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induced by autoimmunity.

Introduction

Rheumatoid arthritis (RA) is an autoimmune disease characterized
by chronic joint inflammation along with bone damage such as
localized bone erosion, periarticular bone loss, and systemic bone
loss (1-3). The autoimmune process in RA starts with the presenta-
tion of autoantigen to T cells, which help B cells to differentiate into
plasma cells that produce autoantibodies, such as anti-citrullinated
protein antibodies (ACPAs) and rheumatoid factors (1-3). Activated
T cells also stimulate synovial inflammation and induce synovial
fibroblasts to express receptor activator of NF-«B ligand (RANKL)
through interleukin 17 (IL-17) and other proinflammatory cytokines
(3-5). RANKL is the key contributor to enhanced osteoclastogenesis
that causes bone destruction in the joints (6, 7). Autoantibodies and
immune complexes promote bone erosion through FcRy signaling
in osteoclast precursor cells or innate immune cells (8, 9).

Biologic and targeted synthetic disease-modifying antirheu-
matic drugs (DMARDs) are quite effective in controlling inflam-
mation and localized bone erosion (1), but little evidence has been
obtained about their effect on periarticular and/or systemic bone
loss (10, 11), which is associated with the impaired physical func-
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In rheumatoid arthritis (RA), osteoclastic bone resorption causes structural joint damage as well as periarticular and

systemic bone loss. Periarticular bone loss is one of the earliest indices of RA, often preceding the onset of clinical symptoms
via largely unknown mechanisms. Excessive osteoclastogenesis induced by receptor activator of NF-kB ligand (RANKL)
expressed by synovial fibroblasts causes joint erosion, whereas the role of RANKL expressed by lymphocytes in various

types of bone damage has yet to be elucidated. In the bone marrow of arthritic mice, we found an increase in the number of
RANKL-expressing plasma cells, which displayed an ability to induce osteoclastogenesis in vitro. Genetic ablation of RANKL
in B-lineage cells resulted in amelioration of periarticular bone loss, but not of articular erosion or systemic bone loss, in
autoimmune arthritis. We also show conclusive evidence for the critical contribution of synovial fibroblast RANKL to joint
erosion in collagen-induced arthritis on the arthritogenic DBA/1) background. This study highlights the importance of plasma-
cell RANKL in periarticular bone loss in arthritis and provides mechanistic insight into the early manifestation of bone lesion

tion and high ratio of fractures observed in RA patients (12). Peri-
articular bone loss begins in the earliest stage of the disease pro-
gression of RA, even observed several years before the clinically
evident onset (12-14), but the cells and/or molecules involved in
periarticular bone loss are at present only poorly understood.

Periarticular bone loss occurs in the bone marrow near
inflamed joints. This is partly because of a relatively high concen-
tration of proinflammatory cytokines induced in synovium (13,
15, 16). The bone marrow is the site where long-lived plasma cells
reside (17-19) and it is well documented that ACPAs are observed
prior to the clinical onset of RA, suggesting that the plasma cells
may contribute to periarticular bone loss through autoantibody
production (1, 2, 13, 15). However, it remains unclear which types
of cells produce RANKL and thus critically contribute to the peri-
articular bone loss. Here, we identified a role for bone marrow
plasma cells as a RANKL-expressing osteoclastogenic cell subset
in periarticular bone loss.

Results and Discussion

It is critical to determine the RANKL-expressing cells under
specific pathologic conditions, but there are limitations to the
use of the currently available anti-RANKL antibodies, which are
not always suitable for detecting RANKL (encoded by Tnfsf11)
expression in certain cell types such as freshly isolated bone
marrow cells (Supplemental Figure 1; supplemental material
available online with this article; https://doi.org/10.1172/
JCI143060DS1). Thus, we newly generated RANKL-Cre mice,
in which Cre recombinase is driven by the Tnfsfll promoter
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Figure 1. The number of RANKL-expressing plasma cells increases in the bone marrow under arthritic conditions. RANKL-Cre ROSA26-YFP mice with CIA
were analyzed 3 weeks after the secondary immunization. The bone marrow (BM) of the tibias and femurs (A-G) and inflamed synovium (H and I) were ana-
lyzed. (A) YFP expression in bone marrow cells. (B) The number of YFP™ (left) and YFP" (right) cells (n = 5-7). (C) Tnfsf11 mRNA expression in YFP- and YFP"
cells analyzed by gPCR (n = 5). (D) FACS profile of YFP" cells. (E) The frequency of YFP" cells in B-lineage cells in the bone marrow under arthritic conditions
(n =7). (F) The number of YFP" plasma cells in the bone marrow (n = 5-7). (G) Frequency of YFP" cells in the bone marrow plasma cells (n = 5-7). (H) YFP and
CD45 expression in the synovium. (1) CD45 cells were examined for the expression of CD31, CD146, podoplanin, and Thy1. Representative data of 3 indepen-
dent experiments are shown (A, D, and I). All data are expressed as the mean + SEM. *P < 0.05; **P < 0.01 by unpaired Student’s t test. NS, not significant.
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Figure 2. Plasma cells promote osteoclastogenesis in a RANKL-dependent manner. Bone marrow plasma cells (CD3-Gr1-CD138*B220- cells) or B cells
(CD19* cells) were cocultured with osteoclast precursor cells for 5 days. (A) Tnfsf11 (left) and Prdm1 (encoding Blimp1) (right) mRNA expression of the bone
marrow plasma cells and B cells before the coculture (n = 4). (B and C) Osteoclast formation after the coculture of osteoclast precursor cells derived from
untreated DBA1/) mice with bone marrow plasma cells or B cells from arthritic DBA1/) mice (n = 3-6). The number of TRAP* multinucleated (more than 3
nuclei) cells (MNCs) is shown. Scale bar: 100 um. (D and E) Osteoclast formation after the coculture of osteoclast precursor cells prepared from splenocytes
from Tnfsf17*/* mice with bone marrow plasma cells or B cells from arthritic DBA1/) mice (D, n = 3-4) or Mb1-Cre Tnfsf17"/* mice (E, n = 3-5). (F) The numbers
of pre-/pro-B cells (IgM-B220™¢), immature B cells (IgM*B220™), mature B cells (IgM*B220"), plasmablasts (CD3-Gr1-CD138*CD267+B220*), and plasma
cells (CD3-Gr1CD138*CD267+B220") in the bone marrow under physiological and arthritic conditions (1 = 5-9). All data are expressed as the mean + SEM.
*P < 0.05; **P < 0.01; ***P < 0.001 by unpaired Student’s t test (A), 1-way ANOVA with the Holm-Sidak multiple-comparison test (B, D, and E), or 2-way
ANOVA with the Holm-Sidak multiple-comparison test (F). NS, not significant.
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Figure 3. Synovial fibroblast RANKL, but not the RANKL derived from B-lineage cells, is responsible for joint destruction. (A) CIA score of Tnfsf117/%,
Col6ai-Cre Tnfsf117/2, Mb1-Cre Tnfsf11"/%, and Lck-Cre Tnfsf17"/> mice on a DBA1/) background (n = 3). (B) uCT images of the knee joints of arthritic mice 3
weeks after the secondary immunization. The red area shows cavities of femurs. Scale bar: 1 mm. Representative data are shown. (C and D) Eroded volume
per bone volume (C) and eroded surface per bone surface (D) of the knee joint of naive Tnfsf11%/4, CIA Tnfsf117/*, Col6al-Cre Tnfsf117/2, Mb1-Cre Tnfsf117/4, and
Lck-Cre Tnfsf11"/* mice (n = 7-16). All data are expressed as the mean + SEM. *P < 0.05 by 1-way ANOVA with the Holm-Sidak multiple-comparison test.

(Supplemental Figure 2). By crossing these mice with ROSA26-
loxP-Stop-loxP-YFP (ROSA26-YFP) reporter mice, we obtained
anew RANKL-reporter mouse strain, RANKL-Cre ROSA26-YFP
mice, in which YFP expression is turned on in the cells that are
expressing RANKL or expressed RANKL.

We induced collagen-induced arthritis (CIA) in RANKL-Cre
ROSA26-YFP mice and analyzed the YFP-expressing cells in the
bone marrow and synovium. We noticed amarked increase in YFPh
cell number in the bone marrow (Figure 1, A and B). Although YFP
expression does not always correlate with mRNA expression in the
fate mapping system, we confirmed that RANKL mRNA was highly
expressed in YFPY cells (Figure 1C). Flow cytometric analysis
showed that the majority of YFP" cells in the arthritic bone mar-
row were CD3°Gr1'CD267*CD138*B220" plasma cells (Figure
1D). The frequency of YFP! cells in plasma cells was the highest
among the B-lineage cell subpopulations under arthritic con-
ditions (Figure 1E). YFPh plasma cells increased in number by
approximately 3-fold under arthritic conditions, while the fre-
quency of YFP! cells in the plasma cells was comparable between
the physiological and arthritic conditions (Figure 1, F and G).

We next analyzed the inflamed synovium of RANKL-Cre
ROSA26-YFP mice after induction of CIA. The majority of YFP*
cells that appeared in the synovium only under arthritic conditions
were negative for CD45 and positive for the fibroblast marker
podoplanin (Figure 1, H and I). YFP was not detected in endothelial
cells (CD31%) or pericytes (CD146%) (Figure 1I). The majority of
YFP" cells were negative for Thyl, suggesting that the RANKL-
expressing bone-destructive synovial fibroblast subpopulation is
enriched in Thyl rather than Thyl* synovial fibroblasts (Figure
1I). Consistent with this, a recent single-cell analysis revealed
that synovial fibroblasts in arthritis consist of fibroblast activa-
tion protein-a*Thyl* (FAPa Thy1*) inflammatory and FAPa " Thyl-
bone-damaging subsets (20).

The high level of RANKL expression in bone marrow plasma
cells in arthritis (Figure 2A) led us to examine whether plasma
cells are able to promote osteoclast formation in vitro. B cells
and plasma cells were purified from the bone marrow of arthri-
togenic DBA1/] mice after the induction of CIA. After the
coculture of B-lineage cells with osteoclast precursor cells, we
evaluated the formation of tartrate-resistant acid phosphatase*
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Figure 4. RANKL produced by B-lineage cells contributes to the periar-
ticular bone loss in arthritis. (A and B) Association of periarticular bone
loss with an increase in the bone marrow plasma cell number. Bone volume
per tissue volume of the distal femur (A, left, n = 3-8) and lumbar spine
(L5) (A, right, n = 3-8) and joint erosion of the calcaneus bone (B, n = 3-6)
during the course of CIA. (C) Number of plasma cells in femur and tibia
(left) and lumber spine (L1-L3, right) during the course of CIA. (D) Rep-
resentative uCT images of the distal femur of arthritic mice. Scale bars:
1mm. (E) Bone volume per tissue volume (left) and the trabecular bone
number (right) of distal femurs of arthritic mice 3 weeks after the second-
ary immunization (n = 5-11). (F and G) Representative TRAP* staining (F)
and the numbers of TRAP* multinucleated cells per bone surface (G) of the
tibia of arthritic mice (n = 5-9). Scale bar: 100 um. All data are expressed as
the mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001 by 1-way ANOVA with
the Holm-Sidak multiple-comparison test (A-C) or 2-way ANOVA with the
Holm-Sidak multiple-comparison test (E and G). NS, not significant.

(TRAP*) multinucleated osteoclasts. In the absence of exoge-
nous RANKL, the formation of osteoclasts was not observed.
We then cocultured in the presence of a low concentration of
RANKL and an antibody against osteoprotegerin (OPG), an
inhibitor of osteoclastogenesis, because B cells are known to
produce OPG. We found that the coculture with plasma cells
but not with B cells enhanced the formation of bone-resorbing
osteoclasts. This suggests that plasma cells rather than B cells
promote osteoclastogenesis (Figure 2, B and C).

Does the RANKL expressed by plasma cells by itself induce
osteoclastogenesis? RANKL expression in B-lineage cells is upreg-
ulated in the presence of B cell receptor (BCR)/CD40 stimulation
and inflammatory cytokines, including TNF (21, 22). However,
TNF can also upregulate RANKL expression in stromal cells that
contaminate osteoclast precursor cell cultures, which often ham-
pers the interpretation of the results (3, 23). Thus, we obtained
osteoclast precursors from RANKL-deficient mice, enabling us to
eliminate the problem of an effect of RANKL from contaminat-
ing stromal cells (24). Furthermore, we added antibodies against
OPG, IL-4, and IL-10 to neutralize osteoclastogenesis-inhibitory
factors (3). Using this newly developed coculture system, we found
that bone marrow plasma cells induce the formation of osteoclasts
to a much greater extent than B cells (Figure 2D). Because this
coculture system contains only RANKL-deficient cells except for
plasma cells, the source of RANKL is evidently fully derived from
plasma cells. These results clearly demonstrated that plasma cells
promote osteoclastogenesis by expressing RANKL.

In order to demonstrate the role of RANKL expressed on
plasma cells, we generated MbI-Cre Tnfsfl1¥* mice, in which
RANKL expression is specifically deleted in the B cell lineage (Sup-
plemental Figure 3). While osteoclasts were formed by coculture
with plasma cells derived from control Tnfsf11* mice, the plasma
cells from MbI-Cre Tnfsf11"/* mice failed to induce osteoclasto-
genesis. Thus, plasma cells induce osteoclastogenesis through
RANKL expression (Figure 2E).

It was previously shown that global RANKL-knockout mice
had a lower number of B cells, but the development of B cells
was normal in mice specifically deficient in RANK in B cells (25,
26). B cell numbers in CDI19-Cre Tnfsf11%/ mice were reported to
be slightly reduced (27). We found there was no difference in the
number of B-lineage cells between MbI-Cre Tnfsf11%* mice and

The Journal of Clinical Investigation

the control mice under either physiological (Figure 2F and Sup-
plemental Figure 4) or arthritic conditions (Figure 2F). The lack
of RANKL in B-lineage cells did not affect the number of other
hematopoietic cells (Supplemental Figure 5).

We next explored the function of RANKL expressed in
B-lineage cells in terms of joint erosion in comparison with that
expressed on T cells and synovial fibroblasts using MbI-Cre
Tnfsf11"/%, Lck-Cre Tnfsf11*, and Col6al-Cre Tnfsf11* mice. All
of the mouse strains were backcrossed onto the DBA1/]J back-
ground in order to efficiently induce CIA. There was no differ-
ence in the onset rate or the severity of CIA among these strains
(Figure 3A). Severe joint erosion was observed in the control
TnfsfIIV* mice 3 weeks after the secondary immunization.
Microcomputed tomography (uCT) analysis of the knee joints
revealed that bone erosion was reduced in Col6al-Cre Tnfsf117»
mice, but not in MbI-Cre Tnfsf1I'V* mice or Lck-Cre Tnfsfl1"*
mice (Figure 3, B-D). Therefore, we provide the first convinc-
ing evidence to our knowledge that it is the synovial fibroblast
RANKL rather than the RANKL derived from B or T cells that
is responsible for joint erosion, using mice on the arthritogenic
DBA1/] background (7, 21, 22, 28, 29).

Given the increase in the RANKL* plasma cell number in
the bone marrow, we hypothesize that plasma cells contribute to
periarticular bone loss in autoimmune arthritis. We analyzed the
distal femur of CIA DBA1/] mice by unCT and counted the num-
ber of CD3"Gr1'CD138*CD267*B220" bone marrow plasma cells
during the course of CIA. The bone volume of the distal femur was
decreased, while the number of bone marrow plasma cells was
increased in arthritis (Figure 4, A and C). Importantly, even before
the onset of arthritis, the bone volume of the distal femur was
decreased and bone marrow plasma cell numbers were increased,
as early as 1 day after the secondary immunization. In contrast,
systemic bone loss in the spine and joint erosion occurred only
after the onset of arthritis (Figure 4, A and B). In the spine, bone
marrow plasma cell number did not increase during the course of
CIA (Figure 4C). These results suggest a specific involvement of
bone marrow plasma cells in periarticular bone loss.

In order to test the role of RANKL in B-lineage cells in the
course of periarticular bone loss, we induced CIA in MbI-Cre
TnfsfI* mice and evaluated the bone volume of the distal
femur at 3 weeks after the secondary immunization. MbI-Cre
TnfsfIV* mice had a normal bone mass compared with the
TnfsfIV* mice under physiological conditions (Figure 4, D and
E). Under arthritic conditions, the bone mass in the distal femur,
as well as the trabecular bone number, was profoundly reduced
in the control Tnfsf11"/2 mice, but the reduction was significantly
ameliorated in MbI-Cre Tnfsf11"/* mice (Figure 4E). The num-
ber of osteoclasts was increased in the tibial metaphysis of the
arthritic Tnfsf117* mice (Figure 4, F and G). Importantly, the
increase in the osteoclast number was abolished in arthritic MbI-
Cre Tnfsf11"7* mice, indicating the major contribution of B-lin-
eage cell RANKL to osteoclast formation in periarticular bone
loss. Despite no increase in osteoclast number in CIA MbI-Cre
TnfsfIV* mice, the periarticular bone loss was not completely
recovered by the lack of RANKL in B-lineage cells. It is possible
that periarticular bone loss is also influenced by other factors
such as increased osteoclast activity and decreased bone-form-
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ing activity. Given the major role of osteocyte RANKL in bone
remodeling, it will be important to evaluate its contribution to
periarticular bone loss in the future. The bone mass of the spine
was reduced in the control Tnfsf11/* mice under arthritic condi-
tions, but the reduction in bone mass was comparable between
the control and MbI-Cre Tnfsf11"V* mice (Supplemental Figure
6). These results collectively indicate that RANKL in B-lineage
cells is critically important for periarticular but not systemic
bone loss in autoimmune arthritis.

This study provides a conclusive answer to the question of
which cells are the main cellular RANKL source for periarticular
bone loss and joint erosion in autoimmune arthritis using RANKL-
floxed mice with an arthritogenic DBA1/J background. We showed
that bone marrow plasma cells express RANKL and function as
an osteoclastogenic cell subset in periarticular bone loss. In joint
erosion, we clarified the greater contribution of synovial fibroblast
RANKL over T cell or B cell RANKL.

Draining lymph nodes, the nearest lymph nodes to the inflamma-
tory sites, are essential for the initiation and progression of immune
responses. By analogy, the bone marrow in proximity to inflamma-
tory joints may be called “draining” bone marrow where plasma
cells reside and produce autoantibodies. We demonstrated that the
plasma cell number in fact increased in the “draining” bone marrow
near the inflammatory joints during arthritis. This is possibly because
plasma cell survival factors such as IL-6, BAFF, and APRIL may be
abundant in the “draining” bone marrow (16, 18). In the “draining”
bone marrow, plasma cells provide both RANKL- and antibody-
mediated costimulatory signals that cooperate to powerfully promote
osteoclastogenesis (8, 9). In addition, plasma cells can produce osteo-
clastogenic cytokines such as TNF and IL-17 (19). Thus, plasma cells
robustly promote periarticular bone loss by producing RANKL as well
as antibodies and inflammatory cytokines.

Anti-CD20 antibodies are known to be effective for con-
trolling joint inflammation and erosion (1). Considering the lack
of CD20 expression by plasma cells (1, 17, 18), it is likely that
anti-CD20 antibodies do not directly affect or deplete plasma
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cells, but rather, decrease plasma cells by depleting CD20-
expressing precursors. Directly targeting long-lived plasma cells
residing in the bone marrow will lead to the development of a
new strategy for inhibiting inflammation, as well as bone dam-
age that occurs in arthritis, including periarticular bone loss.

Methods

The methods used are described in the Supplemental Methods section.
Study approval. All experiments were performed with the approval

of the Animal Ethics Committee of The University of Tokyo.
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