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Transfer of collagen type II (CII)-specific monoclonal
antibodies induces an acute form of arthritis (colla-
gen type II antibody-induced arthritis, CAIA) in naı̈ve
mice. Arthritis was induced using a pair of monoclo-
nal antibodies M2139 and CIIC1, binding to J1 and C1I

epitopes of CII, respectively. Thereafter, lipopolysac-
charide injection was used to increase the incidence and
severity of the disease. This model was used to investi-
gate the effect of genes, age, and sex as well as effector
cells in the end-stage effector phase of arthritis patho-
genesis. Injection of a single monoclonal antibody in-
duced arthritis only after lipopolysaccharide stimula-
tion. CAIA showed differences in disease penetration
among the susceptible strains indicating the impor-
tance of non-major histocompatibility complex genes
on the antibody effector pathway. B-cell-deficient mice
were susceptible to CAIA and in some genetic back-
grounds B-cell deficiency leads to enhanced arthritis.
Histology of the affected paws revealed massive infiltra-
tions of neutrophils along with bone and cartilage ero-
sion, pannus formation, and fibrin deposition. Deple-
tion of neutrophils significantly reduced the incidence
and severity of the disease. CAIA susceptibility increased
with age. Males were more susceptible than females and
estrogen treatment decreased the development of ar-
thritis. We conclude that CAIA is an acute arthritis trig-
gered by antibody binding and neutrophils bypassing
immune activation but with many characteristics in
common with collagen-induced arthritis. (Am J Pathol
2003, 163:1827–1837)

The most commonly used animal model for rheumatoid
arthritis (RA) is the collagen-induced arthritis (CIA). Col-
lagen type II (CII) is one of the major constituents of the
articular cartilage matrix proteins and immunization with
native CII in adjuvant induces autoimmune polyarthritis1

by cross-reactive immune response to homologous col-

lagen. As in RA, susceptibility to CIA is linked to the
expression of certain class II major histocompatibility
complex (MHC) alleles,2 indicating the crucial role of T
cells. The predominant role played by T cells in the
initiation of CIA was demonstrated by using anti-CD43 or
anti-TCR��4 monoclonal antibodies (mAbs) and T-cell-
deficient mice.5 However, T-cell reactivity alone could not
explain the disease pathology in CIA. Both the cellular
and humoral immune mechanisms act in concert to me-
diate the progression of disease in CIA.6

A requirement for the generation of CII-specific anti-
bodies in the progression of CIA is well documented.
B-cell-deficient mice with a highly CIA susceptible ge-
netic background are resistant to the development of
CIA.7 A significant part of the inflammatory attack on the
joints is mediated by pathogenic antibodies was empha-
sized using collagen-specific polyclonal sera both in
rats8,9 and mice.10,11 Furthermore, purified mAbs were
shown to induce arthritis in DBA/1 mice, however the
arthritis was very mild.12 The most likely reason for this is
the use of single antibodies with too low concentration.
Later, a mixture of anti-collagen mAbs purified from as-
cites13,14 was shown to induce severe arthritis. However
in these studies, the contribution of preformed immune
complexes and other immune factors present in the im-
mune sera or ascites, to the disease process could not
be ruled out. Recent studies have shown that both poly-
clonal and monoclonal antibodies against the ubiqui-
tously expressed self-antigen glucose-6-phosphate
isomerase (GPI) could induce arthritis.15,16 Collectively,
these studies demonstrate that the autoantibodies are
indeed directly pathogenic in vivo.

We have earlier demonstrated that CII-specific mAbs
bind to normal joint cartilage surface in vivo,17,18 indicat-
ing the direct accessibility of collagen epitopes on the
articular cartilage. These antibodies in the form of im-
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mune complexes might play a central role in triggering
the inflammation cascade either by activating the com-
plement system19 or via direct engagement of cells car-
rying Fc receptors.20 It has been shown that both the
complement-deficient21 and Fc�-chain-deficient22 mice
were resistant to CIA induction. Similarly, absolute abro-
gation of the GPI-specific antibody-transferred disease
was observed in the neutrophil-depleted mice23 and the
importance of complement components, especially the
alternative pathway and Fc�RIII has been demonstrated
to be involved in the disease process.24,25 These studies
propose that the antibody-mediated pathway is one of
the major mechanisms of disease induction in arthritis. To
facilitate the work, we have further characterized the
induction of arthritis by CII-specific mAbs using purified
antibodies from culture supernatants, ie, collagen anti-
body-induced arthritis, CAIA.

Materials and Methods

Animals

BALB/c, DBA/1, B10.Q, B10.RIII, C57BL/6, RIIIS/J,
C3H.Q, NFR/N, NOD.Q, QD [(B10.Q X DBA/1)] F1, and
QB [(BALB/c � B10.Q)] F1 mice at different ages were
used in the present study. B10.Q and B10.RIII strains
were originated from Professor Jan Klein (Tubingen, Ger-
many) stock; C3H.Q was from DC Shreffler (St. Louis,
MO); and BALB/c, C57Bl/6, NOD, DBA/1, RIII S/J, and
Tlr4 (Toll-like receptor 4)-deficient mice were from Jack-
son Laboratories (Bar Harbor, ME). B-cell-deficient mice
MT26 were backcrossed (�10n) to different genetic
backgrounds (B10.Q, B10.RIII, DBA/1, C3H.Q) and inter-
crossed to provide homozygous and heterozygous litter-
mates. For transfer experiments, mice either from B-cell
homozygous knockout breeding, in which wild-type ani-
mals were used as controls or from intercrosses were
used. To select heterozygous mice during the backcross,
DNA was analyzed by using the polymerase chain reac-

tion technique with the 5� sequence 5�CTATTCGGCTAT-
GACTGG-3�(Neo3) and 5�CCCCACAACCATACTACC-
3�(MT2) as the 3�sequence. All of the offsprings were
investigated for absence of B cells by cytofluorometric
analysis. Blood cells were stained with anti-CD45Ra
(B220) antibody labeled with tricolor (Catalag, San Fran-
cisco, CA) before analysis. All mice were kept in a con-
ventional but barrier animal facility (as defined in http://
net.inflam.lu.se) with a climate-controlled environment
having 12-hour light/dark cycles in polystyrene cages
containing wood shavings, fed standard rodent chow
and water ad libitum. Local animal welfare authorities
permitted all of the animal experiments. Table 1 depicts
the summary of the experiments done with the number of
mice used in each experiment.

Antibodies

The rat IgG2b monoclonal antibody (mAb) clone RB6-
8C5 kindly provided by Dr. Coffman (DNAX Research
Institute, Palo Alto, CA) was cultured and the antibodies
were purified using affinity matrix. Biotinylation of anti-
bodies was done as described earlier.12

Generation and Characterization of CII-Specific
mAbs

The CII-specific hybridomas were generated and char-
acterized as described in detail elsewhere.12,27,28 From
the panel of mAbs generated, a combination of an IgG2b
antibody of the clone M2139 binding to the J1 epitope
(MP*GERGAAGIAGPK-P* indicates hydroxy proline) and
an IgG2a antibody of the clone CIIC1 binding to the C1I

epitope (GARGLT) was found to be more arthritogenic
than the single mAb and used through out this study.
Another CII-specific mAb, CIIF4 was found to inhibit the
antibody-induced disease,29 which might be because of

Table 1. Summary of CAIA Experiments

Mouse strains

Number of animals used with monoclonal antibody cocktail

CIA susceptibilityGenetics* Antibody titration Age Sex PMNL depletion

BALB/c† 46 22 15 �
QB 61 18 34 30 15 ���
C57BL/6 14 �‡

DBA/1 19 ���
B10.Q 40 ��
B10.Q (B�) 14 �
QD 34 32 ���
QD (B�) 7 �
C3H.Q 15 ���
C3H.Q (B�) 4 �
NFR/N 6 � (mild)
NOD.Q 11 �
B10.RIII 36 ���
B10.RIII (B�) 17 82 �
RIIIS/J 7 �
Tlr4�/� 10 ND

*Cumulative number of mice used in all the experiments. (B�) indicates B-cell-deficient mice.
†Twelve BALB/c mice received single monoclonal antibodies and 10 mice received isotype antibody control.
‡Strong adjuvant is needed. ND, not done; �, susceptible; ��, moderately susceptible; ���, highly susceptible.
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the blocking of arthritogenic antibodies binding to CII via
steric hindrance.

Purification of mAbs

CII-specific mAbs were generated in large scale as cul-
ture supernatants using Integra cell line 1000 flasks (In-
tegra Biosciences, Walliselen, Switzerland) and the
minibioreactor cellmax (GTF, Sweden). Antibodies were
purified using �-bind plus affinity gel matrix (Pharmacia,
Sweden). Briefly, culture supernatants were centrifuged
at 12,500 rpm for 30 minutes, filtered, and degassed
before applying to the gel matrix. Antibodies were eluted
using acetic acid buffer at pH 3.0 and neutralized with 1
mol/L of Tris-HCl, pH 9.0. The peak fractions were pooled
and dialyzed extensively against phosphate-buffered sa-
line (PBS), pH 7.0, with or without azide. The IgG content
was determined either spectrophotometrically or by
freeze-drying. The antibody solutions were filter-sterilized
using 0.2-�m syringe filters (Dynagard; Spectrum Labo-
ratories, CA), aliquoted, and stored at �70°C until used.
Amount of endotoxin content in the antibody solutions
prepared was found to be in the range of 0.02 to 0.08
EU/mg of protein as analyzed by the limulus amebocyte
lysate (Pyrochrome) method (Cape Cod Inc., East
Falmouth, MA).

Passive Transfer of Antibodies

The cocktail of M2139 and CIIC1 mAbs was prepared by
mixing equal concentrations of each of the sterile-filtered
antibody solutions to get a final amount of 9 mg. Mice
were injected intravenously with 0.25 to 0.4 ml volumes of
antibody solutions twice with a minimum of 3-hour inter-
vals. As internal controls, mice received equal volumes of
PBS. On day 5 or 10, lipopolysaccharide (LPS) (50 �g/
mice) was injected intraperitoneally to all of the mice. A
pair of irrelevant antibodies of same subclass [mouse
anti-human HLA-DR�, IgG2a (L243) and mouse anti-hu-
man parathyroid epithelial cells, IgG2b (G11)] was in-
jected in the most susceptible strain, BALB/c as controls.

Clinical Evaluation of Arthritis

Mice were examined daily for the arthritis development
before and after LPS treatment for a minimum of 21 days
or until the inflammation disappeared. Scoring of animals
was done blindly using a scoring system based on the
number of inflamed joints in each paw, inflammation be-
ing defined by swelling and redness. In this scoring
system each inflamed toe or knuckle gave 1 point,
whereas an inflamed wrist or ankle gave 5 points, result-
ing in a score of 0 to 15 (five toes � five knuckles � one
wrist/ankle) for each paw and 0 to 60 points for each
mouse.

Histological Preparations

Paws were fixed in 4% paraformaldehyde solution for 24
hours, decalcified for 3 to 4 weeks in an ethylenediami-

netetraacetic acid solution, dehydrated, and embedded
in paraffin. Sections of 6 �m were stained with either fast
green and safranin O or hematoxylin and eosin. Mast
cells and newly formed cartilage were visible after safra-
nin O staining. For immunohistochemistry, paws were
immediately dissected and frozen in OCT compound
using isopentane on dry ice. The samples were stored at
�70°C until cryosectioned at 10 �m at �30°C. Rat anti-
mouse CD11b (M1/70) and rat anti-mouse Ly6G (RB6-
8C5) antibodies were used as primary reagents. Either
streptavidin or goat anti-mouse peroxidase was used for
detection. Diaminobenzidine staining was performed ac-
cording to established procedures.

Depletion of Neutrophils

RB6-8C5 antibody used in this study did not bind to
mature macrophages, monocytes, or splenic B and T
lymphocytes and has no significant effect on these pop-
ulations.30,31 Hence, to deplete the neutrophils in vivo, 0.5
mg of purified RB6 antibodies in 0.5 ml volume were
injected intraperitoneally to naive mice once in 3 days
starting from a day before the antibody transfer. In pre-
vious studies, this dose of antibody has been shown to
completely eliminate the neutrophils in vivo.23,32 How-
ever, CD8� T cells have been shown to be moderately
affected by this antibody treatment, but the effect on
CD8� cells occurs several days after the neutrophils are
depleted33 and as such will not affect this model because
T-cell-deficient B10.Q mice were equally susceptible to
the disease (Nandakumar et al, unpublished). Control
mice received either IgG purified from pooled rat serum
or PBS. Neutrophil depletion was monitored by fluores-
cence-activated cell sorting analysis using biotinylated
RB6-8C5 and streptavidin-cychrome. All of the mice re-
ceived arthritogenic mAb cocktail on day 0 and LPS on
day 10 in this experiment. Arthritis was scored as de-
scribed earlier.

Castration and Hormone Treatment

Both female and male mice were castrated under avertin
anesthesia. The ovariectomy or vasectomy was done
after a single incision through the peritoneum. After the
castration, the mice were rested for 3 weeks before start-
ing the hormone treatment. The hormone treatment was
started 5 days before antibody transfer and given twice a
week with subcutaneous injections of 3.2 �g of E2 (17�-
estradiol-bensoate; Sigma, St. Louis, MO) in a volume of
100 �l of miglyol. The control groups were treated in a
similar way with subcutaneous injections of miglyol only.

Statistical Analyses

All of the mice were included for calculation of arthritis
susceptibility and severity. The severity of arthritis was
analyzed by Mann-Whitney U-test or Kruskal-Wallis and
the incidence by chi-square or Fisher’s exact test using
the Statview 5.0.1 version. Significance was considered
when P � 0.05.
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Results

CII-Specific mAbs Induce a Severe Acute
Arthritis (CAIA) in Mice

A mAb cocktail containing IgG2b antibody from the clone
M2139 binding to J1 epitope and IgG2a antibody from
the clone CIIC1 binding to C1I epitope was found to be
arthritogenic in BALB/c and (BALB/c X B10.Q)F1 (� QB)
mice. A dose titration showed that the cocktail induced
arthritis at 3 mg but with the most efficient dose at 9 mg
(Table 2). Higher doses of antibodies had no further
enhancing effect on arthritis (data not shown). Therefore,
9 mg was used as the standard dose. Single mAb injec-
tion induced arthritis only after LPS stimulation (Table 3),
whereas the mAb cocktail induced arthritis without LPS
injection in many strains of mice (Figure 1, A and B).
Moreover, the duration of the disease induced by the
cocktail (21 to 35 days) was always significantly longer
than the single mAb alone (3 to 12 days). A typical
arthritis disease curve induced by the cocktail of antibod-
ies in BALB/c mice is depicted in Figure 2a. Compared to
C1, 9 mg of M2139 antibodies induced significantly more
severe arthritis with a higher incidence (Table 3). How-
ever, 4.5 mg of neither M2139 nor CIIC1 induced arthritis
in 6-month-old BALB/c mice. A control mAb cocktail of
same antibody isotypes did not induce arthritis. Further-
more, there is no difference between the clinical disease
induced by these mAbs before or after LPS injection

(Figure 2, b and c). Also Tlr4-deficient (LPS nonre-
sponder) mice in the BALB/c background were highly
susceptible to arthritis induced with the CII antibody
cocktail, excluding a crucial role for endotoxin in the
antibody preparation (Figure 1, A and B, and Figure 2c).

Genetic Heterogeneity

A series of inbred mouse strains were tested for CAIA
susceptibility (Figure 1, a and b). Many of the strains
developed arthritis before the injection of LPS on day 5,
starting from 24 hours after the transfer of antibodies.
Clearly, BALB/c and B10.RIII are the most susceptible
strains. DBA/1 develop severe arthritis but only after LPS
injection as observed earlier.13 A strong non-MHC ge-
netic effect is apparent comparing strains with the same
MHC haplotype. Surprisingly the B10.Q strain had a low
susceptibility, as compared to B10.RIII, which would ar-
gue for a role of MHC, because these mice are MHC q
and r congenic strains, respectively. However, we have
found that these strains show genetic differences also at
chromosome 10.34 To confirm that the arthritis induction
with antibodies was independent of cellular immune sys-
tem we tested B-cell-deficient mice, which were as sus-
ceptible as their wild-type control. Interestingly, B-cell-
deficient B10.Q mice were more susceptible than wild-
type B10.Q indicating that the B-cell-deficient mice
interact with the genetic difference observed between

Table 2. Titration of Antibody Concentrations to Induce CAIA in BALB/c and QB Mice

Mouse strain
Antibodies

(mg)

Incidence Max score (mean � SEM)

A L A L

BALB/c 3 2/6 4/6 1.3 � 0.8 11.5 � 6.4
6 2/4 3/4 3.0 � 2.3 21.3 � 7.6
9 7/7 7/7 5.7 � 1.3 31.4 � 3.2

18 5/5 5/5 5.0 � 0 30.2 � 4.3
3 0/3 1/3 0 1.6 � 1.6

QB 6 1/3 1/3 1.6 � 1.6 5.0 � 5.0
9 7/12 11/12 3.3 � 1.5 19.1 � 4.0

Groups of 4 to 6 months-old naı̈ve BALB/c and QB mice were injected with different amounts of the cocktail of monoclonal antibodies on day 0. All
the mice received LPS i.p. on day 5. A, arthritis susceptibility at day 5 (before LPS injection). L, maximal arthritis after LPS injection.

Table 3. Age Dependence of Monoclonal Antibody-Induced Arthritis

Mouse strain Age (months)

Incidence Max score (mean � SEM)

A L A L

BALB/c 6I 0/5 5/5* 0 13.4 � 2.1
6II 0/5 2/5 0 5.0 � 3.9

QB 2 0/6 1/6 0 3 � 3
4 5/9† 8/9‡ 1.5 � 0.9 17.4 � 6.4†

8 5/6 6/6 7.5 � 1.7§ 19.6 � 3.7
10 5/10 10/10 4.2 � 2.1 22.2 � 4.5
14 0/3 3/3 0 15.3 � 7.5

QD 2 0/8 0/8 0 0
6 9/24* 22/24† 5.1 � 1.5 15.5 � 1.5¶

Five 6-month-old naı̈ve BALB/c mice were injected with 9 mg of either I) M2139 or II) C1 single antibodies on day 0. Similarly, two other mice
strains (QB and QD) were transferred with the cocktail of monoclonal antibodies at different ages at day 0 as described in Materials and Methods. All
the mice received LPS on day 5. Mice were scored for arthritis for a minimum of 21 days. Statistically significant results compared between different
groups were given. †, 4 months: 2 months P � 0.05; ‡, 4 months: 2 months P � 0.005; §, 8 months: 4 months P � 0.05; ¶, 8 months: 4 months P �
0.05. A, indicates arthritis susceptibility at day 5 (before LPS injection) and L, indicates maximal arthritis after LPS injection.

*P � 0.05; ¶ represents P � 0.0001.

1830 Nandakumar et al
AJP November 2003, Vol. 163, No. 5



B10.RIII and B10.Q (Figure 1, a and b). In fact, B-cell-
deficient B10.Q mice were equally susceptible as that of
B10.RIII mice arguing against a direct role for MHC.

Histological Evaluation of the Inflamed Paws

Safranin or hematoxylin staining of paraffin sections of the
inflamed paws from antibody-transferred and LPS-in-
jected mice with different genetic backgrounds showed
variations in the microscopical inflammation, which cor-
related with clinical observations (Table 4 and Figure 3; a
to d). Synovitis, infiltration of immune cells in the articular
cavity, pannus formation, and bone and cartilage ero-
sions were observed. Immunohistochemical staining of
the cryosections of the arthritis paws injected with anti-
bodies showed massive infiltrations of neutrophils with
very few macrophages (Figure 3, h and l). On the other
hand, antibody-injected inflamed paws after LPS stimu-
lation showed massive infiltration of both neutrophils and
macrophages (Figure 3, f and j). In both the phases of the
clinical disease (before and after LPS stimulation) negli-
gible numbers of T, B, and dendritic cells were observed
among the infiltrating cell populations (data not shown).

Effect of Neutrophil Depletion on Antibody-
Induced Disease

To investigate the role of neutrophils in the antibody
transfer model, we used the depleting mAb (RB6-8C5)
specific for the neutrophil-restricted surface marker (Ly-
6G), which has been used widely to deplete neutrophils
in vivo. Both BALB/c and QB (BALB/c � B10.Q) F1 mice
were treated intraperitoneally for 2 weeks (500 �g/injec-
tion) with the purified RB6-8C5 rat mAb, purified rat IgG
or PBS once in 3 days starting from day �1 and arthrito-
genic mAb cocktail was injected intravenously on day 0.
LPS (50 �g/mice) was injected intraperitoneally on day
10. Clinical score was monitored for 21 days after the
mAb cocktail transfer, and the efficacy of neutrophil de-
pletion in peripheral blood was monitored by flow cytom-
etry. Incidence and severity of arthritis in mice treated
with RB6-8C5 was significantly low, before and after LPS
treatment. We found no observable difference between
groups treated with either rat IgG or PBS in incidence and
clinical scores (Table 5). This data indicates that RB6-
8C5-positive neutrophils have an important role in initiat-
ing CAIA.

Age Influence on CAIA

Increasing age of mice has earlier been shown to increase
susceptibility to CIA.35 CAIA shows a similar age-depen-
dent effect as shown in Table 3. As the age progresses, the
incidence and disease severity were found to be increased
in both the strains of mice (QB and QD), when cocktail of
mAbs were used to induce the disease.

Gender Influence on CAIA

Male mice are more susceptible to CIA than females36

and estrogen has been shown to exert a suppressive
effect on arthritis.37 CAIA showed partially the same gen-
der and hormone influence as CIA. As depicted in Table
6, before LPS injection an increased incidence of arthritis
in the male mice compared to female mice was ob-
served. However, such difference in arthritis susceptibil-
ity between sexes was abolished after LPS injection. In
B-cell-deficient mice, male mice have enhanced suscep-
tibility compared to females both before and after LPS
injection (Table 7).

To clarify the influence of female sex hormones in
CAIA, male and castrated female �MTBR�/� mice were
treated with 17�-estradiol (E2) solubilized in a synthetic
oil (miglyol) or with miglyol only as a control, before and
after injection with antibodies. The E2-treated castrated
females had a clearly decreased incidence compared
with the miglyol-treated mice. In the noncastrated male
mice, the E2 treatment led to less severe disease but with
no differences in the arthritis incidence (Table 7).

Discussion

The role for antibodies in the pathogenesis of arthritis has
recently been highlighted and the CIA model has been,

Figure 1. Genetic influence on CAIA susceptibility. A group of normal and B
cell-deficient (B�) mice from several different strains were injected with two
mAbs on day 0 and all of the mice received LPS on day 5. A: Incidence of
antibody-induced arthritis. B: Arthritis severity was indicated as mean max
score � SEM. BALB/c (n � 36), B10.RIII (n � 36), B10.RIII (B�) (n � 17),
QB (n � 61), QD (n � 34), QD (B�) (n � 7), B10.Q (n � 40), B10.Q (B�)
(n � 14), C3H.Q (n � 15), C3H.Q (B�) (n � 4), DBA/1 (n � 19), DBA/1
(B�) (n � 5), C57BL/6 (n � 14), NFR/N (n � 6), RIIIS/J (n � 7), and
NOD.Q (n � 11) mice were used in this experiment. Tlr4-deficient (n � 10)
and BALB/c (n � 10) mice were injected with two mAbs on day 0. n
indicates the number of mice in each group.
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and will be, of crucial importance in such studies. Although
the arthritogenic potential of antibodies to CII is well known,
it is of importance to have well-characterized mAbs as tools
for these studies. We have here characterized a pair of such
antibodies and describe several new characteristics of the
collagen antibody-induced arthritis (CAIA).

Several groups have reported transfer of arthritis using
anti-CII antibodies with LPS.13,14,38–45 In the present

study, we could transfer arthritis with pure IgG mAbs in
different strains of mice without any other stimulants,
which open up the field to understand the molecular
parameters of the antibodies responsible for their arthri-
togenicity with reduced complexity. The presence of sec-
ondary stimulus, LPS increases the disease incidence
and severity. LPS has been previously shown to exacer-
bate arthritis both in CIA46,47 and the antibody transfer

Figure 2. a: A typical CAIA disease curve in BALB/c mice. A number of mice (n � 12) were injected with two mAb cocktails (M2139 � CIIC1) intravenously on
day 0. As an internal control an equal number of mice were injected with PBS. For isotype antibody control a pair of irrelevant antibodies (L243 � G11) were
injected into a group of mice (n � 10) of the same age. All of the mice received 50 �g of LPS injection on day 5 intraperitoneally. Arthritis was scored as described
in Materials and Methods for 30 days. None of the control mice developed arthritis. Macroscopic arthritis on day 10 was shown after antibody transfer in B10.RIII
mice (b: left, normal paw; right, arthritis paw), after antibody transfer and LPS injection in BALB/c mice (c: left, arthritis paw; right, normal paw), and after
antibody transfer in Tlr4-deficient mice (d: left, arthritis paw; right, normal paw).

Table 4. Histological Evaluation of Inflamed Paws in Antibody-Induced Arthritis

Mouse strain Treatment Max score (mean � SEM) Histological score

BALB/c PBS � LPS 0 N
— 0 N

mAbs � LPS 55.3 � 4.2 A3
DBA/1 PBS � LPS 0 N

— 0 N
mAbs � LPS 19.3 � 5.3 H1

B10.RIII PBS � LPS 0 N
— 0 N

mAbs � LPS 26.3 � 4.3 A2
QD PBS � LPS 0 N

— 0 N
mAbs � LPS 20 � 2.5 A2

QB PBS � LPS 0 N
— 0 N

mAbs � LPS 27 � 4.7 A3
B10.Q PBS � LPS 0 N

— 0 N
mAbs � LPS 20 � 2.6 A1

C3H.Q PBS � LPS 0 N
— 0 N

mAbs � LPS 10 � 5 H1

Histological scores were evaluated as active score (A) from 1 to 3 and healing score (H) from 1 to 3. Active score 1 (A1) is mild synovitis; score 2
(A2), moderate synovitis with pannus formation; score 3 (A3), severe pannus formation, erosion of bone with more fibrin deposition. Healing score 1
(H1), new cartilage formation; score 2 (H2), cartilage and bone formation, score 3 (H3), cartilage and bone formation with ankylosis. N stands for
normal. Three to six paws were examined for each group. Paws collected on day 11 after antibody injection (day 5 after LPS stimulation) were used for
histological analysis. —, no treatment and paws were used from age-matched naı̈ve mice.
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model.13 In the later model, LPS was shown to decrease
the threshold level of antibodies required to induce ar-
thritis apart from bypassing their epitope specificity.13

The difference in the disease penetration in different
strains of mice could be because of the genetic variation
in the non-MHC gene regions on the antibody effector
pathway. Genetic studies involving different mouse
crosses are underway to address this question directly. It
is of interest to note that the non-MHC genes do have an

influence on several different immunological parameters
in the inbred mouse strains used to study the autoim-
mune diseases48 and in the immune complex-mediated
diseases contribution of complement or Fc�Rs could be
varied depending on the genetic background of the
mice.49

Antibodies as a constituent of immune complexes play
a pivotal role in triggering inflammation in a number of
autoimmune diseases. It is most likely that the first step in

Figure 3. Histology of normal and arthritis joint sections and the infiltrated tissue surrounding the joints in CAIA. Top: Safranin staining of normal (a) and inflamed
paw (b) of BALB/c mice on day 11 after antibody transfer (5 days after LPS injection) and hematoxylin staining of normal (c) and arthritis paw (d) of B10.RIII
mice on day 17. Middle: Stained for RB6� cells in normal and inflamed paws of BALB/c (e and f) and B10.RIII (g and h) mice, respectively. Bottom: Stained
for Mac1� cells in normal and inflamed paws of BALB/c (i and j) and B10.RIII (k and l) mice. e, f, h, i, j, and l: Surrounding tissues of the joints showing the
nature of infiltrating immune cells in the inflamed paw. Results shown are representative of those obtained from three to four mice in each group. Original
magnifications, �20.

Table 5. Effect of Neutrophil Depletion on the Antibody-Induced Disease

Mouse strain Treatment

Incidence Max score (mean � SEM)

A L A L

BALB/c RB6* 1/5 2/5 1.0 � 1.0 2.0 � 2.0NS

IgG 4/5 4/5 15.0 � 5.4 16.0 � 5.3
PBS 4/5 5/5 11.2 � 3.9 20.2 � 9.1

QB RB6* 1/5 2/5 1.0 � 1.0 1.6 � 1.0
IgG 4/5 5/5 13.6 � 5.0 17.2 � 4.6
PBS 4/5 5/5 14.0 � 3.3 15.0 � 5.2

Groups of naı̈ve BALB/c (n � 15) and QB mice (n � 15) were treated six times with 0.5 mg of either RB6 or affinity-purified normal rat IgG in 0.5 ml
volume or PBS alone i.p. once in every 3 days starting from 1 day before to the anti-collagen antibody transfer. LPS was injected on day 10. Mice
were scored for arthritis development up to day 19. A, indicates arthritis susceptibility at day 5 (before LPS injection) and L, indicates maximal arthritis
after LPS injection.

*, P � 0.05 when RB6 group was compared to IgG and PBS groups together. NS, not significant.
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the initial triggering event in this transfer model is the
formation of collagen-IgG immune complexes on the car-
tilage surface or in the synovium. Collagen epitopes are
located in a repetitive structure formed on the cartilage
surface, hence it is possible that the two different anti-
bodies can form multimeric complexes more effectively
on joint surfaces favoring arthritogenicity either by opti-
mal complement activation or binding to FcgR-bearing
cells. Earlier it has also been demonstrated that the au-
toreactive antibodies to CII initiate inflammation by bind-
ing to articular cartilage and thus causing activation of
complement, C3 deposition,10 and eventual cleavage of
C5.50 FcRs on mast cells can act as a link between the
immune complexes and the downstream inflammatory
mechanisms.51

Complement fragments binding to immune com-
plexes, tissue damage, and/or Fc�R cross linking can
activate local mononuclear cells that in turn could release
proinflammatory cytokines in or near the joints inducing
neutrophil and macrophage recruitment. These phago-
cytes can further get activated and create a proinflam-
matory cytokine milieu that could affect the activities of
resident cell populations present in the joint. Using anti-
CII antibody transfer, it has been shown that interleukin-1
and tumor necrosis factor-� but not interleukin-6 is im-
portant in this model,41 similar to anti-GPI antibody-in-
duced disease.52 Release of granules containing many
tissue-degrading enzymes by macrophages and neutro-
phils can amplify their responses. Earlier it has been

reported that neutrophil elastase can increase the avail-
ability of CII epitopes for antibody binding by disrupting
the outer layer of the articular cartilage surface.53 More-
over, it has been demonstrated that mice deficient for
neutrophil-derived protease dipeptidyl peptidase I were
protected from anti-CII antibody-induced arthritis.54 Fig-
ure 4 describes the possible scenario of antibody-in-
duced disease in the inflamed joint.

We have earlier shown that CIA is modulated by female
sex hormones. Castrated female mice develop a more
severe disease compared to normal mice. Estrogen treat-
ment of castrated mice immunized with CII strongly mod-
ulates the disease by delaying the onset of arthritis, de-
crease in incidence and less severe disease in a dose-
dependent manner.55 In CIA, estrogen has been shown
to decrease CII-specific antibody response, while in-
creasing the polyclonal antibody production.37 In the
present study we observed that the E2 treatment signifi-
cantly reduced the arthritis incidence indicating that es-
trogen could also have an important role in the antibody
effector mechanisms either by down-regulating the proin-
flammatory mediators56 or affecting the neutrophil-medi-
ated inflammation.57

In RA patients, activated B cells and plasma cells are
present in the inflamed synovium that differentiate locally
into antibody-producing plasma cells and in the estab-
lished disease, lymphoid follicles with germinal centers
may be present as well. This results in high levels of local
Ig production and the deposition of immune complexes

Table 6. Antibody-Induced Arthritis in Male and Female QB (BALB/c � B10.Q)F1 Mice

Sex

Incidence Max score (mean � SEM)

Age (months) A L A L

Male 4 3/5* 4/5 2.4 � 1.4 7.6 � 3.3
Female 4 0/5 4/5 0 10.4 � 5.1
Male 10 5/10† 10/10 4.6 � 2.1 23.1 � 4.8
Female 10 0/10 7/10 0 15.1 � 4.6

Each group of animals (n � 5 to 10) was injected with a cocktail of two monoclonal antibodies (CI � M2139) i.v. on day 0 and on day 5, all the
animals received 50 �g of LPS i.p. Equal number of animals injected with PBS on day 0 and LPS on day 5 served as controls. Arthritis was scored for
24 days. None of the control animals developed arthritis. A, indicates arthritis susceptibility at day 5 (before LPS injection) and L, indicates maximal
arthritis after LPS injection.

*, P � 0.05;
† P � 0.01.

Table 7. Amelioration of Antibody-Induced Disease by Estrogen in B-Cell-Deficient Mice

Sex Operation Treatment

Incidence Max score (mean � SEM)

A L A L

Male — — 2/11 8/11 15.0 � 5.0 16.5 � 2.3
Female — — 0/11 3/11* 0 12.7 � 2.4
Male Sham — 0/4 3/4 0 38.0 � 8.7
Male Castrated — 1/6 6/6 1 � 0 42.3 � 5.0
Male — Miglyol 5/8 6/8 15.8 � 2.6 27.8 � 3.0
Male — E2 3/7 3/7 8.7 � 1.9 9.3 � 1.7*
Female Sham — 3/12 3/12 10.7 � 5.2 16.6 � 4.0
Female Castrated — 3/10 8/10 15.0 � 8.7 20.3 � 5.0
Female Castrated Miglyol 3/7 7/7 8.7 � 1.9 19.4 � 5.1
Female Castrated E2 0/7 1/7* 0 15.0 � 0

Groups of B-cell-deficient mice (n � 6 to 12) of both sexes in B10.RIII background were used in these experiments. Anti-CII antibody cocktail was
injected i.v. on day 0, followed by i.p. injection of LPS on day 5. Animals were scored for a minimum of 21 days. A, indicates arthritis susceptibility at
day 5 (before LPS injection) and L, indicates maximal arthritis after LPS injection.

*, P � 0.05.
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(which may include IgG and IgM rheumatoid factors) in
the synovium and articular cartilage.58,59 Immune com-
plexes in RA have been proposed to play a role in the
generation of invasive pannus and in irreversible carti-
lage matrix degeneration. Indeed, B cells and immune
complexes are often located adjacent to and within sites
of tissue destruction in RA joints. Antibodies sequestered
within cartilage layers have been detected in more than
80% of cartilage samples from RA patients.60,61 Intrave-
nous injection of antibodies to CII, purified from the
plasma of a RA patient, induced arthritis in normal
mice.62 These data suggest that the threshold level,
epitope specificity, affinity, and isotype of the accumu-
lated antibodies on the joint cartilage surface and the
presence of inducers of proinflammatory cytokines such
as LPS from intestinal flora might contribute to the ulti-
mate pathogenicity of the antibodies.

In conclusion CIA, the most common animal model for
RA is a very complex disease, which consists of two
distinct phases; immune response and the inflammatory
process. Previous studies on CIA induction have shown
that results obtained from examination of the mecha-
nisms leading to the onset of inflammation cannot be
extrapolated to the analysis of established inflammatory
responses. This is amply demonstrated by the example
of anti-CD4 mAb treatment, which prevents disease when
administered at the time of challenge with CII but is
ineffective in altering the course of established disease.3

It is often difficult to separate and study the inflammatory
process from the immune response. However in the an-
tibody-induced arthritis used in this study, inflammation
occurs in the absence of a primary immune response,
thereby allowing one to study the inflammatory processes
more clearly avoiding complexity.
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