Antigen Induced Arthritis (AIA) Can Be Transferred by
Bone Marrow Transplantation: Evidence That
Interleukin 6 Is Essential for Induction of AIA
HIDEYUKI KOBAYASHI, SHIRO OHSHIMA, KATSUHIRO NISHIOKA, NORIHIKO YAMAGUCHI,
MITSUKO UMESHITA-SASAI, TAEKO ISHII, TORU MIMA, TADAMITSU KISHIMOTO, ICHIRO KAWASE,
and YUKIHIKO SAEKI
ABSTRACT. Objective. To investigate the role of bone marrow cells (BMC) in the induction of antigen induced
arthritis (AIA), the expression of 3 major proinflammatory cytokines, interleukin 1ß (IL-1ß), tumor
necrosis factor-α (TNF-α), and IL-6, was examined in the bone marrow (BM) of mice with AIA. We
also examined whether AIA could be transferred by bone marrow transplantation (BMT).
Methods. Expression of IL-1ß, TNF-α, and IL-6 in BMC was assessed by immunohistochemistry
throughout the course of AIA. BMT experiments were performed using 2 different mouse genotypes,
wild type (IL-6+/+) and IL-6 deficient (IL-6-/-) mice, as a donor. The gradation of AIA was evaluated histologically.
Results. IL-6 was highly expressed in the BM at induction as well as during progression of AIA,
while TNF-α showed a marginal expression, and no significant expression of IL-1ß was detected
throughout the course of AIA. In BMT experiments, all irradiated IL-6+/+ mice developed typical
AIA by transplantation of BMC from immunized IL-6+/+ mice, whereas almost no irradiated IL6+/+ mice transplanted with BMC from the immunized IL-6-/- mice developed definite arthritis.
Conclusion. These results suggest that BMC play a critical role and IL-6 is a key cytokine for the
induction and progression of AIA. There may be clinical benefits in the blockade of IL-6 and BMT
in the treatment of rheumatoid arthritis. (J Rheumatol 2002;29:1176–82)
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Rheumatoid arthritis (RA) is a major chronic inflammatory
disease, pathologically characterized by proliferative
synovitis1. Although the etiology of RA remains unknown,
recent cumulative evidence suggests that cytokines are
crucial mediators for its pathogenesis. In particular, the so
called proinflammatory cytokines, such as interleukin 1 (IL1), tumor necrosis factor (TNF), and IL-6, play a pivotal
role2. The pathology of RA is characterized by (a) acute and
chronic/acute inflammation, (b) cell proliferation, and (c)
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flammatory cytokines are thought to contribute to all 3
aspects. Regarding their source, proliferating synovial cells
and infiltrating inflammatory cells are thought to mainly
produce these cytokines. However, it remains unknown
which cells initiate induction of synovitis (i.e., proliferation
of synovial cells and infiltration of inflammatory cells).
Interestingly, some investigators recently proposed that
bone marrow cells (BMC) may play a critical role in RA
pathogenesis3-8. Moreover, bone marrow transplantation
(BMT) has been applied as a treatment in several autoimmune diseases, including severe RA9. Nevertheless, it is
debated whether BMC initiates synovitis in RA.
Previously, we demonstrated that IL-6 is a key cytokine
for the development of antigen induced arthritis (AIA), a
mouse model of RA using IL-6 deficient (IL-6-/-) mice10. In
addition, recent reports suggest that IL-6 is a major cytokine
involved in RA pathogenesis11 and might be an optimal therapeutic target12.
To investigate the direct roles of BMC and IL-6 in the
induction of arthritis, we examined the expression of the 3
major proinflammatory cytokines, including IL-6, in the
bone marrow (BM) of mice before and after induction of
AIA by immunohistochemistry. We also investigated
whether AIA could be transferred by BMT.
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MATERIALS AND METHODS
Mice. Animal experiments in our study were performed according to guidelines of the Animal Experimentation Committee of Osaka University. IL-6/- mice, a kind gift from Dr. M. Kopf, were bred as described13. These
IL-6-/- mice were backcrossed with C57BL/6 mice (Nihon SLC, Shizuoka,
Japan) for 8 generations to introduce AIA susceptibility. Then, IL-6-/- mice
and wild-type (IL-6+/+) littermates were obtained by intercrossing
heterozygous (IL-6-/+) mice. All mice were bred in filter top cages under
pathogen-free conditions at the Experimental Animal Center of Osaka
University Medical School.
Induction of AIA. AIA was induced by established protocol as described14.
Briefly, male mice were immunized by intradermal injection at the base of
the tail and 4 footpads with 100 mg of methylated bovine serum albumin
(mBSA) (Sigma, St. Louis, MO, USA) emulsified with equal volume of
complete Freund’s adjuvant (Difco, Detroit, MI, USA). Simultaneously,
they were injected with 2 × 109 Bordetella pertussis organism (Kaken
Pharmaceutical Co., Tokyo, Japan) intraperitoneally for the first immunization. This procedure was repeated for booster immunization on day 7.
On day 21, 100 mg of mBSA in 10 m1 of saline was injected into the left
knee intraarticularly to induce arthritis.
Immunohistochemistry for proinflammatory cytokines in BM. Before
intraarticular injection (induction of AIA) on day 21 and one day (day 22),
3 days (day 24), 7 days (day 28), 10 days (day 31), 14 days (day 35), 21
days (day 42), and 28 days (day 49) after induction of AIA, the mice were
sacrificed under anesthesia, and the injected knee joint was removed and
subjected to immunohistological studies. After fixation in periodatelysineparaformaldehyde at 4°C for 6 h, joints including BM were decalcified at
–5°C for 14 days with EDTA-glycerol and rapidly embedded in paraffin
within 6 h. The paraffin sections were immunostained by avidin biotinylated peroxidase complex technique. The following antibodies were used
for detection of IL-6, TNF-α, and IL-1ß in BM: rabbit polyclonal IgG antimouse IL-6 antibody, hamster monoclonal IgG anti-mouse TNF-α antibody, and hamster monoclonal IgG anti-mouse IL-1ß antibody. Equal
concentrations of irrelevant rabbit or hamster IgG were used as a negative
control for each anticytokine antibody. These antibodies were obtained
commercially (Genzyme, Cambridge, MA, USA). For inactivation of
endogenous peroxidase, the slides were treated with methanol containing
0.3% hydrogen peroxide for 30 min at room temperature. After additional
washes with phosphate buffered saline (PBS), the sections were incubated
with the above antibodies diluted 100× with PBS in a humidified chamber
overnight at 4°C. Thereafter the adequate biotinylated secondary antibody,
either biotin-goat anti-rabbit IgG (SBA, Inc, Birmingham, AL, USA) or
biotin-goat anti-hamster IgG (Cedarlane, ON, Canada) were applied and
incubated for 1 h at room temperature. Then, the sections were vigorously
rinsed with PBS and incubated in ABC Elite Complex (VECTASTAIN
Elite ABC kit, Vector Laboratories, Burlingame, CA, USA) for 1 h at room
temperature. The immune complexes were visualized by diaminobenzidine. Finally, slides were counterstained with hematoxylin. A total of 5 ×
l02 BMC randomly selected were assessed by microscopic observations to
calculate the percentage of positive cells for each cytokine.
Depletion of T cells (CD4+) and B cells (CD45R+) from BMC. T cells
(CD4+) and B cells (CD45R+) were depleted from BMC by immunomagnetic methods using the MiniMACS Magnetic Separation System (Miltenyi
Biotec, Bergisch Gladbach, Germany) according to manufacturer’s instructions. Briefly, 5 × 107 BMC in 400 µl of PEB buffer (PBS containing 5 mM
EDTA and 0.5% BSA, pH 8.0) were incubated with 50 µl of supermagnetic
microbeads conjugated to rat anti-mouse CD4 (L3T4) antibodies (rat
IgG2b, clone GK1.5, Genzyme, Cambridge, MA, USA) and/or rat antimouse CD45R (B220) antibodies (rat IgG2a, clone RA3-6B2, Genzyme) at
10°C for 15 min before loading onto a magnetic separation column. The
column was washed twice with cold PEB buffer. Thereafter, BMC suspension was applied. Depletion of these cells was confirmed by flow cytometry analysis (EPICS XL, Beckman Coulter, CA, USA).
Bone marrow transplantation. Donors: Both IL-6+/+ and IL-6 -/- male

mice, l0-12 weeks of age, were sacrificed on day 21 (14 days after the
booster immunization) under anesthesia and then the femur and tibia were
removed under sterile conditions. BMC were obtained by washing the bone
marrow cavity with PBS, followed by centrifugation. BMC obtained from
20 mice in each group (IL-6 +/+ and IL-6 -/-) were pooled and used for
BMT. Recipients: Female IL-6+/+ mice were irradiated sublethally at 9.8
Gy by Gammacell 40 Exacter (Nordion Int. Inc., Kanata, ON, Canada).
Then, 1 × 107 BMC from either immunized male IL-6+/+ or IL-6-/- mice
were injected intravenously into female sublethally irradiated IL-6+/+ mice
of each group (for IL-6+/+; 11 mice, for IL-6-/-; 17 mice). Successful BM
reconstitution after BMT was confirmed by polymerase chain reaction
detection of male antigen in the recipient female mice, using the indicated
primers for the C-terminal domain of the sex-determining region of mouse
Y chromosome as described15,16.
Primers: 5′-CTCCTGATGGACAAACTTTACG-3′ (sense)
5′-TGAGTGCTGATGGGTGACGG-3′ (anti-sense)
In addition, on day 35, 14 days after BMT, peripheral white blood cells
were counted. Successful BM reconstitution was considered if the number
was more than 4 × 103/µ1.
Histological examination. Mice were sacrificed under anesthesia 7 days
after intraarticular injection of mBSA. The knee joints were removed and
embedded in paraffin after decalcification as described10. The paraffin
sections were stained with hematoxylin-eosin. The slides were evaluated
histologically by 2 independent observers. The gradation of arthritis was
scored from 0 to 4 according to the intensity of lining layer hyperplasia,
mononuclear cell infiltration, and pannus formation as reported14: 0 =
normal; 1 = normal synovium with occasional mononuclear infiltrates; 2 =
a few layers of flat to round synovial lining cells and scattered mononuclear
infiltrates; 3 = clear hyperplasia of the synovium with 3 or more layers of
loosely arranged lining cells and dense infiltration with mononuclear cells;
4 = severe synovitis with pannus and erosion of articular cartilage and
subchondral bone. A histological score > 2 is considered as “definite
arthritis.”
Statistics. The percentages of cytokine positive BMC were expressed as
mean ± SE. Histological scores were also expressed as a median. Statistical
significance was assessed by Wilcoxon test. Differences were considered to
be statistically significant if the 2 sided p value was < 0.05.

RESULTS
IL-6 was highly expressed in BM at both the inductive and
the progressive stages of the course of AIA. The expression
of IL-6, TNF-α, and IL-1ß was examined in BM of the IL6+/+ mice at the different time points (day 21, 22, 24, 28,
31, 35, 42, and 49) in the course of AIA by immunohistochemistry. As a result, as shown in Figure 1 and Figure 2,
IL-6 was already highly expressed (about 50% of BMC
were positive) on day 21, just before the induction of AIA
(intraarticular injection), and high levels were maintained
during the progression of AIA, although IL-6 expression
tended to decline after the inductive phase of AIA. In
contrast, TNF-α showed less expression compared with IL6 and no significant expression of IL-1ß was detected
throughout the course of AIA.
AIA could be transferred by BMT. Reports demonstrated
that autoimmune diseases could be transferred by BMT in
some spontaneous animal models for autoimmune diseases,
such as NZB mice17,18. We examined whether AIA could be
transferred by BMT. As described in Materials and
Methods, BMC from immunized male IL-6+/+ mice were
injected intravenously into 11 sublethally irradiated female
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Figure 1. The expression of proinflammatory cytokines (IL-6, TNF-α, and IL-1ß) in BM of the mice before and after the induction of AIA. The expression
of proinflammatory cytokines (IL-6, TNF-α, and IL-1ß) in BMC was assessed by immunohistochemistry as described in Materials and Methods.
Representative results for each cytokine before (day 21) and after (day 28 and day 42) the induction of AIA are shown. Brown stained BMC were positive for
each cytokine. IL-6 was already highly expressed (about 50% of BMC were positive) on day 21, just before the induction of AIA; levels remained high on
day 28 and declined on day 42. In contrast, TNF-α showed less expression compared with IL-6, and no significant expression of IL-lß was detected throughout
the course of AIA. Original magnification ×400.

IL-6+/+ mice. Successful BM reconstitution with donor
BMC was confirmed by checking the male antigen and
peripheral white blood cell count in the recipient female
mice as described in Materials and Methods. After confirmation of BM reconstitution (male antigen is positive and
peripheral white blood cell number is more than 4 × 103/µ1),
they were injected with mBSA intraarticularly to induce
AIA. All recipient IL-6 +/+ mice survived after BMT and
developed definite arthritis (histological score > 2); a repreFigure 2. Changes in proinflammatory cytokine (IL-6, TNF-α, and IL-1ß)
positive cells in BM of the mice during the course of AIA. The expression
of IL-6, TNF-α, and IL-1ß were examined in BM of the IL-6+/+ mice at
different time points (day 21, 22, 24, 28, 31, 35, 42, and 49) during AIA as
described in Materials and Methods. A total of 5×l02 BMC randomly
selected samples were assessed by microscope to calculate the percentage
of positive cells for each cytokine. The percentages of cytokine positive
BMC are expressed as mean ± SE.
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sentative histological result is shown in Figure 3C. As
summarized in Table 1, 6 out of 11 mice that developed
arthritis scored 4, and the others developed arthritis that
scored 3 and 2, respectively. The median of the histological
scores was 4. Thus, AIA could be transferred by BMT,
suggesting that BMC play a critical role for the induction of
AIA.
Depletion of T cells (CD4+) and/or B cells (CD45R+) did
not affect AIA transfer by BMT. Since both mature T and B
cells can migrate to BM, it is possible that the BMC that
transfer the disease are mBSA primed T and B cells. We
characterized the BMC in 6 BM specimens by the immunohistochemistry method using anti-pan T (CD3) and B
(CD45R) monoclonal antibodies just before transplant. As a
result, CD3 and CD45R positive cells were 3.9 ± 0.5% and
4.8 ± 0.2%, respectively (data not shown). Although the
number of mature T and B cells was relatively small, it was

possible that mBSA primed mature T and B cells transferred
the disease. We then performed an AIA transfer experiment
by BMT under conditions of depletion of T cells (CD4+)
and/or B cells (CD45R+). As a result, as shown in Table 2,
BMC depleted T cells (CD4+) and/or B cells (CD45R+) still
induced a definite arthritis although the histological scores
were slightly lower compared with the case of T/B cell
undepleted (whole) BMC. This suggests that BMC other
than pre-activated mature T and B cells play a unique role in
the initiation of AIA.
IL-6 is essential for induction of AIA. As described previously, immunohistochemistry study revealed that IL-6 was
already highly expressed in BM of the immunized mice
before intraarticular injection of mBSA. Next, to address the
question whether IL-6 producing BMC could play a critical
role for the induction of AIA, 17 sublethally irradiated
female IL-6+/+ mice were transplanted with BMC from the

Figure 3. Transfer of AIA by BMT. Mice were sacrificed under anesthesia 7 days after the induction of AIA (intraarticular injection of mBSA) and subjected
to histological examinations as described in Materials and Methods. A. Immunized IL-6+/+ mouse after intraarticular injection of saline, as a negative control.
The histological score was zero. B. Immunized IL-6+/+ mouse after intraarticular injection of mBSA, as a positive control. The histological score was 4. C.
Irradiated IL-6+/+ mouse reconstituted with BMC from immunized IL-6+/+ mouse after intraarticular injection of mBSA. The histological score was 4. D.
Irradiated IL-6+/+ mouse reconstituted with BMC from immunized IL-6-/- mouse after intraarticular injection of mBSA. The histological score was one.
Hematoxilin and eosin staining. Original magnification ×50.
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Table 1. Histological scores on day 7 after induction of AIA in the mice with BMT.
Genotype
Donor Recipient
Group
1
2

IL-6+/+
IL-6–/–

No. of Survivors
/ Total No. of BMT Mice

0

Histological Score†
1
2
3
4

11/11
11/17

0
1

0
9

IL-6+/+
IL-6+/+

2
1

3
0

6
0

Median

4
1*

†

The grade of arthritis was scored 0–4 as described in Materials and Methods. Histological scores > 2 are considered definite arthritis. * p < 0.001, Wilcoxon test, versus group 1.

Table 2. Histological scores on day 7 after induction of AIA in the mice with BMT in the presence or absence of
mature T and B cells.
Treatment of BMC

Group
1
2
3

Total No. of
BMT Mice

No depletion (whole)
Depletion of CD4+ cells
Depletion of CD4+ and CD45R+ cells

7
7
6

0

Histological Score†
1
2
3
4

0
0
0

0
0
0

1
2
2

4
4
3

2
1
1

Median

3
3*
3**

†

The grade of arthritis was scored 0–4 as described in Materials and Methods. Histological scores > 2 are considered definite arthritis. *, ** No statistical significance versus group 1.

immunized male IL-6-/- mice intravenously. After BMT, 6
out of 17 mice could not be reconstituted with the donor’s
(IL-6 -/- mice) BMC and were dead before the intraarticular
injection with mBSA. Thus, of the mice transplanted with
BMC from IL-6-/- mice, only about 65% survived, although
all the mice transplanted with BMC from IL-6+/+ mice
survived. The other 11 mice survived and were completely
reconstituted with BMC from the IL-6-/- mice. However, 10
out of the 11 surviving mice did not develop a definite
arthritis after intraarticular injection of mBSA, as shown by
representative histological results in Figure 3D. The median
histological score was one (Table 1). Thus, the mice reconstituted with the immunized IL-6-/- BMC could not develop
AIA. Taken together, the above results suggest that IL-6
producing BMC play a critical role in the initiation of
synovitis in AIA.
DISCUSSION
We demonstrated that IL-6 was already highly expressed in
BM before the inductive stage (before intraarticular injection of mBSA) as well as during the progression of AIA.
This observation is similar to our previous report in collagen
induced arthritis (CIA), another mouse arthritis model19. In
that report, we found 2 distinct elevations of serum IL-6
levels during the development of CIA. One peak coincided
with the onset of arthritis. The other was found during the
progression of arthritis. Thus, considering previous and
present results, IL-6 possibly plays a role at both the
progression stage and the induction stage (onset) of arthritis.
On the other hand, neither TNF-α nor IL-1ß showed signif-

icant expression in BM. Previously, we10 and other investigators20 demonstrated that all proinflammatory cytokines
IL-1ß, TNF-α, and IL-6 were detected markedly in the
inflamed synovium, indicating involvement in the pathogenesis of AIA synovitis. Thus, such a proinflammatory
cytokine expression pattern in BM, i.e., that IL-6, but
neither TNF-α nor IL-1ß, was predominantly expressed in
BM at the inductive phase (or before synovitis), suggests a
different (or unique) role of IL-6 in the induction of AIA.
Moreover, we previously reported that IL-6-/- mice developed only marginal arthritis after the induction of AIA10,
indicating IL-6, but not likely IL-1ß or TNF-α, was a key
cytokine in the development of AIA. Taken together, these
results suggest that IL-6, especially expressed in BM, plays
a critical role in the initiation of synovitis of AIA.
Second, we demonstrated AIA could be transferred by
BMT, suggesting BMC play a critical role in the induction
of AIA. Since both mature T and B cells can migrate to BM,
it is possible that the BMC that transfer the disease are
mBSA primed T and B cells. However, the numbers of
mature T cells (CD3+) and B cells (CD45R+) in BM were
relatively small (3.9±0.5% and 4.8±0.2% respectively). In
addition, BMC depleted T cells (CD4+) and/or B cells
(CD45R+) still induced a definite arthritis although the
histological scores were slightly lower compared with T/B
cell undepleted (whole) BMC. This suggests that BMC
other than pre-activated mature T and B cells play a unique
role in the initiation of AIA.
Third, we demonstrated that almost no mice transplanted
with BMC from the immunized syngeneic IL-6-/- mice
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developed definite arthritis. Taken together, these results
suggest that IL-6 produced in BMC play a critical role for
the induction of AIA. There are interesting reports regarding
AIA: de Hooge, et al21 demonstrated that transplantation of
antigen-specific wild-type (IL-6+/+) lymph node cells
enhanced acute joint inflammation and increased cartilage
damage but still could not sustain chronic inflammation,
suggesting involvement of non-immune elements of IL-6
activity in chronicity. Their report indicates an important
role for IL-6 in propagation of joint inflammation, potentially independent of its role in immunity. Boe, et al22
reported that sensitivity to AIA could be reconstituted in IL6-/- mice by subcutaneous injections of recombinant IL-6,
but only partial effects were observed by intraarticular injection, suggesting the importance of a systemic IL-6.
Considering enhanced IL-6 production in BM at the onset
and during the progression of AIA as a systemic source of
IL-6, our result may coincide with theirs.
On the other hand, Ochi’s group reported the presence of
abnormal myelopoiesis in rat experimental arthritis models
by their series of papers5,7. They demonstrated the proliferation of atypical myelocytes in BM of rats with active
arthritis but not in BM of the rats without arthritis.
Moreover, they showed that atypical myelocytes produced
abundant IL-6 in vitro. In addition, they also reported
similar atypical myelocytes in the patients with active RA
and showed those atypical myelocytes differentiated into
polymorphonuclear leukocytes in vitro4,6. The present
results seem to be compatible with their results.
Based on these previous reports and our present results,
it appears that BMC, including myelocytes and hematopoietic stem cells, may play a critical role, although further cell
characterization is necessary.
Some investigators have proposed that autoimmune
diseases could be a “stem cell disorder.” In fact, some
autoimmune diseases have been shown to be transferred by
BMT, and there have been several reports of the rapid recurrence or persistence of autoimmune diseases after autologous BMT23. However, there are also negative reports that
BMT from the patients with certain autoimmune diseases
did not induce the autoimmune disease24,25. In the negative
reports, the authors point out that all reports of transfer of
human autoimmune diseases were organ-specific and speculated that pathophysiological differences might account for
why systemic autoimmune diseases, such as RA, are not
transferred. In experimental animal autoimmune disease
models, Ikehara, et al also demonstrated some autoimmune
diseases could be transferred by BMT and proposed that
autoimmune diseases could be a “stem cell disorder”26.
However, most of the autoimmune diseases were spontaneous autoimmune diseases. Therefore, we think there are
some differences in the pathological dependency (or importance) of stem cells between spontaneous and inductive
autoimmune diseases such as AIA. As we described in the

above, our present result may suggest an important role for
both IL-6 and BMC including myelocytes in propagation of
joint inflammation, potentially independent of its role in
immunity.
In the BMT experiment, about 65% of the mice transplanted with BMC from IL6–/– mice survived, while all the
mice transplanted with BMC from IL-6+/+ mice survived.
Thus, the rate of successful BM reconstitution was significantly less in IL-6–/– mice compared with IL-6+/+ mice.
One possible explanation for this observation is that IL-6 is
one of important factors for hematopoiesis in BM as
reported27,28.
In conclusion, our results indicate that BMC play a critical role and IL-6 is a key cytokine for the induction of
synovitis in AIA. Moreover, these results may support the
clinical benefits of blockade of IL-6 and BMT in the treatment of RA.
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