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Relapsing polychondritis is an autoimmune disease
that affects cartilage in the ear, nose, and respiratory
tract. A pathogenic immune response has been pro-
posed and antibodies to several cartilage proteins are
detected in sera from these patients. To investigate
the role of the humoral immune response in relaps-
ing polychondritis, we used the matrilin-1-induced
relapsing polychondritis model. Mice deficient of B
cells (�MT) and mice congenic at the complement
factor 5, were immunized with matrilin-1, a cartilage-
specific protein mainly detected in the tracheal carti-
lage. To investigate the binding properties and tissue
selection of matrilin-1-specific antibodies we pro-
duced matrilin-1-specific B-cell hybridomas. Although
83% of the �MT heterozygous mice developed respi-
ratory distress and erosive chondritis in the respira-
tory tract, none of the B-cell-deficient mice were sus-
ceptible to disease. In addition, we show that
complement factor 5 is important for the induction of
matrilin-1-induced relapsing polychondritis. Mono-
clonal matrilin-1-specific antibodies injected into
neonatal mice bound specifically to cartilage of the
respiratory tract and adult B-cell-deficient mice in-
jected with the same antibodies developed erosive
chondritis in the respiratory tract. We conclude that
relapsing polychondritis can be mediated by a path-
way involving tissue-specific antibodies and comple-
ment activation. (Am J Pathol 2004, 164:959–966)

Autoimmune diseases in which the patients present an
inflammation in or around cartilage are widespread in the
population. Relapsing polychondritis (RP) is a chronic
relapsing disorder in which cartilage in the ear, nose, and
respiratory tract are affected.1 The mechanisms that are
involved in the initial triggering of RP, the maintenance of
the pathogenic immune response, and subsequent de-
struction of the cartilage are poorly understood. Previous

reports implicate a role for the humoral immune response,
particularly in the effector phase. It has been demonstrated
that antibodies to CII are present in the acute phase of RP
and that the antibody titers seem to correlate with the se-
verity of the symptoms.2–4 Antibodies to collagen type IX
(CIX) and type XI (CXI) are detected in patient sera as
well.5,6 Furthermore, antibodies to matrilin-1, an extracellu-
lar matrix protein predominantly expressed in tracheal car-
tilage,7 and antibodies to cartilage oligomeric matrix protein
(COMP) are detected in these patients.8 A role for immune
complexes and a subsequent activation of the complement
system have also been suggested in RP because C3 dep-
ositions and Igs were detected in affected auricular carti-
lage and in renal mesangium.9,10

RP has been associated with HLA-DR4, which impli-
cates a role for the MHC class II molecule and the in-
volvement of T cells.11–13 However, the influence of T
cells in RP pathogenesis has been poorly investigated
and only a few reports have been published. In separate
reports of two patients with severe tracheomalacia, T-cell
responses to CIX and CXI,6 and to matrilin-114 were
demonstrated. Our earlier findings from the matrilin-1-
induced relapsing polychondritis (MIRP),15 an animal
model mimicking respiratory distress and nasal chondri-
tis that represent a subset of the severe symptoms in RP,
indicate that both T cells and B cells specific for matrilin-1
are activated. Strikingly, the B-cell response consisted
mainly of autoreactive antibodies of the IgG type sug-
gesting that immune tolerance to matrilin-1 had been
broken. The role of B cells and pathogenic antibodies in
rheumatoid arthritis (RA) have recently been revived thanks
to findings made in animal models such as the K/BxN mice
in which antibodies reactive with glucose phosphoisomer-
ase are highly arthritogenic16 and in the more classical
collagen-induced arthritis (CIA) model.17–19

To investigate whether B cells could be involved also in
the pathogenesis of RP we used the MIRP model in the
mouse. We found that both B cells and complement-
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dependent pathways are critical based on mice deleted
for B cells and complement factor (C5) and we also
established pathogenic matrilin-1-specific monoclonal
antibodies.

Materials and Methods

Mice

All animals were bred and kept at the animal department
at Medical Inflammation Research, Lund University. Male
mice were used at an age of 8 to 13 weeks (intradermal
immunization) or 4 to 6 months (intravenous injection).
They were kept in a climate-controlled environment with
cycles of 12 hours light/dark and sound. �MT mice, pro-
duced by a deletion in the IgM �-chain in a cross of
C57BL/6�129,20 were backcrossed into a B10.Q (H-2q)
background for eight generations and intercrossed for
two generations to generate homozygous littermates
lacking B cells (�MT-BQ). We also backcrossed the �MT
into the DBA/1 (H-2q) strain (�MT-DQ) for five genera-
tions. Crossing mice from the B10.Q and NOD.Q strains
according to the speed congenic protocol produced the
C5 congenic strain. These mice were intercrossed to get
a homozygous NOD.Q fragment for the C5 locus. The
NOD.Q fragment in the C5 congenic strain covers �30
cM between the markers D2Mit116 and D2Mit91.

Induction and Evaluation of Disease

Mice were immunized intradermally at the back of the tail
with 100 �g of matrilin-121 emulsified in complete
Freund’s adjuvant (Difco, Detroit, MI). The mice were
boosted at day 35 (�MT mice) or at day 40 (C5 congenic
mice) with 50 �g of matrilin-1 in incomplete Freund’s
adjuvant (Difco). Scoring was performed according to
modified scoring grades previously developed for the rat
model:15 score 1, suspicion of respiratory distress; score
2, discontinuous inspiratory stridor; 3, continuous inspira-
tory stridor; 4, continuous inspiratory stridor and abnor-
mal breathing pattern; 5, cyanosis.

Tissue Preparation and Staining

Tissue was dissected and immediately either snap-frozen
at �70°C or fixed in 4% paraformaldehyde solution for 24
hours and further embedded in paraffin. Joints were de-
calcified for 2 to 3 weeks in ethylenediaminetetraacetic
acid solution. Sections of 5 to 6 �m were stained with
hematoxylin and erythrosine.

Production of Monoclonal Antibodies and in
Vivo Injections

Five matrilin-1-specific hybridomas (AM2, AM4, AM5,
AM7, AM8) were produced according to established pro-
tocols by using interleukin-10-deficient22 B10.Q mice,
immunized with matrilin-1 as described above and
boosted a second time in the footpad at day 140 with 50

�g of matrilin-1 in incomplete Freund’s adjuvant. The
interleukin-10-deficient B10.Q mice were used because
of their sensitivity to develop severe and chronic chon-
dritis of the respiratory tract (AS Hansson et al, unpub-
lished data). Neonatal mice, ie, 2-day-old mice, were
injected intraperitoneally with 100 �l of each biotinylated
monoclonal antibody. Tissue was collected 24 hours later
and snap-frozen. Immunostainings, detected by diami-
nobenzidine, were used to visualize the bound antibodies
on the tissue. Mice, 4 to 6 months old, were injected
intraperitoneally with combinations of two to three differ-
ent matrilin-1-specific antibodies. The doses varied be-
tween total doses of 4 to 5 mg per mouse or 9 mg per
mouse (the �MT-BR mice), with equal concentrations of
the different monoclonal antibodies, volumes varied be-
tween �400 to 1000 �l, injections with larger volumes
were divided into several occasions with a few hours in
between. At day 5, 50 �g of lipopolysaccharide were
injected intraperitoneally. Tissue was collected and fixed
in 4% paraformaldehyde solution as described above.

Antibody Detection

Sera were collected and stored in �20°C until assayed.
Enzyme-linked immunosorbent assay was performed ac-
cording to standard protocols.8 Plates (Costar; Corning
Inc., Corning, NY) were coated with 1 �g/ml of denatured
bovine matrilin-1,21 10 �g/ml of CII, or 10 �g/ml of COMP.
Enzyme-linked immunosorbent assay on �MT mice was
performed with sera diluted 1/10 and titrated in steps of
10. In the C5-congenic and corresponding control mice
sera were diluted 1/10,000 (sera at day 77, the isotypes
IgG1 and IgG2a were diluted 1/1000). We used second-
ary antibodies detecting sheep anti-mouse IgG Fc�
labeled with alkaline phosphatase, (Jackson Immuno-
Research Laboratories Inc., West Grove, PA) or a perox-
idase-conjugated secondary antibody detecting Ig iso-
types (goat anti-mouse IgG1 and goat anti-mouse IgG2a)
of the matrilin-1 response. The plates were developed
with p-nitrophenol or ABTS solution as the substrates and
the amount of antibody was estimated as absorbency at
405 nm by using a Titertek Multiscan filterphotometer. All
plates detecting the same antigen or isotype were ana-
lyzed at the same time point.

Statistical Analysis

Antibody levels were analyzed with Mann-Whitney U-test.
If not indicated otherwise, P�0.05 was considered sig-
nificant.

Results

B-Cell-Deficient Mice Do Not Develop MIRP

To investigate the role of B cells in MIRP, we used murine
littermates on the B10.Q background that were either
heterozygous (n � 11) or homozygous (n � 12) for the
deletion of IgM (�MT). Approximately 7 weeks after im-
munization (day 46 � 6) the heterozygous mice devel-
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oped respiratory distress symptoms with high incidence
(Figure 1a). A few mice reached score 5, that is cyanosis,
in the acute phase and were taken off the experiment
whereas the majority of the remaining symptomatic mice
were seen with a subsequent relapsing disease (Figure
1; a to d). The homozygous mice, ie, B cell-deficient, did
not present any respiratory distress or other pathological
clinical sign. Macroscopic joint inflammation was not de-
tected in any mouse.

Tissue sections were analyzed in the acute phase of
the disease and at the end of the experiment, at day 140.
An aggressive inflammatory infiltrate was found in the
tracheal cartilage during the onset period of the respira-
tory symptoms. This infiltrate, that destroyed major parts
of the cartilage tissue, consisted of mainly neutrophils
(Figure 2a). Laryngeal and nasal cartilages were also
affected by mainly a neutrophil infiltration, but with a
milder destruction of the affected cartilage (Figure 2b). In
the chronic phase of the disease, an active inflammation
with a mix of neutrophils, macrophages, and lympho-
cytes could still be detected in a few mice, but new
formation of cartilage and tissue reorganization were the
most prominent features (Figure 2c). Joint cartilage was
not affected in the acute phase and only mildly affected in
the late phase of the disease, which could possibly be

explained by induction of an immune response to carti-
lage proteins other than matrilin-1. No clinical or histolog-
ical finding was detected in the B-cell-deficient mice.

Heterozygous Mice Produce Antibodies to
Matrilin-1; B-Cell-Deficient Mice Do Not

All �MT mice immunized with matrilin-1 were investigated
for an antibody response to matrilin-1. A significant in-
crease in antibody titer was detected in the heterozygous
mice, both at day 35 and day 140 (data not shown). The
B-cell-deficient mice did not produce any antibodies, nor
did the control mice. Four heterozygous mice mounted
low antibody titers to COMP and three had low titers to CII
(data not shown). No correlation was found between any
of the investigated parameters and the antibody titers of
CII or COMP, but importantly, all mice with disease had
high levels of antibodies to matrilin-1.

Monoclonal Antibodies to Matrilin-1 Bind
Neonatal Cartilage in Vivo

To further investigate the role of B cells and immuno-
globulins, we established five B-cell hybridomas, which

Figure 1. Disease course of mice immunized with matrilin-1. B-cell-deficient (homozygous) and B-cell-sufficient (heterozygous) �MT mice on a B10.Q
background are scored for respiratory distress. A: Incidence. B: Mean clinical score of all mice. C and D: Clinical scores of two individual mice with a characteristic
relapsing disease. For clinical score see Material and Methods.
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produced monoclonal antibodies specific to matrilin-1.
Specificity of the clones (AM2, AM4, AM5, AM7, and
AM8) was tested by enzyme-linked immunosorbent as-
say, Western blot, and tissue staining.8 Crossreactivities
of various degrees were demonstrated between some of
the clones, and accordingly they most likely shared some
of the matrilin-1 epitopes (Figure 3). All clones were iden-
tified as IgG1 isotypes, except for AM4 that was indefin-
able, but most likely of the IgG2c isotype.

To test the in vivo binding capacity of the biotinylated
monoclonal antibodies, we injected the antibodies into
neonatal mice and visualized the same by immunohisto-
chemical staining 24 hours later. The five clones bound
with different affinity to the tracheolaryngeal cartilage
tissue; AM5 was defined as the strongest binder (Figure
4a), AM2 was a moderate one and AM4, AM7, and AM8
bound weakly (data not shown). The fact that matrilin-1 is
purified under denaturing conditions raises the possibility
that the weakly bound antibodies recognize epitopes on
native matrilin-1 and which, because of several steps in
tissue and staining preparation, are no longer present.

The nasal cartilage tissue exhibited a similar staining
pattern as the laryngeal one. No antibody bound to the
articular cartilage surface in the hind paws (Figure 4b).

Monoclonal Antibodies to Matrilin-1 Induce
Inflammation in the Cartilage of the
Respiratory Tract

To investigate the effect of our matrilin-1-specific antibod-
ies in adult B-cell-deficient mice, the mice were injected
with different combinations of our monoclonal antibodies
followed by an injection of lipopolysaccharide at day 5.
When we used the combination of AM2 � AM5 at a
concentration of 2 mg per antibody, two of three �MT-DQ
mice presented mild clinical scores. In the tissue sections
of these two mice, we could detect neutrophils and mac-

Figure 2. Tissue sections from a �MT-B10.Q-sufficient (heterozygous)
mouse, immunized with matrilin-1. A and B: Tracheal tissue with a destructed
tracheal ring (A) and inflammatory infiltrate in nasal tissue (B), both from the
acute phase of the disease. C: Section from laryngeal cartilage 140 days after
immunization. C, Cartilage tissue; I, inflammatory infiltrate. Staining with
hematoxylin and erythrosine. Original magnifications: �75 (A, C); �200 (B).

Figure 3. Inhibition assay of five matrilin-1-specific monoclonal antibodies.
Five clones (AM2, AM4, AM5, AM7, and AM8) were produced and tested for
cross-reactivity. The results of the enzyme-linked immunosorbent assay are
presented as percentage of inhibition when blocking a biotinylated antibody
with a nonbiotinylated antibody.

Figure 4. Tissue sections from neonatal mice that were injected with matri-
lin-1-specific monoclonal antibodies. A: Laryngeal cartilage from a neonate
injected with AM5. B: Hind paw from a neonate injected with AM5. Back-
ground staining with methyl green. Original magnifications: �65 (A); �170
(B).
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rophages in an erosive active inflammation of the laryn-
geal cartilage (Figure 5a). In addition, an infiltration of
mainly neutrophils was found in the mucosal part of the
nasal septum (Figure 5b). Tissue samples were collected
and stained from the ear and the joints as well, but no
inflammation could be detected. Furthermore, we used
�MT-BR mice, a mouse strain that we have recently
shown is more sensitive to antibody-induced arthritis than
the �MT-B10.Q strain (KS Nandakumar et al, unpub-
lished data). Two of six of these mice died before the
planned collection of tissue specimen. This was likely
because of an acute respiratory distress caused by a
severe chondritis of the respiratory tract, which is com-
monly seen in several other mouse strains, as for exam-
ple the QD and the B10.Q strains (AS Hansson et al,
unpublished data). Interestingly, one of these mice was
injected with a cocktail of the same monoclonal antibod-
ies that induced cartilage erosions in the �MT-DQ mice
(AM2 � AM5), while the other one received AM2 � AM4.
The fact that a total concentration of 9 mg of monoclonal
antibodies (instead of 4 to 5 mg) was injected in the
�MT-BR mice most probably also contributed to the le-
thal outcome. The remaining four �MT-BR mice were
sacrificed on day 12 after the first injection and tissue was
analyzed as described for the earlier experiment but no
major inflammatory changes were detected. In addition
we tried to induce disease in �MT-BQ, BALB/c, and QD
mice, all of which are strains known as susceptible to
antibody-induced arthritis and/or matrilin-1-induced
chondritis, but with negative outcome. Nor were we able
to transfer disease by serum from affected QD mice into
�MT-BR mice. Control monoclonal antibodies of all iso-

types were used but no signs of arthritis or chondritis
were observed (data not shown).

Complement Factor 5 Plays a Major Role in the
Pathogenesis of MIRP

We wanted to analyze the role of complement in MIRP.
We used B10.Q mice, congenic for the C5 locus with
genes from the NOD mouse, which carries a 2-bp dele-
tion in the C5-encoding gene making it nonfunctional.
B10.Q control mice as well as C5-congenic mice were
immunized with matrilin-1 according to standard proto-
col. Respiratory distress was observed in 78% of the
control mice but only in 25% of the C5-congenic mice. In
addition, a significantly higher mean maximum score was
found in the control mice (Table 1). No difference was
found between the groups when analyzing only affected
mice for severity, onset day, or weight loss during the
disease course (data not shown). We could however
demonstrate a significant difference in antibody re-
sponse to matrilin-1 between the two groups (Figure 6).
The level of antibodies of the IgG1 isotype was signifi-
cantly lower in the C5-congenic mice compared to the
control group whereas no difference was found for the
IgG2a/c isotype.

Discussion

Few investigations have been reported on the pathogenic
pathways in RP and its corresponding animal models. In
this study we show that B cells are crucial for the induc-
tion of RP-like symptoms in the murine MIRP model and
that C5 plays a prominent role in the induction phase of
this disease. We also demonstrate that matrilin-1-specific
monoclonal antibodies bind cartilage of the respiratory
tract and that these antibodies are pathogenic. These
findings confirm and extend the recent suggestion that
matrilin-1 is a critical autoantigen eliciting respiratory
symptoms in rodents as well as in human patients.8,14,15

Contrary to RP, RA and the arthritis models have been
thoroughly explored throughout many years. RP and RA
share several clinical manifestations as well as features
on the molecular level, but large differences, such as for
example the site of chondritis, appear as well which is
also demonstrated in animal models.15,23–25 In this dis-

Figure 5. Tissue sections from a �MT-QD B-cell-deficient (homozygous)
mouse that was injected with matrilin-1-specific monoclonal antibodies. A:
Tissue section from laryngeal cartilage showing an erosive inflammation. B:
Nasal tissue showing an inflammatory infiltrate in the mucosal part of the
septum. C, Cartilage; I, inflammatory infiltrate. Staining with hematoxylin and
erythrosine. Original magnifications, �180.

Table 1. Clinical Characteristics in Mice Immunized with
Matrilin-1 with a Functional (B10.Q) or a
Nonfunctional (B10.Q C5 Congenic) C5 Molecule

Incidence

Mean maximum
score (all
animals

included)
Onset
day

B10.Q 7/9* 2.9 � 1.7† 52 � 8
B10.Q C5 congenic 2/8* 0.6 � 1.2† 52 � 10

*P � 0.06, bilateral Fisher’s test.
†P � 0.02, Mann-Whitney U-test.

B Cells and Complement in MIRP 963
AJP March 2004, Vol. 164, No. 3



cussion, we deal with the immunological characteristics
of models mimicking RP as well as models for RA be-
cause we hypothesize that some of the basic mecha-
nisms are valid in both diseases and that the differences
appearing are important to penetrate the understanding
of the tissue-specific immune response.

A humoral immune response is required for the devel-
opment of CIA.18,26,27 High levels of anti-CII IgG are
usually detected in the sera from CII-immunized animals
but does not automatically lead to arthritis although all
arthritic mice have a minimal level of anti-CII IgG antibod-
ies in serum.28,29 These observations indicate that anti-
bodies are not the sole factor for CIA but clearly they are
essential components. In the recently described T-cell
receptor transgenic K/BxN model of arthritis it has been
shown that antibodies to glucose phosphoisomerase ac-
cumulate on cartilage surface and induce severe arthri-
tis.30 However, it needs to be emphasized that in some
other models of arthritis, B cells are likely to play only a
minor, or possibly a protective role, for development of
arthritis.31,32 These differences in pathogenic pathways
leading to the same end results, arthritis, may be caused
by factors such as differences in the mode of induction,
the genetic background, or environmental surrounding. It
is also unclear whether the pathogenic pathways leading
to chondritis are the same as those leading to arthritis
and in this case both the immune specificity and the
target tissue are different. We show that matrilin-1-spe-
cific antibodies induce cartilage inflammation and ero-
sion in the respiratory tract, indicating that pathogenic
antibodies operate in this model of RP. Although we only
succeeded to induce mild respiratory symptoms at injec-
tion of matrilin-1-specific antibodies in B-cell-deficient
mice it is possible that adjusting the dose, the use of
combinations of antibodies and another selection of
epitope-specificity would increase the pathogenicity.
These possibilities have been described in more detail
using arthritis models, the CIA model, and the spontane-
ous TCR transgenic model K/BxN, in which a cocktail of
several monoclonal antibodies with selected epitope-
specificity enhanced disease induction.16,19,33,34 In ad-
dition, serum transfer from diseased animals to B-cell-
deficient mice has been reported to induce a mild and
transient arthritis in the K/BxN model.35 We did not in-
duce any clinical or histological chondritis by serum
transfer from MIRP-diseased mice. However, considering
that only a mild and transient articular inflammation was
detected in the K/BxN mice, it will be difficult to catch
these inflammatory changes in the MIRP model because
the tracheal cartilage is not visible to the eye during
active inflammation and hence quite strong inflammation
is needed for clinical symptoms to arise. The fact that we
induced inflammation in the �MT-DQ but not in the
�MT-BQ strain fits with our recent results that the QD
strain is very susceptible to MIRP induction compared to
all other strains tested, including the B10.Q (AS Hansson

Figure 6. Serum levels of matrilin-1-specific antibodies in mice immunized
with matrilin-1. Sera were diluted 1/10,000 in all assays except for sera from
day 77 detecting IgG1 and IgG2a, which were diluted 1/1000. Titers are
expressed as OD values detecting IgG Fc� (A), IgG1 (B), and IgG2a/c (C).
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et al, unpublished data). Furthermore, the mouse that we
chose for isolation of matrilin-1-specific B-cell hybrid-
omas was immunized 140 days before the fusion of the
lymph nodes. Despite the fact that this mouse developed
severe respiratory distress in a relapsing manner (AS
Hansson et al, unpublished data) with no macro- or mi-
croscopical signs of joint involvement, the cartilage reor-
ganization is likely to reveal new epitopes originating from
tracheal cartilage proteins such as matrilin-1, COMP, CII,
CIX, and CXI. This might result in hybridomas producing
antibodies that are reactive to epitopes appearing only in
the chronic phase of the disease, as a consequence of
tissue destruction, and not to the epitopes that are im-
portant for the initiation of a matrilin-1 immune response.

In recent years the role of immunoglobulin receptors
has been highlighted in experimental arthritis as impor-
tant players in the antibody-mediated effector phase.
Data suggest that Fc�RI and Fc�RIII are crucial for the
development of arthritis in DBA/1 mice immunized with
CII while the Fc�RII was protective against disease.36

The complement factors have also been proposed as
major contributors in this phase of disease and particu-
larly C5 has been shown to play a critical role in several
arthritis models.37–41 In this study we show that C5 is one
of the major players for induction of autoimmune chon-
dritis in the respiratory tract and nose. However, C5 is not
an absolute requirement for the development of MIRP
because a few mice devoid of a functional C5 were still
affected by respiratory distress, which indicates that al-
ternative routes not dependent on the C5 molecule were
activated. Surprisingly, the C5 congenic mice produced
less antibodies of the IgG1 isotype indicating that a Th2-
like immune response plays a pathogenic role in the
MIRP model. The observation that most of the hybrid-
omas produced IgG1 antibodies could be coincidental
but are also in line with data recently presented on the
murine K/BxN serum-transferred arthritis model where
IgG1 was determined as the main and only isotype re-
quired for arthritis induction.16 Consequently, several fac-
tors such as the Ig isotype, IgG1, the impact of neutrophil
influx in the initial phase and the importance of the alter-
native pathway of the complement system indicate major
similarities between the MIRP pathogenesis and the
K/BxN model. Alternative pathogenic pathways are obvi-
ously involved in CIA where most IgG subclasses (1, 2a,
and 2b) have been shown to induce arthritis19,33,34,42 (KS
Nandakumar et al, unpublished observations).

In conclusion, our results emphasize the requirement
of a humoral immune response in autoimmune chondritis.
They further indicate that several pathogenic pathways
most likely are involved in murine models that mimic
human diseases such as RP and RA. We show that B
cells, matrilin-1-specific antibodies, and C5 play major
roles in the pathogenesis of cartilage inflammation of the
respiratory tract. However, additional investigations on
the fine specificity of the pathogenic B cells, immuno-
globulins, and complement factors are needed to reveal
the complexity of the autoimmune inflammation in carti-
lage tissue.
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