
IgM plays an important role in induction of collagen-induced
arthritis

B. Zheng, X. Zhang, L. Guo and
S. Han
Department of Immunology, Baylor College of

Medicine, Houston, TX, USA

Summary

IgM is one major type of B cell receptor (BCR) expressed on most of the B cells
from immature to mature stages. During normal B cell ontogeny, signals
transduced through the IgM BCR play an important role in regulating B cell
maturation and survival at multiple checkpoints. In addition, IgM BCR is also
required for antigen-dependent differentiation and activation of B cells.
However, whether IgM BCR-mediated signalling is important for the patho-
genesis of autoimmune diseases remains elusive. Using IgM-deficient mice, we
examined the effect of absence of IgM on the development of collagen-
induced arthritis (CIA), an animal model of rheumatoid arthritis (RA). Com-
pared to their wild-type littermates, IgM-deficient mice were either resistant
to arthritis induction or developed significantly less severe arthritis. There
was a significant decrease of autoantibody production in IgM-deficient mice,
particularly IgG2a antibodies, which is believed to be pathogenic in CIA.
Thus, although IgM–/– mice have relatively normal B cell development with
IgD BCR replacing IgM BCR, the absence of IgM-mediated signals has a
profound impact on the development of CIA, indicating that IgM plays an
important role in the development and pathogenesis of autoimmune arthritis
and IgM-mediated signalling is critical in the generation of pathogenic
autoreactive antibodies.

Keywords: arthritis, autoantibodies, autoimmunity, IgM

Accepted for publication 18 May 2007

Correspondence: Dr Shuhua Han, Department

of Immunology, Baylor College of Medicine,

M929, One Baylor Plaza, Houston, TX 77030,

USA.

E-mail: shan@bcm.tmc.edu

Introduction

During B cell development, the expression of IgM and IgD
is tightly regulated and controlled. Newly generated B cells
in the bone marrow express IgM, but not IgD, on their
surface, whereas the vast majority of mature peripheral B
cells co-express IgM and IgD. IgD expression is first
up-regulated in transitional B cells in the spleen at the T2
stage; then the expression of IgD increases as B cells differ-
entiate towards the mature stage [1]. Marginal-zone B cells
express high levels of IgM but down-regulate IgD on the
surface [2,3]. After activation, B cells rapidly down-regulate
the expression of IgD, but not IgM [4,5]. To date, the bio-
logical function of the dual expression of IgM and IgD by
most B cells and the differential expression of IgM and IgD
during B cell development and differentiation is not fully
understood.

It is now clear that B cells play an important role in some
autoimmune diseases, including autoimmune arthritis. The

presence of high levels of autoantibodies is a characteristic of
rheumatoid arthritis (RA). Most patients with RA develop
high titres of IgM- and IgG-types of rheumatoid factors (RF)
[6], which are considered to be pathogenic. However, by
studying mice deficient for secreted IgM, a recent report
indicates that IgM autoantibodies may play a protective role
in autoimmune diseases, as the absence of IgM antibodies
accelerates the development of IgG autoantibodies and
glomerulonephritis in lpr mice [7]. In the current study, we
explored the roles of IgM in the development and progres-
sion of collagen-induced arthritis (CIA) using IgM-deficient
mice that lack both membrane and secreted IgM but exhibit
normal B cell development [8]. Interestingly, the results
showed that IgM–/– mice were resistant to CIA induction
compared to their wild-type littermates. The production of
IgG2a antibodies was reduced significantly in IgM–/– mice.
Taken together, IgM as secreted antibodies and as B cell
receptors (BCRs) may play distinct roles in autoimmune
responses.
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Materials and methods

Mice

IgM-deficient mice [9] were back-crossed to DBA/1 back-
ground for six generations. Wild-type littermates were used
as controls in all the experiments. All the mice were housed
in autoclaved micro-isolators, provided with sterile bedding,
food and water and maintained on a 12-h day/night cycle.
Animal experimentation was performed in accordance with
protocols approved by the Animal Research Committee of
Baylor College of Medicine.

Induction of CIA and evaluation of arthritis

Mice were immunized with bovine type II collagen (CII) to
induce CIA, as described previously [10]. Briefly, mice were
injected subcutaneously (s.c.) at the base of the tail with
100 mg (in 100 ml) bovine CII (Sigma Chemical Co., St Louis,
MO, USA) dissolved in 0·01 M acetic acid and emulsified in
an equal volume of complete Freund’s adjuvant (CFA)
(Sigma). Three weeks after primary immunization, the mice
were challenged intraperitoneally (i.p.) with 100 mg bovine
CII/incomplete Freund’s adjuvant (IFA). The scoring system
was based on the degree of swelling and periarticular
erythema. The scores of all four paws were summed to yield
the arthritis index [10]. Clinical arthritis was assessed using
the following scoring system: grade 0 = no swelling, grade
1 = paws with swelling in a single digit, grade 2 = paws with
swelling in multiple digits and grade 3 = severe swelling and
joint rigidity. Each limb was graded, and the maximum pos-
sible score per mouse was 12. Anteroposterior radiographs of
the four limbs were obtained using a Faxitron machine. Each
limb was assessed for the presence of periarticular osteope-
nia, bone erosion ankylosis and deformity, with a score range
of 0–4 (0 = no involvement, 4 = extensive involvement com-
prising bone mineralization, erosion, periostitis, cartilage
space loss, soft tissues, alignment changes and associated
degenerative changes).

Detection of autoreactive antibodies

CII, dsDNA or histone-specific antibodies in mouse sera
were determined by enzyme-linked immunosorbent assay
(ELISA). Briefly, microplates were coated with bovine CII,
dsDNA or histone overnight, respectively, and then blocked
with 10% fetal calf serum (FCS). Samples were added and
incubated for 1 h at 37°C and washed. Horseradish peroxi-
dase (HRP)-conjugated goat anti-mouse IgG1 and IgG2a
(Southern Biotechnology Associates, Birmingham, AL, USA)
were used as secondary detection reagents. RF activity was
measured using a modified ELISA method [11]. Plates were
coated with NIP [(4-hydroxy-5-iodo-3-nitrophenyl)acetyl]-
bovine serum albumin (BSA) (20 mg/ml). A NIP-specific
monoclonal antibody (mAb) (IgG/l) was added and

incubated for 1 h, and bound anti-NIP mAb served as ligands
for RF binding. Samples were then incubated at 4°C over-
night and RFs bound to plates were detected by anti-mouse
k-HRP. HRP activity was visualized using a TMB peroxidase
substrate kit (Bio-Rad Laboratories, Hercules, CA, USA) and
optical densities were determined at 450 nm using an auto-
mated reader. CII-specific antibody titres were determined
using pooled serum from CIA mice as standard on each plate.

Joint cell preparation and flow cytometry

Cells from inflamed joints of DBA/1 mice were isolated at
peak time of CIA. Briefly, after the skin and muscles were
removed, cells in the joints were flushed and collected. Cells
were washed with phosphate-buffered saline (PBS)/0·08%
sodium azide and first incubated with anti-CD16/CD32
antibody to block FcgR-mediated binding. Cells were then
stained with antibodies to B220, CD19, CD138, IgM, IgG1
and IgG2a/2b (BD PharMingen, San Jose, CA, USA) and
analysed using fluorescence activated cell sorter analysis
(FACScalibur; Becton Dickinson, SanJose, CA, USA).

T cell priming and antigen-specific proliferation

Mice were immunized with either 100 mg bovine CII or
chicken g-globulin (CGG) emulsified in CFA. One week
later, draining (inguinal) lymph nodes (LNs) were taken and
single-cell suspension prepared; then 5 ¥ 104 cells/well were
cultured in 96-well flat-bottomed plates with various con-
centrations of CII or CGG for 3 days. Cells were pulsed with
[3H]-thymidine (1 mCi/well) for the last 18 h and incorpo-
ration of [3H]-thymidine was measured with an LKB 1205
Betaplate liquid scintillation counter (Wallac, Gaithersburg,
MD, USA).

Statistical analysis

Student’s t-test was used to determine the significance of
differences in means. A value of P < 0·05 was considered
statistically significant.

Results

IgM-deficient mice are resistant to CIA induction

To investigate the role of IgM in the development and patho-
genesis of CIA, we induced CIA in IgM–/– mice and wild-type
littermates with CII and monitored the development and
progression of the disease. Our results showed that IgM–/–

mice were resistant to CIA induction. We observed a delayed
onset and decreased incidence of articular disease in IgM–/–

mice compared with wild-type mice (Fig. 1a). By day 40 after
immunization all the wild-type mice had developed arthri-
tis, whereas only about 40% of the IgM–/– mice developed the
disease. The majority (60%) of the IgM–/– animals never
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developed arthritis when the experiment was completed at
day 63 after primary immunization. In addition, among the
IgM–/– mice that developed articular inflammation, the
severity of the disease was reduced significantly (Fig. 1b).
This reduced disease severity was sustained throughout the
chronic phase of the disease. Thus, our results indicate the
that lack of IgM-mediated signalling not only suppresses
the initiation of arthritis, but also attenuates the progression
of the disease. We further examined the joint morphology by
X-ray. The representative photographs of arthritic joints
from control wild-type and IgM–/– mice are shown in Fig. 1c.
Marked joint destruction with severe disfiguration, osteoly-
sis and osteophyte production can be observed in the paws of
wild-type mice; whereas the paws of IgM–/– mice exhibited
relative normal structure at this late phase of the disease.
Consistent with clinical scores, the X-ray scores of joint
pathology in IgM–/– mice were minimal compared to that of
wild-type mice (Fig. 1d).

Production of CII-specific IgG2a antibodies was
reduced significantly in IgM–/– mice

Because it has been shown that anti-CII antibodies play an
important role in the pathogenesis of CIA [12–14], we deter-
mined whether the absence of IgM-mediated signalling
affected the levels of other isotypes of CII-specific
antibodies. The serum levels of IgG1 and IgG2a CII-specific
antibodies were evaluated by ELISA. Our results showed that
wild-type and IgM–/– mice produced comparable levels of
CII-specific IgG1 antibodies (Fig. 2a). However, there was a
dramatic reduction of CII-specific IgG2a antibodies in
IgM–/– mice compared with wild-type controls (Fig. 2b). As it

is known that, in mice, antibodies of IgG2a isotype are the
most efficient antibodies to mediate effector functions such
as activating complement [15–17], reduced IgG2a antibody
production is likely to be one of the mechanisms contribut-
ing to the decreased disease pathology in IgM–/– mice.

Production of rheumatoid factors (RFs) and other
autoreactive antibodies was also diminished in IgM–/–

mice

To characterize further the autoimmune mechanisms under-
lying CIA resistance in IgM–/– mice, we investigated whether
there was a general reduction of antibodies to other self-
components, including IgG (RFs), dsDNA and histone. We
found that there was a significant reduction in the levels of
total RFs and IgG2a type RFs in IgM–/– mice (Fig. 2c,d).
Remarkably, IgG2a antibodies specific for histone and
dsDNA were also decreased to a level that was barely detect-
able (Fig. 2f,h). In addition, anti-histone IgG1 antibodies
were also reduced in IgM–/– mice (Fig. 2e). Thus, our findings
demonstrated that, in IgM–/– mice, production of autoreac-
tive antibodies, particularly IgG2a antibodies, was generally
diminished.

High numbers of IgM-expressing B cells and
IgM-producing plasma cells are present in the arthritic
joints

It is known that the contribution of B cells to autoimmune
arthritis is far beyond autoantibody production. B cells
may exert their role via antigen presentation and cytokine
production at the inflammatory sites. To understand the

Fig. 1. IgM-deficient mice were resistant to

collagen-induced arthritis (CIA) induction.

IgM-deficient mice and wild-type littermates

were immunized with bovine type II collagen in

CFA on days 0 and boosted on day 21. Mice

were examined for the development (a) and

severity (b) of arthritis. Disease severity was

scored by visual inspection of paws on a scale

of 0–3 as indicated in Methods. Data

[mean � standard error (s.e.)] are

representative of two independent experiments

with eight to 10 mice in each group. (c)

Representative pathological changes of arthritic

paws revealed by X-ray. A hind paw from a

wild-type control mouse shows severe

disfiguration, osteolysis and osteophyte

production, whereas a hind paw from an

IgM-deficient mouse shows relatively normal

structure. (d) X-ray scores (mean � s.e.) of

wild-type (black bar) or IgM mutant (open

bar) mice at day 63 post-primary

immunization.
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significance of IgM BCR-mediated signals in the affected
joints, we examined the frequency of IgM-expressing B cells
in the inflamed joints of wild-type mice with CIA. The
infiltrating cells in the joints of wild-type DBA/1 mice with
CIA were isolated and analysed by flow cytometry. The
results showed that B cells in the arthritic joints of wild-type
mice can be divided into two populations: CD19highB220high

and CD19lowB220low cells (Fig. 3a). It is known that plasma
cells down-regulate CD19 and B220. Indeed, these
CD19lowB220low cells are mainly CD138+ (data not shown).
Surprisingly, most of the B cells infiltrating in the joints
express IgM. When CD19highB220high B cells were gated, vast
majority of them were IgM+ and only ~10% were IgG1+

(Fig. 3b). However, in the CD19lowB220low plasma cells, only
one-third expressed IgM and about 20% express IgG1
(Fig. 3b). These results suggest that most of the B cells that
migrated into joints had not undergone class switching. Pre-
dominant class switching may occur locally in the joints
during the inflammatory response, rather than in lymphoid
tissues. Thus, the presence of high numbers of IgM positive
B cells and IgM-producing plasma cells may suggest a role of
IgM as membrane BCR and antibodies in this chronic
inflammation. In addition, a substantial number of IgG2a/

2b-expressing plasma cells are present in the arthritic joints
(Fig. 3c), which supports the importance of IgG2a in the
pathogenesis of CIA.

Normal T cell priming and cytokine production
in IgM–/– mice

Because T helper 1 (Th1) type and/or proinflammatory
cytokines such as interferon (IFN)-g play a dominant role in
the pathogenesis of RA and CIA, and tipping the balance
between Th1/Th2 cytokines will affect the development and
outcome of the disease [18–21], we examined whether T cell
activation and Th1/Th2 cytokine production was altered in
the absence of IgM. Our results showed that CII-specific
proliferation of draining LN cells was similar between IgM–/–

mice and wild-type controls (Fig. 4a). Production of IFN-g
was comparable between LN cells from IgM–/– mice and
wild-type controls (Fig. 4b). The levels of IL-4 or IL-10 were
very low (< 31 pg/ml) in cell cultures from either wild-type
or IgM–/– mice (data not shown). Similarly, when mice were
immunized with CGG, cellular proliferation and IFN-g pro-
duction from draining LN cells of wild-type and IgM–/– mice
were not significantly different (Fig. 4a,b). We obtained

Fig. 2. Decreased production of autoantibodies

in IgM-deficient mice. Six weeks after secondary

immunization with CII, sera from wild-type

(black bars) or IgM-deficient (open bars) mice

were tested for autoreactive antibody

production. The levels of CII-specific IgG1 (a)

or IgG2a (b) antibodies were measured by

enzyme-linked immunosorbent assay against a

standard serum. Levels of rheumatoid factors

(c, d), anti-histone (e, f) or anti-dsDNA (g, h)

antibodies were expressed as OD value at

1 : 100 dilution. Data (mean � standard error)

are representative of two independent

experiments with eight to 10 mice in each

group. P-values are indicated for each type of

autoreactive antibodies between the two groups.
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similar results with either CFA or RIBI as adjuvant, indicat-
ing that lack of IgM-mediated signalling does not affect T
cell priming in vivo.

Discussion

To explore the role of IgM in the development and patho-
genesis of autoimmune arthritis, we have investigated CIA
induction and disease outcome in IgM-deficient mice in
which B cell development and maturation proceed normally,
with IgD replacing IgM [8]. Here we report that IgM-
deficient mice exhibited significantly reduced incidence of
CIA and attenuated disease severity. In IgM–/– mice, not only
was the incidence rate of joint inflammation suppressed, but
also the degree of arthritogenic responses was decreased,
suggesting that IgM deficiency inhibits both the initiation
and progression of the disease.

Because B cells exert their immunological functions
through acting as direct effector cells to produce antibodies,
and/or as regulatory cells to modulate immune responses,
IgM-mediated signals may mediate the arthritogenic
response by modulating generation of autoreactive antibod-
ies, cytokine production and antigen presentation. In the
current study, the first apparent abnormality of IgM defi-
cient mice is that they do not produce IgM antibodies. Pro-
duction of high levels of autoantibodies is associated with
many autoimmune diseases [6]. In rheumatoid arthritis
(RA), more than 70% of the patients develop high titres of
serum IgM and IgG RFs. However, a recent study has shown
that lpr mice in the absence of secreted IgM develop elevated
levels of IgG autoantibodies and more severe glomerulone-
pritis, indicating that IgM autoantibodies may lessen the
severity of autoimmune pathology [7]. The authors postu-
lated that the overall levels of autoreactive IgM and/or its
local concentration may determine which pathway the

immune complexes may follow. In the absence of autoreac-
tive IgM, autoantibody response may be promoted because
autoantigens are not cleared efficiently, such as in the
secreted IgM-deficient mice [7]. If, indeed, the secreted IgM
autoantibodies play a feedback or protective role in CIA,
then the resistance of IgM–/– mice, which lack both
membrane IgM and secreted IgM, to CIA induction may be
predominantly caused by the absence of membrane IgM-
mediated signalling. Thus, our current study, together with
the previous report showing IgM autoantibody as a protec-
tive mechanism [7], suggest that membrane IgM and
secreted IgM may play very distinct roles in regulating
autoimmune responses.

One of the major deficiencies in IgM-deficient mice is
that, in contrast to the elevation of IgG autoantibodies in lpr
mice that lack secreted IgM, there is a significant reduction in
production of antibodies to various self-components,
particularly IgG2a autoantibodies. Because IgG2a autoanti-
bodies are considered pathogenic in autoimmune diseases,
including human RA and murine CIA, diminished produc-
tion of IgG2a autoantibodies is at least partially responsible
for the attenuated CIA in IgM-deficient mice.

It is known that B cells play multiple roles in autoimmune
arthritis, far beyond autoantibody production [22]. As acti-
vated B cells are among the most efficient antigen-presenting
cells (APCs), another possible mechanism to explain the
resistance to CIA in IgM–/– mice is that lack of IgM-mediated
signals may influence the T cell response. However, our data
demonstrated that antigen-specific proliferation of T cells
from IgM mutant mice was comparable to that of T cells
from wild-type mice. In addition, production of IFN-g was
similar between T cells from IgM-deficient mice and wild-
type controls. Similar results were obtained from experi-
ments with either self-antigen (CII) or conventional antigen
(CGG) in CFA or RIBI. Therefore, modulation of T cell

Fig. 3. IgM+ B cells are largely present in the

arthritic joints. Joint cells were flushed from

arthritic joints of DBA/1 mice at day 20 after

secondary immunization. (a) The percentages

of CD19high B220high and CD19low B220low cells

in lymphocyte gate were shown. (b) CD19high

B220high and CD19low B220low cells were gated

and further analysed for expression of IgM and

IgG1. (c) B220lowCD138+ cells were gated and

analysed for IgG2a/2b expression.
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activation and function is unlikely to contribute to the
disease resistance in IgM mutant mice under the current
immunization protocol.

To understand the significance of IgM BCR-mediated
signals at the inflammatory sites, we further examined the
frequency of IgM+ B cells in the inflamed joints. Interestingly,
we found that in wild-type mice, the infiltrating cells in the
arthritic joints contained a large percentage of IgM+ B cells.
Most CD19high and B220high B cells in the joints express IgM.
In CD19lowB220low plasma cells, the percentage of IgM+ cells
reduced significantly. This observation suggests that plasma
cell differentiation and class switching may take place signifi-
cantly in the inflammatory sites. Because the rheumatoid
synovitis is associated with the formation of complex lym-
phoid microstructures, such as lymphoid follicles with ger-
minal centre (GC) reaction [23], the microenvironment in

the inflamed joints may support B cell differentiation
towards plasma cells and memory cells. Therefore, when
permitted, activated or even naive IgM+ B cells migrate into
the joints, along with other mononuclear cells, and partici-
pate in the local inflammatory response. During this process,
by interacting with T cells or other cells, B cells undergo
differentiation as in the lymphoid tissues. In IgM–/– mice, IgD
expressing only B cells may not have the same properties to
function in a similar manner to IgM-expressing B cells.

Taken together, the absence of IgM-mediated signals
renders the mice resistant to CIA induction. One of the
mechanisms is perhaps the reduced production of IgG2a
autoantibodies in IgM–/– mice. In addition, lack of mem-
brane IgM may also contribute to the outcome, which is
supported by the presence of large numbers of IgM-
expressing B cells at the local inflammatory sites.
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