was discarded and alkylation was performed by
adding 55 mM iodoacetamide (MP Biomedicals) to cover the gel slice. All
slices were incubated with iodoacetamide for 45 min at room temperature
in the dark. Iodoacetamide was discarded and the gel slices were washed
twice with 25 mM NH4HCO3 followed by 50% acetonitrile/25 mM
NH4HCO3 as described above. Trypsin (0.150 �g; Promega) was added,
along with sufficient 50 mM NH4HCO3 to cover the slice, and the sample
was incubated overnight at 37°C to generate the tryptic fragments of the
unknown protein present in the arthritic joints. Formic acid was added
to a final concentration of 1% to stop the reaction. The aqueous solution
(peptide fraction) was transferred to a clean microfuge tube. To the gel
pieces, 50% acetonitrile/5% formic acid was added; the gel slices were
vortexed 30 min and then sonicated for 5 min. The aqueous solution
was transferred to the original peptide solution and the above step re-
peated. The pooled peptide sample was speed vacuum dried to reduce
the volume to 10 �l.

The tandem mass spectroscopy (MS/MS) data for the unknown protein
of interest in the individual gel slices were obtained using an LTQ mass
spectrometer (Thermo Fischer Scientific). The tryptic digests were first run
on a pre-column (C18, PepMap100) and separated with a reverse-phase
C18 column using mobile phase A (0.1% formic acid in water) and B (84%
acetonitrile, 0.1% formic acid in water) with a linear gradient of 2% per
min, starting with 100% of A. The peptides were then injected at a flow rate
of 300 nl/min. MS/MS spectra were then acquired by the Finnigan LTQ.

FIGURE 1. Heparin-deficient NDST-
2�/� B6 mice, which fail to store substan-
tial amounts of mMCP-6 and other pro-
teases in their synovial MCs, demonstrate
attenuated K/BxN mouse serum-de-
pendent arthritis relative to WT
mice. A, Immunohistochemical staining
for mMCP-4, mMCP-5, mMCP-6, and
mMCP-7 protein in synovial tissue MCs
from WT and NDST-2�/� B6 mice. Ar-
rows highlight the marked reduced ex-
pression of mMCP-4, mMCP-5, and
mMCP-6 in the synovial MCs of NDST-
2�/� MCs due to the requirement for he-
parin-containing serglycin proteoglycans
in their granule storage. As expected, the
synovial MCs in NDST-2�/� and NDST-
2�/� B6 mice lack mMCP-7 protein due
to the exon-2/intron-2 splice-site mutation
in the tryptase gene in both mouse strains.
Bar, 10 �m. B, Arthritis severity in WT
and NDST-2�/� B6 mice. Data were
pooled from 20 mice/group in three inde-
pendent experiments (p � 0.001). Arrows
indicate timing of administration of arthri-
togenic K/BxN serum. C, Representative
midsagittal ankle sections demonstrating
decreased leukocyte infiltration and syno-
vial hyperplasia in treated NDST-2�/�

B6 mice (T, tibia; S, synovial space; C,
calcaneus; arrowheads, demarcation of
synovial lining). Bar, 200 �m. D, Histo-
morphometric quantification of arthritic
tissue. The data are the mean values �
SEM (n � 20/group).
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The resulting raw data were analyzed using Mascot (version 2.1.03, Matrix
Science) and searched against the NCBI (National Center for Biotechnol-
ogy Information) mouse protein database. Searches were performed with
fixed carbamidomethylation of cysteines and variable oxidation of methi-
onine residues. A fragment tolerance of 0.4 Da was used in searches.

CXCL1, CXCL5, and CXCL8 expression in tryptase-treated FLS

Human and mouse FLS were generated as described (63, 64). In brief,
human synovial tissue from RA patients was obtained as discarded spec-
imens from joint arthroplasty surgery with approval of the Partners Insti-
tutional Review Board. Synoviocyte cell suspensions were prepared from
synovial tissues by mincing, followed by gently rocking for 1–2 h at 37°C
in DMEM medium (Invitrogen) containing 1 mg/ml type IV collagenase
(Worthington Biochemical) and 0.1 mg/ml DNase (Sigma-Aldrich). Mouse
FLS isolation was performed similarly under procedures approved by the
Dana-Farber Cancer Institute/Brigham and Women’s Hospital Animal
Care and Use Committee. After euthanasia, mouse ankle joints were iso-
lated by disarticulation distal to the tibia and at the tarsal/metatarsal junc-
tion, taking care not to violate the marrow space. The tissue was infiltrated
with collagenase in DMEM and incubated with gentle rocking for 2 h, as
described above. The resultant cell suspension was passed through a
100-�m cell strainer (BD Biosciences) and placed in a tissue culture flask
(BD Labware) containing DMEM (Invitrogen) supplemented with 10%
heat-inactivated FBS (HyClone), 2 mM L-glutamine, 100 U/ml penicillin,
100 �g/ml streptomycin, 50 �M 2-ME, and 0.1 mM nonessential amino
acids (Invitrogen). Since no bone marrow-derived lineage cells were de-
tected after passage 3 (63, 64), cultured FLS were used in our experiments
between passages 4 and 8. For the in vitro stimulation studies, FLS were
cultured to 80–90% confluence in 12-well plates (Corning) for 48–72 h.
The resulting cells were exposed to recombinant hTryptase-�/heparin com-
plexes (Promega) or recombinant pro- and mature mMCP-6/heparin com-
plexes (31) in culture medium containing 1% FCS for 16 h, whereupon
supernatants were collected for analysis. As a positive control for chemo-
kine induction, replicate FLS were exposed to TNF-�. Commercial ELISA
kits (R&D Systems) were used to quantitate the levels of human CXCL8,
mouse CXCL1, and mouse CXCL5 in the supernatants. As assessed by the
Limulus amebocyte lysate kit (Associates of Cape Cod), the tryptase/hep-
arin preparations used in our study contained �0.25 EU LPS/ml.

Statistical analysis

Data were analyzed using Prism software, version 4.00 (GraphPad Soft-
ware). Cell numbers of respective lineages were described as the means �
SE. Student’s t test was performed to compare changes in cell numbers,
histological analysis, and ELISA values. Curves of both indices plotted
from arthritis experiments were compared using the two-way ANOVA test.
p values �0.05 were considered statistically significant.

Results
Impaired autoimmune inflammatory arthritis in
heparin-deficient B6 mice

Since our previous studies demonstrated that the synovium of the
arthritic mouse is populated by MCs that presumably contain hep-
arin proteoglycans due to their histochemical properties, we began
our assessment of the contribution of MC-restricted tryptase/hep-
arin proteoglycan complexes to joint inflammation in the K/BxN
mouse serum-transfer model by examining arthritic responses
in NDST-2�/� B6 mice. As expected, we discovered that the
amount of total neutral protease stored in the secretory granules
of the synovial MCs of NDST-2�/� B6 mice was markedly
attenuated relative to that in heparin-sufficient B6 mice (Fig.
1A). Based on these data, we proceeded to quantify joint in-
flammation induced by K/BxN mouse serum in NDST-2�/� B6
mice. As noted in Fig. 1B, we found an �50% decrease in
clinical measurements of arthritis in these transgenic mice. The
day 10 � ankle thickness was 0.67 � 0.05 mm and 0.38 � 0.06
mm in diseased WT and NDST-2�/� B6 mice, respectively
( p � 0.0008; Fig. 1B). Histomorphometric quantification of the
arthritic changes in the joint tissues confirmed the clinical as-
sessment, with significant decreases in inflammation and bone
erosion scores in the NDST-2�/� B6 mice (Fig. 1, C and D).

Impaired arthritis in tryptase-deficient B6 mice

Considering the profound defect in protease expression in the sy-
novial MCs of NDST-2�/� B6 mice (Fig. 1A), we proceeded to
assess the contributions of mMCP-6 and mMCP-7 in the arthritis
model using WT 6�/7� B6 mice and newly created transgenic
6�/7� and 6�/7� mice backcrossed onto the B6 strain (Fig. 2A).
Thus, we have mice congenic for mutations in both of the
mMCP-6 and mMCP-7 tryptases. In these studies, we observed a
significant decrease in clinical joint inflammation in diseased
6�/7� B6 mice (Fig. 2B). The day 10 � ankle thickness was
0.64 � 0.06 mm and 0.39 � 0.05 mm for WT 6�/7� B6 mice and
transgenic 6�/7� B6 mice, respectively ( p � 0.0028; Fig. 2B).

FIGURE 2. Decreased arthritis in treated mMCP-6-deficient B6 mice.
A, Immunohistochemical staining for mMCP-6 and mMCP-7 expression in
the synovial tissue MCs of WT 6�/7� and transgenic 6�/7� and 6�/7� B6
mice. Bar, 10 �m. B and C, Arthritis severity in WT 6�/7� and transgenic
6�/7� and 6�/7� B6 mice. Arrows indicate when the mice received ar-
thritogenic K/BxN mouse serum. Data were pooled from three independent
experiments (n � 15 mice/group, p � 0.01). D, Histomorphometric quan-
tification of arthritic tissue. The data are the mean values � SEM (n �
15/group).
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Histomorphometric quantification of the tissue arthritic response
again confirmed our clinical measurements.

Because the neutrophil accumulation that occurs in the perito-
neal cavity of K. pneumoniae-infected mice depends on mMCP-6,
we next attempted to define the potential contribution of the
tryptase to joint inflammation in the K/BxN mouse serum-transfer
model. To address this issue, we compared 6�/7� and 6�/7� B6
mice. Interestingly, we found that the arthritis severity in 6�/7�

B6 mice was indistinguishable from that in 6�/7� B6 mice (Fig. 2,
B and C). The synovium of 6�/7�, 6�/7�, and 6�/7� B6 mice
contained 47.2 � 3.1, 51.6 � 4.7, and 48.9 � 3.6 MCs/mm2,
respectively. Because no significant difference in synovial MC
density was observed among the three populations of B6 mice, the
reduced arthritis seen in both mMCP-6-deficient mouse strains was
not a consequence of fewer MCs. The accumulated data suggest
that mMCP-6 is the dominant proinflammatory tryptase in the
K/BxN mouse serum-transfer arthritis model.

Characteristics of the cellular infiltrate in the synovium induced
by tryptase/heparin complexes

Because large numbers of neutrophils are recruited into the joints
of WT mice given proarthritic serum, we examined neutrophil re-
cruitment as a potential mechanism by which MC-restricted
mMCP-6/heparin complexes promote synovial inflammation. We
quantitated synovial leukocyte populations in the arthritic joints of
mMCP-6-deficient and mMCP-6-sufficient B6 mice at day 10 (Fig.
3). These histomorphometric studies revealed that the density of
neutrophils in the diseased synovium of NDST-2-null or the
tryptase-deficient 6�/7� and 6�/7� mice was substantially re-
duced relative to that in WT B6 mice (Fig. 3, A and C). Since
mMCP-6 also can regulate eosinophil infiltration in the skeletal
muscle of Trichinella spiralis-infected mice, we next quantified
the density of eosinophils in the diseased synovium. We found
that the arthritic joints of WT, heparin-deficient, and tryptase-
deficient mice contained similar numbers of eosinophils (Fig.
3B). In all arthritic mice, the number of neutrophils greatly
exceeded the number of eosinophils. Thus, in the arthritic joint,
mMCP-6/heparin complexes preferentially induce the recruit-
ment of neutrophils.

FIGURE 3. Histomorphometric quan-
titation of neutrophils and eosinophils
in synovial tissue. A and B, Neutro-
phils (A) and eosinophils (B) were
enumerated in arthritic synovial tissue
from WT, NDST-2�/�, and tryptase-
deficient B6 mice. The data are the
mean values � SEM (n � 15/group).
C, Shown is a representative immuno-
histochemical stain for neutrophils us-
ing anti-NIMP-R14 Ab in WT,
NDST-2�/�, and tryptase-deficient
strains (as labeled). Brown indicates
positive staining. Bar, 10 �m.

FIGURE 4. mMCP-6-heparin complexes induce neutrophil accumula-
tion in the arthritic joint in a CXCR2-dependent/PAR-2-independent man-
ner. A, Reduced arthritis severity in CXCR2�/� mice given K/BxN mouse
serum relative to CXCR2�/� mice. The data are the mean values � SEM
(n � 7 mice/group, p � 0.05). B and C, PAR-2�/� mice display full intact
inflammatory response to K/BxN mouse serum. The data are the mean
values � SEM and data were pooled from three independent experiments
(n � 10 mice/group, P � NS). Arrows indicate when the mice received
arthritogenic K/BxN mouse serum. C, Histomorphometric quantification of
arthritic tissue in WT and PAR-2�/� mice. The data are the mean values �
SEM (n � 10/group, P � NS).
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Development of arthritis is dependent on the chemokine receptor
CXCR2 but not on PAR-2/F2RL1

Based on earlier in vitro studies, numerous tryptase substrates of
potential relevance to synovial inflammation have been identified.
Among these potential substrates, PAR-2 (65) has been most ex-
tensively investigated. Although conflicting data have been re-
ported pertaining to the role of this protease-activated receptor in
experimental arthritis (66–68), a recent study concluded that
PAR-2-null mice developed arthritis when given a high-dose of
K/BxN mouse serum (68). Consistent with the findings of Busso
and coworkers (68), we found no difference in arthritic responses
when PAR-2-deficient and PAR-2-sufficient B6 mice were given
lesser amounts of the proarthritic serum (Fig. 4, B and C). These
data imply that mMCP-6/heparin complexes regulate neutrophil
accumulation in the arthritic joints of our experimental model in a
PAR-2-independent manner.

A number of related Glu-Lys-Arg CXCL chemokines (e.g.,
CXCL1, CXCL2/GRO-�, CXCL3/GRO-�, CXCL5, CXCL7/
NAP-2, and CXCL8) regulate neutrophil accumulation in tissues
via the chemokine receptor CXCR2. Because mMCP-6/heparin
proteoglycan complexes contribute to the accumulation of neutro-
phils in the arthritic joint (Fig. 3), we next evaluated arthritis in
CXCR2�/� mice. As noted in Fig. 4A, inflammation was markedly
reduced in these mice, suggesting that Glu-Lys-Arg CXCL che-
mokines and their receptors contribute to neutrophil extravasation
in this experimental arthritis model.

Tryptase-induced chemokine production in FLS

Tryptase is not directly chemotactic for neutrophils (31), and exo-
cytosed mMCP-6/heparin proteoglycan complexes are retained in
connective tissues for hours due to their large size (69). mMCP-6
exocytosed from synovial MCs therefore cannot come in direct
contact with peripheral blood neutrophils to induce their extrava-
sation into the diseased joint. Because our experimental arthritis
model is partly dependent on CXCR2 (Fig. 4A), we postulated that
mMCP-6 and its human ortholog induce granulocyte accumulation
in an indirect manner, probably by inducing the expression of che-
mokines that bind to CXCR2. FLS are the primary cells of mes-
enchymal lineage in synovial tissue, and these cells predominate
in rheumatoid pannus tissue. Indeed, stimulation of mouse FLS in
vitro with recombinant mMCP-6/heparin complexes resulted in
increased expression of the CXCR2 ligands CXCL1 (Fig. 5A) and
CXCL5 (Fig. 5B) to levels comparable to those obtained when

FIGURE 5. Tryptase/heparin complexes induce human and mouse FLS to express the chemokines CXCL1 (mouse), CXCL5 (mouse), and CXCL8
(human). Primary mouse (A and B) or human (C) FLS (passage 4–8) were exposed to enzymatically active recombinant hTryptase-�/heparin or mMCP-
6/heparin complexes. The resulting conditioned media were assayed for their levels of the chemokines via ELISA. The data are the mean values � SEM.
Results shown are representative of three independent experiments. As negative controls, replicate human FLS were exposed to boiled hTryptase-� and
mouse FLS to pro-mMCP-6. As positive controls, both populations of FLS were exposed to TNF-�.

FIGURE 6. Identification of a soluble fragment of aggrecan proteogly-
can in the arthritic joints of WT B6 mice. Mouse aggrecan (GenBank
accession no. AAC37670) is initially translated as a 2132-mer protein that
contains a 19-mer signal peptide (77). The proteoglycan’s N-terminal glob-
ular domains bind to HA, resulting in macromolecular complexes in nor-
mal cartilage that can exceed 1 billon Da. Aggrecan’s HA-binding region
is susceptible to numerous proteases. For example, the Glu3923Ala393

peptide bond that is cleaved by aggrecanse-1/ADAMTS4 and aggrecanase-
2/ADAMTS5 is highlighted in italic boldface. Highlighted in boldface are
the locations of the three MS/MS identified peptides at residues 595–604,
2003–2026, and 2066–2075 in the isolated aggrecan fragment from the
arthritic joints of WT B6 mice at days 8 and 15 after transfer of K/BxN
mouse serum.
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these mesenchymal cells encountered TNF-�. Interestingly,
mMCP-6/heparin complexes elicited CXCL1 production in PAR-
2�/� mouse FLS as well (data not shown). To extend our animal
work into a human system, we next assessed the ability of recom-
binant hTryptase-�/heparin complexes to regulate the expression
of CXCL8 in cultured human FLS. As noted in Fig. 5C, we found
that this neutral protease induced FLS to express significant
amounts of CXCL8. The inability of recombinant pro-mMCP-6
(Fig. 5, A and B) or boiled hTryptase-� (Fig. 5C) to induce the
expression of significant amounts of CXCL1, CXCL5, or CXCL8
suggests that these serine proteases must be enzymatically active
to optimally affect the joint. Given the fact that LPS is heat stable,
the chemokine-inducing effects of the hTryptase-�/heparin prepa-
rations used in our study were not the result of LPS contamination,
thereby supporting our data obtained with the inactive zymogens.

Tryptase-dependent proteolysis and loss of aggrecan
proteoglycans in experimental arthritis

A proteomics approach was next used to identify longitudinal
changes in abundant protein constituents between healthy joints
and the arthritic joints in the K/BxN mouse experimental model. In
these assays, the proteins were extracted from the joints of repli-
cate WT B6 mice at baseline and on days 8 and 15 after arthritis
induction. The resulting extracts were subjected to SDS-PAGE and
gel slices containing differentially expressed proteins/peptides
were subjected to MS/MS.

In this proteomics assay, a large-sized protein species was iden-
tified in the day 8 and day 15 arthritic samples of WT B6 mice that
was not present in the control day 0 sample (data not shown).
MS/MS analysis of three trypsin-generated peptides from the un-
known protein revealed that it was aggrecan proteoglycan that had
lost its protease-susceptible N-terminal hyaluronan (HA)-binding
domain. The amino acid sequence of mouse aggrecan and the lo-

cation of the three MS/MS identified peptides in the isolated ag-
grecan fragment are noted in Fig. 6. Based on our proteomics data,
the proteolytic liberation of soluble aggrecan and concomitant loss
of aggrecan proteoglycans from joint cartilage are major features
of the K/BxN mouse model of arthritis, as occurs in RA patients.
We therefore used histochemical and immunohistochemical ap-
proaches to compare amounts of aggrecan proteoglycans from the
cartilage of WT B6 mice and our transgenic NDST-2�/�, 6�/7�,
and 6�/7� B6 mice. As noted in Fig. 7, loss of aggrecan proteo-
glycans were markedly attenuated in the joints of our tryptase/
heparin-deficient B6 mouse strains in established arthritis.

Discussion
MCs have long been recognized as potential participants in human
and mouse inflammatory arthritis. We recently identified an im-
portant contribution for MC-derived IL-1 in arthritis initiation in
the K/BxN mouse serum transfer model (19). However, because
many cell types produce this proinflammatory cytokine, it is likely
that MCs contribute to synovial inflammation via multiple path-
ways. We therefore sought to identify a contribution of MCs to
arthritis that is more restricted to this cell lineage. Of the diverse
array of effector molecules exocytosed from activated MCs, their
protease/serglycin proteoglycan complexes are unique to MCs.
Our demonstration of a functional role for mMCP-6/heparin com-
plexes in the K/BxN mouse model (Figs. 1–3, 6, and 7) now pro-
vides further insight into the roles of MCs and their protease me-
diators in experimental arthritis.

The identification of tryptase/heparin complexes as contributors
to arthritis is consistent with previous functional studies of these
macromolecular complexes in mice and humans. Because synovial
MCs are positioned near vessels and within the synovial mesen-
chyme (11, 70), they are ideally situated to amplify arthritogenic
stimuli via bulk release of their preformed mediators. Tryptase is

FIGURE 7. Loss of aggrecan pro-
teoglycans from arthritic cartilage. A,
Proteoglycan depletion of cartilage
assessed by toluidine blue staining
and immunohistochemistry with anti-
aggrecan Abs 10 days after arthritis
induction. Note the significant loss of
cartilage proteoglycans in arthritic
WT mice relative to arthritic tryptase/
heparin-deficient mice. Arrowheads
delineate depth of proteoglycan de-
pletion. Shown are representative
stains from WT and transgenic
tryptase-deficient B6 mice at day 10
(n � 12–20 mice/group pooled from
three experiments). Bar, 10 �m. B,
Evaluation of aggrecan loss. The data
are the mean values � SEM (n �
12–20 mice/group).
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present as an active enzyme pre-packaged tetramer in the cyto-
plasmic granules of human and mouse synovial MCs ionically
bound to heparin-containing serglycin proteoglycans (32, 33). Al-
though the safranin� population of MCs found in the mouse sy-
novial lining preferentially expresses mMCP-6, all human MCs
express its ortholog hTryptase-�, including the MCs in the human
synovium. Previous in vivo studies employing either recombinant
protein or bacterial infection of tryptase-deficient mice demon-
strated that mMCP-6 and hTryptase-� elicit neutrophil accumula-
tion in tissues (30, 31, 35, 42–44). Neutrophils are abundant in the
joints of mice given arthritogenic K/BxN serum (Fig. 3) and in the
synovial fluid of humans with RA, and these granulocytes contrib-
ute to the pathogenesis of arthritis (39–41). We observed a sig-
nificant decrease in the number of neutrophils in the arthritic sy-
novium of three transgenic mouse strains that lack mMCP-6 (Fig.
3). These findings are consistent with a functional contribution to
synovitis via the promotion of neutrophil recruitment into the ar-
thritic joint. Our additional finding that hTryptase-�/heparin and
mMCP-6/heparin complexes induce cultured FLS to increase their
expression of the neutrophil chemoattractants CXCL1, CXCL5,
and CXCL8 (Fig. 5) is mechanistically consistent with an ability of
MC-restricted tryptase tetramers to indirectly promote neutrophil
accumulation in inflammatory arthritis, in part by inducing the
expression of varied chemokines that bind to CXCR2 on the sur-
face of the granulocytes.

These insights notwithstanding, the mechanism by which
mMCP-6/heparin complexes regulate granulocyte accumulation is
undoubtedly more complex than just inducing bystander cells in
the rheumatoid joint to increase their expression of CXCL chemo-
kines. In this regard, it is now appreciated that mMCP-6 is im-
portant in the accumulation of eosinophils in the skeletal mus-
cle of T. spiralis-infected mice (57). It also has been reported that
recombinant hTryptase-� can cleave CCL11/eotaxin and CCL5/
RANTES and therefore abrogate their eosinophil chemotactic ac-
tivities (71). We therefore considered the possibility that large
numbers of eosinophils do not accumulate in the rheumatoid joint
due to an additional tryptase-mediated inactivation of an induced
CCL chemokine that preferentially attracts eosinophils. However,
this does not appear to be the case in our experimental arthritis
model due to the fact that we did not see increased numbers of
eosinophils in the diseased joints of our treated 6�/7� mice
(Fig. 3).

Although the safranin� MCs in most mouse strains express
mMCP-7, our studies failed to uncover a significant functional
contribution for this tryptase in the K/BxN mouse serum-transfer
model of experimental arthritis (Fig. 2). The �-chain of fibrinogen
is a preferred substrate of mMCP-7, and the injection of this
tryptase into the peritoneal cavity of WT mice preferentially re-
sults in the recruitment of eosinophils (43, 53). As WT B6 mice are
genetically deficient in mMCP-7 (54, 58) but susceptible to arthri-
tis (Figs. 1 and 2), our congenic mouse strains that differed in their
mMCP-6 and mMCP-7 expression allowed us to test for possible
redundancy of tryptase activity. Our observation that mMCP-7 did
not restore inflammation or granulocyte influx into the synovium
of the diseased mice (Fig. 2) suggests that mMCP-6 is the domi-
nant proinflammatory tryptase in the K/BxN mouse serum-transfer
model of arthritis. These observations are consistent with findings
in the methylated-BSA/IL-1 (mBSA) mouse model of experimen-
tal arthritis of the knee, which also displays significant reliance on
mast cell tryptase/heparin complexes (72). The latter study con-
firms a key role for mMCP-6 in a very different type of experi-
mental arthritis. Nevertheless, given redundant mMCP-6 and
mMCP-7 function in the mBSA model, congenic 6�/7� mice
might be necessary to uncover the roles for the MC’s tryptase/

heparin complexes in other physiologic and/or pathologic
situations.

The receptors and/or extracellular matrix proteins in the syno-
vium that are cleaved by enzymatically active mMCP-6 remain to
be determined. PAR-2 is a member of the protease-activated re-
ceptor family expressed on the surfaces of endothelial cells and
synovial fibroblasts, and this receptor is activated by trypsin. Mirza
and coworkers (73) reported that recombinant hTryptase-� can
weakly activate cells via PAR-2. Nevertheless, using varied com-
binational approaches, it has been shown that recombinant
mMCP-6 (31) and hTryptase-� (43, 74) prefer to cleave amino
acid sequences that do not resemble the trypsin-susceptible acti-
vation site in PAR-2 (65). The substrate specificity of mMCP-6
becomes even more restricted when this tryptase is ionically bound
to heparin (31). Because Compton and coworkers (75) found that
naturally occurring hTryptase-� cannot activate PAR-2 if heparin
is present, the importance of the proteoglycan cofactor may not
have been adequately appreciated in some of the studies that con-
cluded that mMCP-6 and/or hTryptase-� function via PAR-2.
Nevertheless, the availability of PAR-2-null mice allowed us to
more definitively evaluate the role of this G protein-coupled re-
ceptor in the K/BxN mouse serum-transfer model of experimental
arthritis. Our results revealed that PAR-2 is dispensable in this
arthritis model (Fig. 4). Furthermore, recombinant mMCP-6 stim-
ulated CXCL1 production in PAR-2-null mouse FLS. These ob-
servations are consistent with the findings of Busso and coworkers
(68), who evaluated the role of PAR-2 in four different mouse
models of arthritis.

A major feature of RA is loss of aggrecan proteoglycans due to
proteolysis of the N-terminal domain that binds to HA. Using a
proteomics approach, we identified a prominent soluble fragment
of aggrecan proteoglycan lacking its HA-binding domain in the
joints of arthritic WT B6 mice (Fig. 6). Employing histochemistry
and immunohistochemistry approaches, we then discovered that
the proteolytic loss of cartilage proteoglycans is markedly attenu-
ated in our transgenic B6 mice that lack MC-restricted tryptase/
heparin complexes (Fig. 7). While our data could be a consequence
of fewer protease-rich neutrophils in the arthritic joints of our
tryptase-deficient mice (Fig. 3), we previously noted that an un-
defined serine protease present in rat peritoneal MCs rapidly
cleaves the N-terminal domains of rat and bovine aggrecan pro-
teoglycans in vitro (14), thereby resulting in a large-sized fragment
that cannot recognize HA as identified in Fig. 6. It is now known
that the MCs used in that earlier study express the rat ortholog of
mMCP-6 and hTryptase-� (76). Because neutrophils and other cell
types were not present in the Stevens et al. 1992 aggrecan-suscep-
tibility study (14), it is possible that MC tryptases preferentially
cleave the HA-binding domain of aggrecan in a direct manner. In
support of this possibility, mouse aggrecan has a number of can-
didate tryptase-susceptible cleavage sites in its protease-suscepti-
ble N-terminal domain (e.g., the Pro-Ile-Val-Ser-Pro-Arg sequence
at residues 546–551) (31, 43, 74) (Fig. 6). Alternatively, because
pro-aggrecanase-1/ADAMTS4 is activated by tryptic cleavage at a
site favorable for cleavage by mMCP-6 and hTryptase-�, MC
tryptases could participate in aggrecan loss in our experimental
model by activating a metalloproteinase like ADAMTS4.

A number of observations suggest that the contribution to in-
flammatory arthritis from mouse MCs via their tryptase/heparin
complexes may be pertinent in human RA. The numbers of
tryptase-expressing MCs are dramatically elevated in the synovial
tissue of many patients with RA. Thus, the cellular lineage, local-
ization, and mediators are common between mouse and man. Since
abundant neutrophil recruitment to the synovial fluid is a hallmark
of RA, modulation of neutrophil recruitment also is an attractive
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mechanism by which MC-restricted tryptase/heparin complexes
could enhance disease activity. Furthermore, the contribution of
the synovial mesenchyme to joint inflammation is increasingly ap-
preciated (64). Thus, our observations that arthritis was reduced in
CXCR2�/� mice (Fig. 4) and that exposure of human and mouse
FLS to tryptase/heparin complexes results in the expression of
multiple chemokines (Fig. 5) that regulate neutrophil recruitment
provide a plausible and novel inflammatory pathway for disease
pathogenesis. Other demonstrated tryptase activities, such as mi-
togenic activity for fibroblasts, metalloproteinase activation, and
proteolysis of extracellular matrix proteins remain attractive addi-
tional potential mechanisms by which this MC effector function
may contribute to synovial pathophysiology, and they remain a
worthy subject for further investigation (48–52).

In summary, we demonstrate the functional contribution of MC-
restricted mMCP-6/heparin complexes to the pathogenesis of au-
toantibody-driven inflammatory arthritis in the mouse. While we
have identified prominent roles for tryptase/heparin complexes in
neutrophil recruitment and aggrecan loss, arthritis was more di-
minished in our NDST-2/heparin-null C57BL/6 mice than in our
mMCP-6-null C57BL/6 mice. These data suggest the participation
of another MC-restricted protease mediator (e.g., mMCP-5 and/or
carboxypeptidase A3) in joint inflammation and/or destruction. We
therefore anticipate that the role of MCs and their varied mediators
in arthritis will be multifaceted, and that future investigations will
provide further novel insights into their influence in the inflam-
matory disorder.
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