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Objective. Cartilage oligomeric matrix protein (COMP) is an autoantigen in rheumatoid arthritis (RA) and
experimental models of arthritis. This study was undertaken to investigate the structure, function, and relevance of
anti-COMP antibodies.

Methods. We investigated the pathogenicity of monoclonal anti-COMP antibodies in mice using passive transfer
experiments, and we explored the interaction of anti-COMP antibodies with cartilage using immunohistochemical
staining. The interaction of the monoclonal antibody 15A11 in complex with its specific COMP epitope P6 was deter-
mined by x-ray crystallography. An enzyme-linked immunosorbent assay and a surface plasma resonance technique
were used to study the modulation of calcium ion binding to 15A11. The clinical relevance and value of serum IgG spe-
cific to the COMP P6 epitope and its citrullinated variants were evaluated in a large Swedish cohort of RA patients.

Results. The murine monoclonal anti-COMP antibody 15A11 induced arthritis in naive mice. The crystal structure
of the 15A11–P6 complex explained how the antibody could bind to COMP, which can be modulated by calcium ions.
Moreover, serum IgG specific to the COMP P6 peptide and its citrullinated variants was detectable at significantly
higher levels in RA patients compared to healthy controls and correlated with a higher disease activity score.

Conclusion. Our findings provide the structural basis for binding a pathogenic anti-COMP antibody to cartilage.
The recognized epitope can be citrullinated, and levels of antibodies to this epitope are elevated in RA patients and cor-
relate with higher disease activity, implicating a pathogenic role of anti-COMP antibodies in a subset of RA patients.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disease

characterized by inflammation and damage in synovial joints. It

affects 0.5–1% of the population worldwide (1–3). RA is caused

by a complex set of genes and environmental factors, although

none of these have been firmly defined or functionally understood

(4–6). There is increasing evidence that environmental exposures,

such as silica dust, bacterial stimuli, and tobacco smoking, cause

chronic mucosal inflammation, possibly contributing to RA devel-

opment (7–9). However, the mechanisms by which chronic

inflammation triggers adaptive autoimmunity, in particular a B cell

response to citrullinated proteins and later toward joint proteins,

are not yet well understood (10).
Cartilage oligomeric matrix protein (COMP) is a noncollagen-

ous matrix glycoprotein that belongs to the thrombospondin family

of extracellular calcium-binding proteins (11). It is predominantly

expressed in cartilage and is also found in other tissue, such as ten-

dons, bones, blood vessels, and synovial membrane (12). COMP is

a pentameric protein with each monomer consisting of an

N-terminal domain followed by 4 epidermal growth factor (EGF)–like

domains, 8 type III thrombospondin domains, and a C-terminal

globular domain (13). The specific function of COMP is still unde-

fined, but it appears to play a structural role in the assembly and
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stabilization of the extracellular matrix (ECM) through its interac-
tions with collagen fibrils and other matrix components, such as
proteoglycans and fibronectin (14).

The functional importance of COMP in cartilage is indicated
by its association with several joint diseases (14). As a marker of
cartilage turnover, elevated COMP levels are found in the serum
and synovial fluid from patients with joint diseases such as RA
and osteoarthritis (OA) (15). Because it reflects the specific meta-
bolic activities of cartilage tissue, it has been suggested that
COMP is a potential diagnostic and prognostic biomarker in joint
diseases (15). Interestingly, circulating COMP fragments bind
C3b and could be both an inhibitor and an initiator of complement
activation in RA, but not in OA (16).

Cartilage damage and degradation in chronic joint disease
are believed to promote an autoimmune reaction to cartilage
components. We previously demonstrated that homologous
COMP could induce arthritis in certain animal strains, highlight-
ing its pathogenic role in experimental arthritis (17,18). In addi-
tion, disease can be transferred from arthritic mice to healthy
recipients via affinity-purified COMP-specific polyclonal antibod-
ies as well as with monoclonal antibodies alone or in combina-
tion with other cartilage-binding antibodies (19,20), indicating
that B cells are involved in disease development. We previously
reported that mouse monoclonal antibodies (mAb) raised
against COMP were not only able to promote arthritis when
combined with anti–type II collagen (CII) antibody, but were also
capable of inducing joint pain in naive mice (19,21). These data
collectively indicate that both COMP and its autoantibodies play
pathogenic roles in experimental arthritis and further indicate
that they may have a potentially important role in RA. Indeed,
antibodies to COMP were detected in synovium and serum from
RA patients (22).

COMP plays an essential role in matrix assembly by interact-
ing with many extracellular and cell surface proteins (14). We have
previously shown that there are several epitopes, mainly located
in the EGF-like repeats of COMP, that can be targeted by autoan-
tibodies, such as 15A11 and 16B5, generated using mice with
COMP-induced arthritis (19). Understanding the molecular basis
for the interaction of autoantibodies with COMP as well as
whether and how this interaction influences the structural features
of the ECM, thereby causing cartilage damage, will thus further
our understanding of the pathogenesis of rheumatic diseases.
Therefore, in the present study we aimed to investigate the path-
ogenesis of anti-COMP antibodies in experimental arthritis at the
molecular level as well as the functional role of COMP as an auto-
antigen in human RA.

MATERIALS AND METHODS

Reagents andmore detailed methods for enzyme-linked immu-
nosorbent assay (ELISA), histologic assessment, and surface plasma
resonance measurement are described in the Supplementary

Materials and Methods (available on the Arthritis & Rheuma-

tology website at http://onlinelibrary.wiley.com/doi/10.1002/
art.42072).

Animals. C57BL mice with an H-2q congenic fragment
(denoted B10.Q) were used in all experiments, as this genetically
defined background is used as a standard background (23). In
some experiments (neonatal injections), a B10.Q mouse with a
Mus musculus Fc receptor locus (24) was used as the congenic
fragment, which likely did not affect the results. All mice were
housed and bred in a climate-controlled specific pathogen–free
environment on 12-hour light/dark cycles, housed in polystyrene
cages containing wood shavings in the animal facility of the Divi-
sion of Medical Inflammation Research at the Karolinska Institute
and the Central Animal Laboratory of the University of Turku.
Mice were provided with standard rodent chow and water ad
libitum. All experiments were performed in 8–10-week-old mice
under standard conditions. The experiments were approved by
the Stockholm ethics committee (approval nos. N490/12 and
H2014-483) and the National Animal Experiment Board in
Finland (approval no. ESAVI/439/04.10.07/2017).

Passive transfer of antibodies. Three groups of B10.Q
mice were injected intravenously with either 9 mg M2139 (specific
to type II collagen/Col2) (25); 9 mg 15A11 (specific to COMP) (19);
or a combination of M2139 and 15A11 (4.5 mg of each). On day
5, each mouse was intraperitoneally administered 25 μg lipopoly-
saccharide (LPS) from the Escherichia coli serotype O55:B5
(Sigma-Aldrich) to increase the severity of developing arthritis.
Arthritis development was monitored daily in a blinded manner
for 12 days using an extended scoring protocol. Briefly, clinical
arthritis was defined as swelling and redness in the joint and was
scored as follows: 1 point was assigned for each swollen or red
toe, 1 point was assigned for each swollen joint (metatarsopha-
langeal joints, metacarpophalangeal joints, proximal interphalan-
geal joints, and distal interphalangeal joints), and 5 points were
assigned for a swollen ankle (maximum score per limb 15 points,
maximum score per mouse 60 points).

Crystallization, data collection, and structure deter-
mination. Purified 15A11 Fab fragment (final concentration
10 mg/ml in 20 mM Tris HCl, pH 7.4, 50 mM NaCl) was mixed
with P6 peptide with a rat-specific sequence at a molar ratio of
1:1.2. Screening for crystallization conditions was performed in a
sitting-drop vapor diffusion setup at 20�C using Crystal Screen
HT (Hampton Research), with 0.3-μl drops equilibrated against
60-μl reservoirs. Crystals appeared under several conditions and
were tested for diffraction. The data used for structure determina-
tion were collected from a crystal obtained with screening condi-
tion C6 (30% polyethylene glycol 8000, 0.2M ammonium sulfate)
and a drop mixed at a 2:1 ratio with protein and reservoir solution.
The crystal was briefly soaked in a cryoprotectant consisting of
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reservoir solution supplemented with 15% (volume/volume) glyc-
erol before it was flash-frozen in liquid N2. Crystallographic data
were collected at 100K at Beamline I03 of the Diamond Light
Source, indexed and integrated on-site with XIA2-3d, and scaled
using Aimless from the CCP4 suite of programs (26–32).

The initial estimates of phases were obtained by molecular
replacement using the program Phaser (33). We performed man-
ual model building using Coot (34) alternating with translation,
liberation, and screw-motion and restrained refinement in
REFMAC5 (35). A set including 5% of randomly selected reflec-
tions was used to monitor Rfree. Water molecules were added in
Coot. Molecular surfaces were analyzed with the Protein Inter-
faces, Surfaces and Assemblies service at the European Bioinfor-
matics Institute (36). Crystal structure images were prepared with
PyMOL (37). The crystallographic coordinates and structure fac-
tors of the 15A11 Fab–P6 complex have been deposited in the
Protein Data Bank (PDB) (no. 6SF6).

Patient cohorts. In the present study, we used the pro-
spective observational Early Intervention in RA second cohort
(TIRA-2) consisting of 504 RA patients, and healthy subjects
from the Western Region Initiative to Gather Information on Ath-
erosclerosis cohort were used as controls (n = 290). Between
2006 and 2009, RA patients enrolled in the TIRA-2 fulfilled the
American College of Rheumatology 1987 criteria for RA (38) or
at least the criteria of morning stiffness for ≥60 minutes, sym-
metric arthritis, and arthritis in the small joints (39). The study
protocols were approved by the regional ethics review boards
in Linköping (approval nos. TIRA-2, M168-05, and 2005-
12-14) and Gothenburg (approval nos. WINGA, 676-08, and
T953-15).

Luminex immunoassay. The detection of autoantibody
responses using Luminex technology has been described previ-
ously (40–42). Briefly, all biotinylated peptides were captured on
beads via recognition of NeutrAvidin (ThermoFisher Scientific),
which was immobilized on the beads with amine coupling.
Human serum samples were diluted 1:100 (v/v) in assay buffer
(3% bovine serum albumin, 5% milk powder, 0.1% ProClin
300, 0.05% Tween 20, 100 μg/ml NeutrAvidin in phosphate buff-
ered saline [PBS]) and incubated for 60 minutes at room temper-
ature. Then the serum samples were transferred to a 384-well
plate containing peptide-coated beads, with a liquid handler
(CyBio Selma). After incubation at room temperature on a shaker
for 75 minutes, all beads were washed with PBS-Tween (PBST)
on a plate washer (no. EL406; BioTek) and resuspended in a solu-
tion containing secondary anti-human phycoerythrin-conjugated
IgG Fcγ (Jackson ImmunoResearch). After 40 minutes of incuba-
tion, the beads were washed with PBST and subsequently
measured in a Flexmap 3D system (Luminex). The median fluo-
rescence intensity was used to quantify the interaction of serum
antibody with given peptides.

Statistical analysis. Quantitative data from the animal
experiments are expressed as the mean � SEM. We compared
antibody responses in Luminex immunoassays using a nonpara-
metric Mann-Whitney U test. P values less than 0.05 were consid-
ered significant. The cutoff for assessing the reactivity of a given
peptide in the Luminex immunoassay is the median + 5× the
mean absolute deviation from healthy controls. To assess the cor-
relation of Disease Activity Score in 28 joints (DAS28) (43) with the
reactivity of P6–CIT247 at different time points, we performed a
linear regression analysis by adjusting for the effects of sex, age,
and shared epitope status of the patients. All statistical calcula-
tions were performed with R and various R packages (44).

RESULTS

Arthritis induction by COMP-specific antibodies
in mice. We previously mapped the 15A11 binding site in the
fourth EGF-like domain of murine COMP (Figure 1A) (19).
The epitope comprises residues 232–252 and was designated
P6. The primary sequence of the rat COMP epitope
(GSPSPCHEKADCILERDGSRS) differs at 3 positions compared
to human COMP (Figure 1A). Nevertheless, mAb 15A11 binds
equally well to both mouse and human COMP protein (19).

It has been shown that mAb 15A11, in combination with a
subarthritogenic dose of Col2-specific mAb M2139, can increase
the severity of induced acute arthritis in naive mice (19). To assess
the arthritogenicity of 15A11 itself, we performed antibody-
induced arthritis experiments in B10.Q mice by single-dose injec-
tion of mAb 15A11. As shown in Figure 1B, a single dose of 9 mg
mAb 15A11 or mAb M2139 induced arthritis, whereas, an irrele-
vant isotype IgG1 antibody did not induce arthritis if administered
at a dose of 4 mg (Supplementary Figure 1, http://onlinelibrary.
wiley.com/doi/10.1002/art.42072). Based on our previous results
(19), we assumed that arthritis induction in this experiment was
due to recognition of COMP by 15A11. We also observed signs
of arthritis before LPS challenge in the group injected with mAb
15A11 and mAb M2139 together (Figures 1B and C), implying
high arthritogenicity of these mAb in the B10.Q mouse strain.

To confirm the correlation with clinical observations, we per-
formed a histologic assessment of synovial membrane and carti-
lage by examining the paws of arthritic mice after termination of
the experiments. The findings indicated that synovitis, pannus for-
mation, hyperplasia, and proteoglycan loss were present in mice
with arthritis (Supplementary Figure 2, http://onlinelibrary.wiley.
com/doi/10.1002/art.42072).

Cartilage binding of 15A11. To investigate whether
15A11 can bind directly to COMP in cartilage in vivo, we injected
a biotinylated antibody into neonatal mice and prepared frozen
sections of whole paws for immunostaining. For both in vitro and
in vivo staining, we used 2-day-old neonates to avoid decalcifica-
tion, which could redistribute antibodies in in vivo binding assays,

ANTI-COMP ANTIBODIES IN RA 963

http://onlinelibrary.wiley.com/doi/10.1002/art.42072
http://onlinelibrary.wiley.com/doi/10.1002/art.42072
http://onlinelibrary.wiley.com/doi/10.1002/art.42072
http://onlinelibrary.wiley.com/doi/10.1002/art.42072


as previously reported (45). Notably, injected antibodies can only
target the cartilage surface in vivo, as the antibodies cannot pen-
etrate very deeply into cartilage (45). For in vitro staining, all carti-
lage in the tissue section is accessible for staining; hence, it can
be targeted by antibodies. As seen in Figure 2, we found that
mAb 15A11 and anti-Col2 mAb M2139 demonstrated specific
in vivo staining patterns on the lining of the articular cavity in native
cartilage tissue. In contrast, tissue samples from control mice
injected with PBS showed no staining. Furthermore, to investigate
the binding capacity of 15A11 to cartilage in vitro, we performed
an immunohistochemical analysis using frozen sections from
naive neonatal mice. As seen in Figure 2, we observed strong
widespread staining on cartilage for both 15A11 and M2139,
while no staining was detectable in control samples. Taken
together, these data show that COMP is accessible to antibodies
on the cartilage surface in vivo.

Overall structure of the 15A11 Fab fragment in com-
plex with COMP P6. In order to reveal the molecular basis of the
interaction between 15A11 and COMP, we determined the crystal
structure of the complex between the 15A11 Fab fragment and P6
peptide at 1.9Å resolution using molecular replacement. Data col-
lection and refinement statistics are summarized in Supplementary
Table 1 (http://onlinelibrary.wiley.com/doi/10.1002/art.42072).

The crystal structure belongs to space group P212121 and
contains 2 Fab–peptide complexes per asymmetric unit. Clear

and continuous electron density was visible for residues 1–216
of the light chain and residues 1–137 and 142–222 of the heavy
chain in the 15A11 Fab fragments.

Clearly defined electron density was only observed in the
11C-terminal amino acids in the P6 peptide (242DCILERDGSRS252),
which adopt a β-hairpin–like structure in the groove formed by
the complementarity-determining regions (CDRs) of the 15A11
antibody (Figure 3B). An extension of the visible density of
the side chain of C243 indicated that it is oxidized to S-hydroxy
cysteine in the crystal used for structure determination. The
β-hairpin conformation of P6 is stabilized by a total of 7 intrapep-
tide hydrogen bonds that primarily involve main chain atoms
(Supplementary Table 2, http://onlinelibrary.wiley.com/doi/
10.1002/art.42072). S252 alone formed 4 of these bonds, 2 with
I244 via its backbone amide and carbonyl group, respectively,
and the other 2 with D248 and E246 via its side chain hydroxyl
group. In addition to the latter, E246 formed main chain atom-
mediated hydrogen bonds with G249 and S250, while the
seventh hydrogen bond linked the side chain of D248 with the
backbone amide of S250. The N-terminal half of P6, which
extended out of the binding groove into the surrounding solvent,
can adopt multiple different conformations as indicated by the
complete lack of electron density.

Interactions between the 15A11 Fab fragment and
P6. Formation of the antibody–antigen complex covered ~47%

Figure 1. Arthritogenicity of cartilage oligomeric matrix protein (COMP)–specific monoclonal antibody (mAb) 15A11 in mice. A, Schematic presenta-
tion of the location of P6 in COMP. B and C, Incidence (B) and severity (C) of arthritis induced by passive transfer of antibodies to mice. Two-month-
old naive male B10.Q mice were injected intravenously with either 9 mg of an equal combination of mAb M2139 and mAb 15A11, 9 mg of mAb
M2139 alone, or 9 mg of mAb 15A11 alone. Each mouse was administered lipopolysaccharide (25 μg/mouse) intraperitoneally on day 5, and arthritis
was scored daily for 12 days. Values in C are the mean � SEM. EGF = epidermal growth factor. Color figure can be viewed in the online issue, which
is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42072/abstract.
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Figure 2. Specificity of mAb 15A11 binding to joint cartilage in vivo and in vitro. A, For histologic detection of the binding of mAb 15A11 to car-
tilage in vivo, a single dose of 100 μg of biotinylated anti-COMP mAb 15A11 was injected into 2-day-old neonatal BQ.Cia9i mice, and limbs were
collected after 48 hours to make 5-μm cryosections. B, For in vitro analysis of the interaction between mAb 15A11 and cartilage, an immunohis-
tochemical assay was performed on the 5-μm limb cryosections. Staining was performed with diaminobenzidine using ExtrAvidin–peroxidase as a
detection system. Mice injected with biotinylated anti-Col2 mAb (M2139) and phosphate buffered saline (PBS) were used as a positive reference
and blank control, respectively. Results shown are representative of 2–3 mice per group. Original magnification × 10. See Figure 1 for other
definitions.

Figure 3. Crystal structure of the mAb 15A11–Fab complex. A, Overall complex of 15A11 Fab bound to COMP P6 peptide. The 15A11 Fab light
chain (cyan) and heavy chain (green) are shown. B, Electron density map for the P6 peptide. The final 2Fo–Fc difference map is contoured at a con-
tour level of 1σ. C, Close-up stereoscopic view of the 15A11 paratope with bound P6 peptide. Fab residues and peptide residues (black) are dis-
tinguished by color. Water molecules (red) and hydrogen bonds (broken lines) are shown.D, Close-up stereoscopic view of the 15A11 paratope in
surface presentation, with bound peptide shown. Colors of the paratope surface indicate the electrostatic potential as calculated using PyMOL. P6
residue R247 is deeply buried in a narrow pocket. E, P6 epitope–based superimposition of the crystal structure of truncated COMP (Protein Data
Bank entry no. 3FBY [blue] with the P6 epitope [magenta]). F, Comparison of the conformations of 15A11-bound P6 peptide (yellow carbon
atoms) and the P6 epitope within crystallized truncated COMP (magenta carbon atoms). See Figure 1 for other definitions.
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(~640Å2) and 2.5 % (~470Å2) of the solvent-accessible surface
area of the P6 peptide and the 15A11 Fab, respectively
(Supplementary Tables 3 and 4, http://onlinelibrary.wiley.com/
doi/10.1002/art.42072). The 244ILERD248 motif of the peptide
contributed the most to the interface, with additional significant
contributions by C243, G249, S250, and S252, while D242 con-
tacted the Fab exclusively via a water-mediated hydrogen bond
to N55 from the heavy chain (Figure 3C). The only peptide residue
with clearly visible electron density that was not involved in inter-
actions with the 15A11 Fab fragment was R251. It was entirely
solvent exposed and thus accessible to residues of a symmetry-
related Fab fragment, with which it formed 3 hydrogen bonds via
its main chain atoms. In the 15A11 Fab fragment, all CDRs except
L2 were involved in epitope recognition, and H2 and H3 are the
primary contact regions.

P6 epitope binding by Fab led to the formation of 11 direct
and 7 water-mediated hydrogen bonds (Figure 3C and Sup-
plementary Table 2, http://onlinelibrary.wiley.com/doi/10.1002/
art.42072), as well as several hydrophobic and van der Waals
interactions. These interactions were centered around E246 and
R247, which are both entirely buried upon interface formation.
The long side chain of R247 was inserted into a narrow, deep
pocket in the center of the binding groove. Its entrance was
formed by hydrophobic residues from both heavy chain and light
chain CDRs, while increasing polarity and placement of E39 (light
chain) at its deepest point provided shape and charge comple-
mentarity for recognition of R247 (Figure 3D). However, the depth
of the pocket led to the formation of 2 water-mediated hydrogen
bonds rather than a salt bridge with E39, which may explain why
the mAb also efficiently recognized citrullinated P6 epitopes (see
below). In addition, R247 was linked to G96 (L3), Y50 (H2), G99
(H3), H31 (L1), and W108 (H3) via direct or water-mediated
hydrogen bonds, accounting for 8 of 18 total polar contacts
between the P6 peptide and 15A11 Fab. Recognition of
P6–E246 was mediated by an additional 4 hydrogen bonds,
N52 and Y50 from the H2 CDR, W33 from H1, and H31 from
the L1 CDR.

Of the P6 positions contacted by the mAb 15A11, all but
1 were conserved in rat, mouse, and human COMP sequences,
explaining the observed cross-recognition (Figure 1A). The
exception was I244, which was conservatively exchanged by
valine in human COMP and mouse COMP. However, the
absence of the additional methyl group likely has little influence
on binding specificity and strength, as it indicates a more
solvent-exposed region of the paratope and thus most likely does
not significantly contribute to the interactions.

Structure of the P6 epitope in native COMP. To
understand why mAb 15A11 can bind to native COMP and the
P6 peptide, we compared the structure of the 15A11-bound pep-
tide (rat sequence) to the native epitope within human COMP
(PDB no. 3FBY). As shown in Figure 3E, the P6 epitope was

located near the N-terminal of the crystallized truncated con-
struct, which contained the last EGF-like repeat, the type III
repeats, and the C-terminal domain of human COMP. As in the
15A11 Fab complex, it adopted a β-hairpin conformation
(Figure 3F). The backbone root mean square deviation of the
superimposition of the Cα atoms of residues 242–252 of the
15A11-bound and native P6 epitope was 0.63–0.80Å, which indi-
cates that the conformation of the epitope itself remains largely
unaltered upon interaction with mAb 15A11, allowing direct rec-
ognition both in vivo and in vitro. However, binding of 15A11
would require conformational changes in COMP to make the P6
epitope more accessible than in the crystallized construct, as seri-
ous clashes occur between the Fab and the C-terminal domains
of the COMP protein superimposed peptides in both crystal
structures. It has been suggested that the positioning/orientation
and the conformation of this domain in COMP protein are affected
by cations (46).

Modulation of 15A11 binding to COMP by calcium
ions. Since binding of calcium ions to COMP alters the conforma-
tion of the individual domains and thereby the interaction between
COMP and various substrates (46), we hypothesized that this
might also affect binding of mAb 15A11 to native COMP. There-
fore, we performed an ELISA to measure the binding behavior of
15A11 at different Ca2+ concentrations. As shown in Figure 4A,
mAb 15A11 binding to COMP was calcium dependent, while
binding of another COMP-specific mAb, 16B, was calcium
independent.

We also measured the binding affinity of mAb 15A11 for
COMP by surface plasmon resonance with or without the addition
of 10 mM Ca2+. Since the algorithm we used could not fit our
experimental data with the default parameter values, we could
not obtain reliable kinetics values. However, we obtained the
steady-state affinity (Kd) value by fitting the binding curves shown
in Figures 4B and C. The mAb 15A11 showed slightly stronger
binding to COMP in the absence of calcium (Kd = 173.6 nM) than
in the presence of calcium (Kd = 413.8 nM). In particular, the level
of binding response (resonance units) in the presence of calcium
ions was significantly higher than without calcium (Figures 4B
and C), indicating that there were more COMP molecules cap-
tured by the 15A11-immobilized sensor chip. These data demon-
strate that the Ca2+ concentration can modulate the binding
strength of mAb 15A11 to COMP, most likely by affecting the
conformation of the fourth EGF-like repeat, making the P6 epitope
more accessible. Interestingly, we found that 15A11 had compa-
rable binding capability toward P6–CIT247 and P6–R247
(Figure 4D), which can be explained by the negatively charged
binding pocket in residue 247.

Identification of P6 as an immunodominant B cell
epitope in RA patients. To assess the prevalence of anti-P6
antibodies and their association with RA, we measured antibody
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responses to the P6 peptide in a Swedish cohort consisting of
504 patients with early untreated RA and 290 healthy controls,
using Luminex immunoassay. Both linear and cyclic P6 unmodified
peptides (P6–R-R and P6–R247, respectively) were immobilized
on magnetic beads to measure antibody responses. Similarly, to
study the citrulline dependence of the antibody response to this
epitope, we also analyzed 3 citrullinated linear peptides (P6–R-
CIT, P6–CIT-R, and P6–CIT-CIT) and 1 citrullinated cyclic peptide
(P6–CIT247). As shown in Figure 5, statistically significant antibody
reactivity toward all P6 peptide variants was detected in RA
patients compared to healthy controls (P < 0.001). Regarding the
linear forms of the P6 epitope, autoantibody responses to the
3 citrullinated variants P6–R-CIT (P = 1.13 × 10−10), P6–CIT-R
(P = 6.37 × 10−10), and P6–CIT-CIT (P = 4.11 × 10−9) were more
significant than the response to the unmodified form P6–R-R
(P = 8.24 × 10−3). Similarly, the cyclic form of the citrullinated P6
epitope P6–CIT247 demonstrated much higher reactivity in RA
patients than its unmodified form P6–R247 (P = 5.72 × 10−3 and
P = 2.47 × 10−33, respectively).

Among all peptides, P6–CIT247 had the highest prevalence
(38%). In comparison, we also measured the prevalence of anti-
body responses to 2 classic citrullinated peptides, citrullinated
peptide 1 (CCP-1) and citrullinated α-enolase peptide 1 (CEP-1),
in the same cohort. CCP-1 and CEP-1 were found in 57% and

56% of patients, respectively, which is comparable to previously
reported results (47,48). Although most RA patients who were
positive for P6–CIT247 antibody were also positive for CEP-1
and CCP-1, ~8% of the patients were positive for P6–CIT247 only
(Figure 6). Interestingly, the cyclic form of the P6 epitope demon-
strated much higher reactivity than the corresponding linear form,
possibly because the β-hairpin conformation required for recogni-
tion is better stabilized in cyclic peptides (see above).

More importantly, we evaluated potential associations
between autoantibody specificity and DAS28 scores over time
using multivariate regression analysis with adjustment for the
effects of sex, age, and shared epitope allele status. As shown
in Supplementary Table 5 (http://onlinelibrary.wiley.com/doi/
10.1002/art.42072), patients who responded to P6–CIT247
appeared to have more severe disease activity at 12 months
(P = 0.051) and 24 months (P = 0.029) after diagnosis com-
pared to those who did not respond to P6–CIT247.

DISCUSSION

In this study, we investigated the properties of a COMP-
specific antibody that recognizes native COMP protein in joint car-
tilage, causing arthritis after injection into mice. The pathogenicity
of anti-COMP antibodies is likely relevant in humans, and the

Figure 4. Modulation of binding by calcium. A, Influence of calcium ions on the interaction between mAb 15A11 and COMP, measured by
enzyme-linked immunosorbent assay (ELISA). COMP-specific mAb 16B was used as a control. B and C, Association and dissociation curves
for the interaction of 15A11 with COMP with (C) or without (B) 10 mM CaCL2, measured by surface plasmon resonance. D, Binding of 15A11 to
P6–CIT247 or P6–R247, measured by ELISA. Values in A and D are the mean � SEM. RU = resonance unit (see Figure 1 for other definitions).
Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42072/abstract.
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antibody cross-reacts with human COMP. Furthermore, antibod-
ies reacting with both native and citrullinated variants of COMP
are indeed detectable in RA. To elucidate the molecular determi-
nants by which arthritogenic mAb 15A11 specifically recognizes

COMP in joint cartilage, we determined the crystal structure of
its Fab fragment in complex with the P6 epitope, which according
to findings from our previous epitope mapping study, spans resi-
dues 232–252 of mouse COMP (19). The interactions observed

Figure 5. Human serum IgG response to P6 peptide variants in patients with rheumatoid arthritis (RA) compared to healthy controls (HC). IgG
responses to linear (A) and cyclic (B) forms of the P6 epitope are shown. Citrullinated peptides P6–R-CIT, P6–CIT-R, P6–CIT-CIT, and P6–
CIT247 showed higher positive responses than the noncitrullinated peptides P6–R-R (linear) and P6–R247 (cyclic). IgG levels were measured by
Luminex assay. Symbols represent the reactivity of individual serum samples with the indicated peptide; bars show the mean � SEM. Boxed
areas denote box plots, where the boxes represent the 25th to 75th percentiles, the lines within the boxes represent the median, and the lines out-
side the boxes represent the 10th and 90th percentiles. Dashed red lines show the cutoffs for positivity, defined as the median + 5× the mean
absolute deviation in median fluorescence intensity (MFI) values in the healthy controls. ** = P < 0.01; **** = P < 0.0001, by Mann-Whitney U test.
CCP-1 = citrullinated peptide 1; CEP-1 = citrullinated α-enolase peptide 1. Color figure can be viewed in the online issue, which is available at
http://onlinelibrary.wiley.com/doi/10.1002/art.42072/abstract.

Figure 6. Autoantibodies against P6–CIT247 are highly associated with autoantibodies toward other citrullinated peptides. A and B, Rheuma-
toid arthritis patient–derived autoantibodies reactive with P6–CIT247 in relation to those responding to either citrullinated peptide 1 (CCP-1)
(A) or citrullinated α-enolase peptide 1 (CEP-1) (B). Dashed lines show the cutoffs for positivity, defined as the median + 5× the mean absolute devi-
ation from corresponding healthy controls. C, Venn diagram showing overlap of responses to P6–R247 and to P6–CIT247. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42072/abstract.
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between the 15A11 antibody and P6 epitope in the crystal struc-
ture explain how this antibody can cross-react with the native
COMP protein, thereby binding cartilage in vivo and efficiently
inducing arthritis and joint pain. Binding is mainly governed by
paratope shape–complementarity to the epitope in a β-hairpin
conformation and the availability of a deep, narrow, and appro-
priately charged binding pocket for residue R247 of P6. When
the structure of the P6 peptide bound to the 15A11 Fab
fragment is superimposed onto the corresponding sequence
in the COMP crystal structure, it becomes apparent that
recognition of native COMP by mAb requires an increase in
accessibility more than conformational changes in the epitope.
The sequence dependency of epitope recognition is further
highlighted by the fact that almost all residues of P6 visible in
the crystal structure are conserved in human, mouse, and rat
COMP, with the only exception representing a conservative
exchange of residues.

Degradation of COMP and associated ECM constituents is
mainly mediated by ADAMTS proteins and matrix metalloprotei-
nase 13 (14) targeting the 4 evolutionarily conserved EGF-like
repeats (49,50). Also, other COMPs interact with the EGF-like
domain. Their interaction with cells through integrins could poten-
tially affect cell adhesion during immune responses as well as in
apoptosis (51,52).

It has also been shown that injection of a set of monoclonal
IgG antibodies against COMP induces arthritis and enhances
the development of cartilage antibody–induced arthritis when
combined with anti-Col2 IgG antibodies (19). This study shows
that a single injection of mAb 15A11 alone is sufficient to mount
an immune response in naive mice and induce severe arthritis.
This supports the notion that autoantibodies to COMP can play
a pathogenic role in experimental arthritis by directly binding to
exposed surface epitopes of COMP in joint cartilage, resulting
in tissue damage (see Figure 2 and Supplementary Figure 1,
http://onlinelibrary.wiley.com/doi/10.1002/art.42072). Hence,
COMP antibodies act similarly to autoantibodies toward Col2,
which are also well known to be pathogenic in mice by interact-
ing directly with the native triple-helical conformation of Col2 in
cartilage (53).

In addition to its pathogenic role in mice, COMPmight also be
important as a biomarker for disease activity and joint destruction in
RA (15). Increased COMP fragments are detectable in serum and
synovial fluid in RA and other inflammatory and degenerative dis-
eases such as OA and systemic sclerosis (15). However, our cur-
rent knowledge about autoimmunity to COMP in RA is limited.

Since the P6 epitope is a major pathogenic epitope in
COMP-induced arthritis in mice and is conserved in humans, we
tested the antibody response in RA. Interestingly, we detected a
significant response not only to the native epitope but also to the
citrullinated P6 epitope. Similar to Col2, antibodies recognizing
native COMP epitopes are less frequently observed compared
to their citrullinated counterparts. The higher frequency of

citrullinated COMP–reactive antibodies may explain in part why
antibodies specifically interacting with citrulline could promiscu-
ously respond to many different peptides (54,55). However, a
minor, potentially pathogenic fraction of antibodies could more
specifically recognize citrullinated and native COMP within carti-
lage and thereby mediate arthritis.

Interestingly, COMP fragments are released into body fluids
such as synovial fluid and blood (15). Joint synovium and synovial
fluid contain peptidylarginine deiminases (PADs), which catalyze
the modification of arginine to citrulline (56). Hence, the P6 epi-
tope (and probably other unknown COMP fragments) are more
likely to be modified by extracellular PADs, leading to neoantigens
providing targets for antibodies.

The observed critical role of Ca2+ ions in the 15A11–COMP
interaction was dose dependent. It is most likely mediated via con-
formational changes in COMP, as in silico docking of 15A11 Fab
onto the P6 epitope in the crystal structure of (truncated) COMP
in the absence of Ca2+ ions revealed that the epitope would other-
wise be inaccessible to mAb 15A11. It has been shown that the
pentameric form of COMP exists in a more compact conformation
in the presence of Ca2+ (14,44). Interestingly, this finding raises the
possibility that an increased extracellular level of calcium in inflamed
joints could lead to increased accessibility of targeted epitopes of
native COMP and increased in situ citrullination. This could lead to
the joint-specific formation of local immune complexes playing
essential roles in increasing joint pain and inducing arthritis.

In summary, our findings provide a structural basis for
understanding the pathogenic effect of an autoantibody that
specifically targets a selected protein domain in native COMP
accessible in joints. This could also have functional importance
in RA, as this antibody, together with antibodies to citrullinated
variants of the same epitope, are detectable in RA serum and
may be associated with increased disease activity. These find-
ings warrant further study of anti-COMP antibodies as potential
biomarkers in RA.
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