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Accumulation of synovial fluid 
CD19+CD24hiCD27+ B cells 
was associated with bone 
destruction in rheumatoid arthritis
Xiaofeng Guo1,3, Tingting Xu1,3, Jing Zheng2, Xiangjun Cui1, Ming Li1, Kai Wang1, Min Su1, 
Huifang Zhang1, Ke Zheng1, Chongling Sun1, Shulin Song1* & Hongjiang Liu1*

Regulatory CD19+CD24hiCD27+ B cells were proved to be numerically decreased and functionally 
impaired in the peripheral blood (PB) from rheumatoid arthritis (RA), with the potential of converting 
into osteoclast-priming cells. However, the distribution and function of CD19+CD24hiCD27+ B cells in 
RA synovial fluid (SF) were unclear. In this study, we investigated whether RA SF CD19+CD24hiCD27+ 
B cells were increased and associated with bone destruction. We found that the proportion of RA SF 
CD19+CD24hiCD27+ B cells was increased significantly, and was positively correlated with swollen 
joint counts, tender joint counts and disease activity. CXCL12, CXCL13, CCL19 contributed to the 
recruitment of CD19+CD24hiCD27+ B cells in RA SF. Notably, CD19+CD24hiCD27+ B cells in the SF 
from RA expressed significantly more RANKL compared to OA and that in the PB from RA. Critically, 
RA CD19+CD24hiCD27+ B cells promoted osteoclast (OC) differentiation in vitro, and the number of 
OCs was higher in cultures with RA SF CD19+CD24hiCD27+ B cells than in those derived from RA PB. 
Collectively, these findings revealed the accumulation of CD19+CD24hiCD27+ B cells in SF and their 
likely contribution to joint destruction in RA. Modulating the status of CD19+CD24hiCD27+ B cells 
might provide novel therapeutic strategies for RA.

Rheumatoid arthritis (RA) is a common chronic autoimmune disease characterized by synovitis in multiple joints 
and progressive bone destruction1. Mounting evidence indicates that the imbalance between bone loss and bone 
formation attributes to bone damage in RA2. Bone-resorbing osteoclasts (OCs) are the cells responsible for bone 
erosion in RA patients3. Receptor activator of NF-κB ligand (RANKL) and its receptor, RANK, are key positive 
extracellular regulators of osteoclast formation and activation4,5.

Early studies of RANKL production in RA indicated that synovial fibroblasts and activated T cells produce 
excess RANKL and may contribute to osteoclastic bone resorption6–8. However, recent increasing researches 
have demonstrated that B cells play an important role in facilitating bone erosion in RA by both promoting OC 
differentiation and by suppressing osteoblast (OB) development9–13. Scientists found that synovial B cells are a 
major source of RANKL and Fc-receptor like 4 (FcRL4) positive B cells are defined a pro-inflammatory, RANKL-
producing B cells in RA9,10. Thereafter, switched-memory B cells have been reported in RA peripheral blood and 
synovial tissue, where they are thought to express high level of RANKL and promoted osteoclastogenesis11,12. 
Moreover, B cells have been proved to inhibit bone formation in RA by secreting multiple OB inhibitors13, fur-
therly indicating the tight relationship between B lymphocytes and bone homeostasis.

As reported, CD19+CD24hiCD27+ B cells were identified as IL-10 producing B cell subsets in human, which 
also termed as regulatory B10 cells14. Several studies have shown that these B10 cells were numerically decreased 
and functionally impaired in the peripheral blood (PB) of RA and some other autoimmune disease15–17. Our 
previous study has shown that PB CD19+CD24hiCD27+ B cells have the potential of converting into RANKL-
producing cells in RA patients18. These findings highlight the important role of B cells in modulating bone 
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homeostasis during inflammatory arthritis. Although recent studies demonstrated that B cells produce RANKL 
in RA, there is a lack of consensus on which specific B-cell subsets exacerbate bone destruction in the local joints. 
However, characteristics of CD19+CD24hiCD27+ B cells in RA patient synovial fluids remain unclear.

The underlying mechanisms of the numerical and functional changes in PB CD19+CD24hiCD27+ B 
cells in RA patients are unknown. One possible hypothesis is that under pathological conditions of RA, PB 
CD19+CD24hiCD27+ B cells were recruited to SF and might convert into pathogenic cells. During synovial 
inflammation, leukocyte trafficking to synovial fluids is a key pathogenic process in RA, in particular T cells and 
B cells, which is mediated by chemokines and chemokine receptors19–21. B cell-related chemokines, CXCL10, 
CXCL12, CXCL13, CCL19, CCL20 and CCL21, might contribute to the recruitment and maintenance of B cells 
in arthritic joints22–24, which needs to be identified in synovial fluid from RA patients.

This study was performed to characterize the distribution pattern of CD19+CD24hiCD27+ B cells in RA SF, 
and to reveal their bone-destructive capacities.

Results
SF CD19+CD24hiCD27+ B cells were increased in RA patients and were inversely correlated with 
that in PB.  To evaluate the distribution of CD19+CD24hiCD27+ B cells in SF of RA patient, we collected SF 
and paired PB of patients with RA and OA. We first measured by flow cytometric analysis the proportion of 
CD19+CD24hiCD27+ B cells in the PB from RA and OA patients and HC. A representative experiment of the 
flow-cytometric gating strategy of CD19+CD24hiCD27+ B cell subsets in PB mononuclear cells (PBMCs) from a 
healthy control was shown (Fig. 1a). There was no significant change of the proportion of PB CD19+CD24hiCD27+ 
B cells between HC and OA patients. However, the percentage of PB CD19+CD24hiCD27+ B cells was signifi-
cantly decreased in RA patients as compared with OA and healthy individuals (Fig. 1b).

Then we evaluated the proportion of CD19+CD24hiCD27+ B cells in SF from patients with RA and OA. Indeed, 
we observed a markedly higher percentage of CD19+CD24hiCD27+ B cells in the SFMCs of patients with RA 
as compared to patients with OA (Fig. 1c). Then, we asked whether the expansion of SF CD19+CD24hiCD27+ 
B cells in RA patient might lead to the reduction of PB CD19+CD24hiCD27+ B cells in RA patients. To further 
demonstrate the hypothesis, we have also analyzed the proportion of CD19+CD24hiCD27+ B cells in SF and 
paired PB of RA and OA patients. We found that the proportion of CD19+CD24hiCD27+ B cells in RA SF 
was negatively correlated with the frequencies of CD19+CD24hiCD27+ B cells in RA PB (Fig. 1d). There was 
no correlation between CD19+CD24hiCD27+ B cells in SF and PB of OA patients (Fig. 1e). These results sug-
gested that PB CD19+CD24hiCD27+ B cells may migrate to SF in RA patients. In summary, the accumulation of 
CD19+CD24hiCD27+ B cells in SF of RA patients is probably due to the migration of PB CD19+CD24hiCD27+ 
B cells.

CXCL12, CXCL13 and CCL19 contributed to the recruitment of CD19+CD24hiCD27+ B cells 
in the SF of RA patients.  While it is likely that multiple factors contribute to the accumulation of 
CD19+CD24hiCD27+ B cells in RA SF, we were especially interested in whether chemokines may play an impor-
tant role in the process. The limited studies that do exist suggest that chemokines can directly promote the 
recruitment of B cells to inflammatory foci in chronic arthritis24. Therefore, we hypothesized that the increase 
of CD19+CD24hiCD27+ B cells in SF may be due to the migration of CD19+CD24hiCD27+ B cells from PB to SF, 
which can partly explain the decrease in the number of CD19+CD24hiCD27+ B cells in PB of RA patients. B cell-
related chemokines were measured by ELISA. Indeed, the levels of CXCL10, CXCL12, CXCL13, CCL19, CCL20 
and CCL21 in SF of patients with RA were significantly higher than those in patients with OA (Fig. 2a–f). Fur-
ther, we found a significant increase in CXCL12, CXCL13, CCL19, and CCL20 in RA SF as compared to paired 
RA serum (Fig. 2b–e). Finally, we found that levels of RA SF CXCL12, CXCL13 and CCL19 were positively 
correlated with the proportion of CD19+CD24hiCD27+ B cells in RA SF (Fig. 2h–j). There was no significant 
correlation between levels of CXCL10, CCL20, and CCL21 and the proportion of CD19+CD24hiCD27+ B cells 
in SF from RA patients (Fig. 2g, k, l). Levels of these chemokines in OA patients were not significantly different 
between SF and serum, except for CXCL12 which was higher in SF than that in serum (Fig. 2b–e). In summary, 
the levels of CXCL12, CXCL13 and CCL19 in synovial fluid of RA patients were significantly higher as compared 
to RA sera and OA SF, and were positively associated with the proportions of CD19+CD24hiCD27+ B cells in RA 
SF, suggesting that CXCL12, CXCL13, and CCL19 promote the increase of SF CD19+CD24hiCD27+ B cells in 
RA patients.

Correlation analysis of SF CD19+CD24hiCD27+ B cells with RA patient clinical features.  Next, 
we analyzed the associations between the percentage of CD19+CD24hiCD27+ B cells in SF and clinical and labo-
ratory parameters of RA patients. Clinical characteristics of twenty-six patients with RA were showed in Table 1. 
The percentages of SF CD19+CD24hiCD27+ B cells were positively correlated with swollen joint counts, tender 
joint counts, the disease activity score in 28 joints (DAS28), and the radiographic score of joint damage SHS 
(Fig.  3a–d). No significant correlation was observed between these cells and erythrocyte sedimentation rate 
(ESR), C-reactive protein (CRP), anti-citrullinated peptide antibody (ACPA), rheumatoid factor (RF) and RA 
patient age, disease duration (data not shown). To further study the relationship between SF CD19+CD24hiCD27+ 
B cells and ACPA, we collected synovial fluid from 10 additional ACPA− RA patients (clinical characteristics not 
shown). ACPA+ RA patients demonstrated higher frequencies of SF CD19+CD24hiCD27+ B cells than ACPA− 
patients (Fig. 3e). In summary, SF CD19+CD24hiCD27+ B cells were associated with inflammation of the joints 
and radiographic severity of RA. Our results indicated that SF CD19+CD24hiCD27+ B cells might aggravate the 
inflamed joint bone destruction in RA patients.
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Figure 1.   Increased SF CD19+CD24hiCD27+ B cells were inversely correlated with PB CD19+CD24hiCD27+ 
B cells in patients with RA. Representative flow cytometry charts depicting the gating strategy for 
CD19+CD24hiCD27+ B cells (P3) in healthy PB (a). The percentage of PB CD19+CD24hiCD27+ B cells was 
analyzed in 26 patients with RA, 16 patients with OA and 20 healthy controls (HC) (b). The proportion of SF 
CD19+CD24hiCD27+ B cells was assessed by flow cytometric analysis in 26 RA and 16 OA patients (c). The 
correlations between the percentage of SF CD19+CD24hiCD27+ B cells and paired PB CD19+CD24hiCD27+ B 
cells of RA patients (n = 26) (d) and OA patients (n = 16) (e) were evaluated respectively. ***p < 0.001; NS, not 
significant.
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Greater propensity of RA SF CD19+CD24hiCD27+ B cells to produce RANKL.  Our previous study 
has found that RANKL expression of CD19+CD24hiCD27+ B cells from PB of patients with RA was higher 
as compared to healthy donors18. We next sought to determine whether CD19+CD24hiCD27+ B cells in SF 
from RA patients could produce more RNAKL than that in PB. Indeed, we observed that, compared with 
CD19+CD24hiCD27+ B cells from OA SF and RA PB, markedly higher percentages of CD19+CD24hiCD27+RANKL+ 
B cells in the SF of patients with RA (Fig. 4a). Furthermore, we also evaluated the levels of RANKL transcripts in 
CD19+CD24hiCD27+ B cells in RA SF and PB and OA SF by real-time quantitative PCR. As would be expected, 
in RA SF, the RANKL expression level was increased in CD19+CD24hiCD27+ B cells compared with RA PB 
and OA SF (Fig. 4b). Altogether, these results clearly demonstrated that the proportion of RANKL-producing 
CD19+CD24hiCD27+ B cells increased in RA SF.

Figure. 2.   Elevated levels of SF CXCL12, CXCL13, CCL19 were positively correlated with SF 
CD19+CD24hiCD27+ B cells in RA patients. Levels of CXCL10 (a), CXCL12 (b), CXCL13 (c), CCL19 (d), 
CCL20 (e) and CCL21 (f) in RA and OA synovial fluid and RA and OA serum were measured by ELISA. The 
correlations between SF CXCL10 (g), CXCL12 (h), CXCL13 (i), CCL19 (j), CCL20 (k) and CCL21 (i) and the 
percentage of SF CD19+CD24hiCD27+ B cells were evaluated respectively in RA patients.
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SF CD19+CD24hiCD27+ B cells promoted osteoclast differentiation in RA patients.  PB mono-
cytes were used as osteoclast precursors (OCPs) and could differentiate into osteoclasts (OCs) in the presence 
of RANKL and M-CSF25. To further assess the effect of SF CD19+CD24hiCD27+ B cells on the induction of 
osteoclastogenesis, we first performed in  vitro coculture experiments using CD19+CD24hiCD27+ B cells and 
CD14+ monocytes coculture. CD19+CD24hiCD27+ B cells from SF of RA patients cocultured with monocytes 
isolated from a healthy donor, and these cells were compared to RA PB CD19+CD24hiCD27+ B cells and OA SF 
CD19+CD24hiCD27+ B cells. In the cocultures, CD19+CD24hiCD27+ B cells and CD14+ monocytes were mixed 
in the presence of M-CSF and RANKL with relatively low concentration. After 21 days of culture, the cells were 
evaluated by TRAP activity assay. Indeed, TRAP+ multinucleated OCs were significantly increased in co-culture 
monocytes with RA SF CD19+CD24hiCD27+ B cells compared with RA PB CD19+CD24hiCD27+ B cells, co-
culture with OA SF CD19+CD24hiCD27+ B cells and monocytes alone (Fig. 5b–e, g). As compared to OA SF, we 
found co-culture with CD19+CD24hiCD27+ B cells from RA PB to have increased numbers of OCs (Fig. 5d, e, 
g). No TRAP-positive cells were observed in the CD19+CD24hiCD27+ B cells alone cultures (Fig. 5a). We further 
investigated whether CD19+CD24hiCD27+ B cells from synovial fluid of RA patients promoted osteoclast forma-
tion in a RANKL-dependent manner. We added anti RANKL antibodies to the aforementioned coculture system 

Table 1.   Clinical characteristics of RA patients. ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; 
RF, rheumatoid factor; ACPA, anti-cyclic citrullinated peptide antibody; SHS, modified Sharp/van der Heijde 
score.

Characteristics RA (n = 26)

Age, mean (range), years 55.9 (32–79)

Sex, no. female/male 22/4

Duration, mean (range), years 9.4 (1–30)

Tender joint count, mean (range) of 28 joints 10.03 (3–20)

Swollen joint count, mean (range) of 28 joints 8.96 (3–20)

ESR, mean (range), mm/h 53.69(7–112)

CRP, mean (range), mg/l 36.3 (1.57–119)

DAS28, mean (range) 5.31 (3.20–7.17)

RF, no. positive/no. negative/no. nd 21/5/0

ACPA, no. positive/no. negative/no. nd 23/3/0

SHS, mean (range) 73.08 (28–135)

Figure 3.   Associations between the proportion of RASF CD19+CDhiCD27+ B cells and RA clinical features. The 
percentage of RASF CD19+CD24hiCD27+ B cells was positively correlated with swollen joint counts (a), tender 
joint counts (b), DAS28 (disease activity score in 28 joints) (c) and SHS (d). RA patients were divided into 
ACPA+ group and ACPA− group, then the frequencies of SF CD19+CD24hiCD27+ B cells were compared (e). 
**p < 0.01.
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of RA SF CD19+CD24hiCD27+ B cells and CD14+ monocytes. The results showed that RA SF CD24hiCD27+ B 
cells can’t induce osteoclast formation by the addition of anti RNAKL antibodies (Fig. 5f). In summary, these 
results demonstrated that CD19+CD24hiCD27+ B cells in SF from RA patients were a much more significant 
source of RANKL than that in RA PB and had a greater propensity to support OC differentiation in a RANKL-
dependent manner.

Discussion
In the present study, we have shown that CD19+CD24hiCD27+ B cell numbers were higher in RA SF than 
that in OA SF and RA PB. Consistently, the percentage of RA SF CD19+CD24hiCD27+ B cells was positively 
correlated with swollen joint counts, tender joint counts, DAS28 and SHS. Moreover, the proportions of SF 
CD19+CD24hiCD27+ B cells were increased in ACPA+ RA patients. Our data demonstrate that CXCL13, CXCL12 
and CCL19 may promote migration of CD19+CD24hiCD27+ B cells from PB to SF in patients with RA. We further 
showed that level of RANKL expression in RA SF CD19+CD24hiCD27+ B cells was markedly elevated compared to 
those of CD19+CD24hiCD27+ B cells from OA SF and RA PB. Finally, we demonstrated that CD19+CD24hiCD27+ 
B cells from RA SF could promote osteoclast differentiation in RA patients. Taken together, our results suggest 
that accumulation of SF CD19+CD24hiCD27+ B cells was associated with bone destruction in RA patients.

RA is characterized by chronic inflammation of multiple joints and subsequent joint destruction, which 
directly lead to joint deformities26. The mechanisms of immune-mediated bone destruction in RA are complex2. 
Bone destruction in RA patients has been linked to osteoclast formation for more than 35 years27. Earlier stud-
ies suggested that synovial fibroblasts and activated T cells were the major source of RANKL6,28, which has an 
essential role in supporting osteoclastogenesis4. However, recent evidence indicated that B cells were also capable 
of producing RANKL and involved in bone destruction9. It has been reported that B cell-targeted therapy-
rituximab can inhibit the progression of structural joint damage in RA patients29. Nevertheless, the specific 
mechanism of the involvement of B cells in bone erosion has not been well studied. This study highlighted RA 
SF CD19+CD24hiCD27+ B cells produced RANKL in quantities exceeding that produced by RA PB and OA SF 
CD19+CD24hiCD27+ B cells, and RA SF CD19+CD24hiCD27+ B cells were found to promote OC differentiation 
in a RANKL-dependent manner.

Figure 4.   Expression of RANKL by CD19+CD24hiCD27+ B cells was increased in SF from RA patients. 
Expressions of RANKL in CD19+CD24hiCD27+ B cells from RA SF, OA SF and RA PB were assessed by surface 
staining and flow cytometry (a). Fluorescence-minus-one (FMO) controls were used to determine positive/
negative boundaries (a). RANKL mRNA expression was assessed by real-time PCR in flow cytometry-sorted 
CD19+CD24hiCD27+ B cells between six OA patients and six RA patients (b). GAPDH serves as an internal 
standard.
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Autoimmune diseases often result from an imbalance between regulatory and pathogenic immune cells. 
Takayanagi et al.30 reported that pathogenic conversion of Foxp3 + T cells into TH17 cells has a key role in the 
pathogenesis of autoimmune arthritis. Our previous study has demonstrated PB regulatory B10 cells converted 
into osteoclast-priming cells in patients with RA18. Human PB CD19+CD24hiCD27+ B cells were proved to 
secrete IL-10, which was defined as B10 cells14. Recent several studies showed that CD19+CD24hiCD27+ B cells 
displayed a decrease in numbers and impaired immunosuppressive capacity in RA and some other autoimmune 
disease patients15,17. In this study, we shown that migration of CD19+CD24hiCD27+ B cells from PB to the SF 
in patients with RA explained, at least in part, the decrease in the number of PB CD19+CD24hiCD27+ B cells in 
patients with RA. Meanwhile, the high expression of RANKL in RA SF CD19+CD24hiCD27+ B cells might lead 
to impaired immunosuppressive functions of CD19+CD24hiCD27+ B cells.

The ongoing recruitment of inflammatory cells into the RA synovial microenvironment sustains a persistent 
inflammatory lesion. Numerous studies have demonstrated that chemokines potently promote the migration 
and activation of pathogenic cells24,31. Recent study has shown that CXCL13 and CCL20 might play major 
roles in the recruitment of B cells within the inflamed synovium24. We found that B cell-related chemokines, 
CXCL10, CXCL12, CXCL13, CCL19, CCL20 and CCL21 expression increased in RF from RA patients. Fur-
ther, we confirmed that CXCL12, CXCL13, and CCL19 may play important roles in the migration of PB 
CD19+CD24hiCD27+ B cells to SF of RA patients. The limitation of this study was that these chemokine receptors 
on CD19+CD24hiCD27+ B cells were not measured, which influenced the assay of cell migration. However, several 
previous studies have shown that CXCL12, CXCL13, and CCL19 corresponding receptors, CXCR4, CXCR5 and 
CCR7 have high levels in B cells from RA SF22,32,33. Previous studies have reported CCR7 and its ligands play an 
important role in angiogenesis in RA synovial tissue34. Rao et al.35 have demonstrated that a Peripheral T helper 
(TPH) cell subset promotes B-cell responses in RA, which was associated with the expression of CXCL13 and 
CXCR5. RA SF B cells expressed lower amounts of CCR6 and CXCR5, which increased B-cell migration from 
PB24. Interestingly, recent studies suggested some chemokines promoted RANKL expression and have potential 
roles in osteoclastogenesis of RA36,37. Then, whether these chemokines are involved in bone destruction still 
needs to be defined.

Many different cell types can produce RANKL, and each of them could potentially contribute to bone destruc-
tion in RA patients. Mounting evidence indicates that there are tight relationships between B lymphocytes and 
bone turnover under pathological conditions38. Yeo et al.9, reported, for the first time, that B cells infiltrating 
the synovial fluid of RA patients were the major source of RANKL. Subsequently, they identified a population 
of FcRL4+ B cells that produced RANKL participating in bone erosion in RA patients10. Others have shown that 
RANKL expression was mainly restricted to memory B cells (CD19+CD27+)11,12. In the present work, we observed 
that CD19+CD24hiCD27+ B cells isolated from SF of patients with RA could promote osteoclast differentiation 
by up-regulated expression of RANKL. Meanwhile, CD19+CD24hiCD27+ B cells are a major subset of memory 
B cells. Our data showed that the proportion of SF CD19+CD24hiCD27+ B cells was positively correlated with 
the hand radiograph progression score SHS. Similar results were found that bone resorption was associated 

Figure 5.   CD19+CD24hiCD27+ B cells in RA patients promoted osteoclast differentiation. Sorted RA SF 
CD19+CD24hiCD27+ B cells were cultured alone (a). Freshly isolated HC PBMCs (5 × 105 per well in 1 ml on a 
12-well plate) were cultured in complete αMEM to allow adhering for 2 h in the incubator. Then non-adherent 
cells were removed to get the adherent osteoclast precursors (> 90% CD14+). After that, the adherent cells were 
cultured alone (b) or co-cultured with 1 × 105 OA SF CD19+CD24hiCD27+ B cells (c) or with RA PB 1 × 105 
CD19+CD24hiCD27+ B cells (d) or with RA SF 1 × 105 CD19+CD24hiCD27+ B cells (e) in the presence of 30 ng 
rhM-CSF and 25 ng rhRANKL for 21 days or the addition of 100 ng anti RANKL antibodies for RANKL 
neutralization experiments (f) and stained for tartrate-resistant acid phosphatase (TRAP). TRAP positive 
multinucleate cells (more than three nuclei) were counted. Original magnification × 200. (g) Analysis of the 
number of TRAP+ multinucleate cells. All data were representative of three independent experiments. Statistical 
analyses between groups were performed using ANOVA. **p < 0.01; NS, not significant.
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with the frequency of CD5 + B cells in RA patients39. ACPA is closely related to osteoclast formation and RA 
bone erosion40,41. We observed significantly higher frequencies of SF CD19+CD24hiCD27+ B cells in ACPA+ RA 
patients compared to ACPA− patients. Previous study has also demonstrated that levels of synovial CD19+ B 
cells were markedly higher in ACPA+ patients than ACPA− RA patients, and this was associated with elevated 
serum CXCL13 levels42.

At present, the phenotype of human regulatory B10 cells is still controversial. The reported human B10 cells 
phenotypes are CD19+CD24hiCD27+ B cells or CD19+CD24hiCD38hi B subset14,43. Our previous study found that 
under the condition of rheumatoid inflammation, PB CD19+CD24hiCD27+ B cells could convert into osteoclast-
priming cells18. This study confirmed that CD19+CD24hiCD27+ B cells in SF expressed RANKL higher than that 
in PB and could promote osteoclast differentiation. Therefore, whether CD19+CD24hiCD27+ B cells can represent 
IL-10-secreting B cells and their role in the pathogenesis and treatment of RA needs to be further confirmed.

Our present study has several limitations. First, we did not compare the migratory capacity of RA SF and 
PB CD19+CD24hiCD27+B cells. We schedule comprehensively studying the migratory capacity of these cells 
in vitro and in vivo in the near future. Second, the relationship between CD19+CD24hiCD27+B cells and other 
B cell subsets in the RA serum/SF was not assessed. These relationships may give more insight to the potential 
contributions to joint destruction.

In conclusion, our study shed light on a pathogenic role of accumulated SF CD19+CD24hiCD27+ B cells in 
bone destruction associated with RA patients through production of RANKL. Maintaining beneficially regulatory 
functions of CD19+CD24hiCD27+ B cells and inhibiting their pathogenic conversion would be a major advance 
over present therapies for this devastating disease.

Materials and methods
All methods were performed in accordance with the relevant guidelines and regulations (i.e. Declaration of 
Helsinki).

Patients and controls tissue specimens.  SF and paired PB samples were obtained from 26 RA patients 
and 16 osteoarthritis (OA) patients, and healthy control (HC) PB samples were obtained from 20 sex- and age-
matched healthy donors. In addition, we collected synovial fluid from 10 ACPA− RA patients. SF was aspirated 
from swollen joints under palpation or ultrasound guidance. All these RA patients fulfilled the 1987 revised 
classification criteria of American College of Rheumatology (ACR)44. The study protocols were approved by the 
Institutional Medical Ethics Review Board of the People’s Hospital of China Three Gorges University, and all 
participants gave informed, written consent.

Flow cytometry and cell sorting.  PB mononuclear cells (PBMCs) and SF mononuclear cells (SFMCs) 
were isolated by density gradient centrifugation. To detect the proportion of CD19+CD24hiCD27+ B cells and 
the expression of RANKL in CD19+CD24hiCD27+ B cells of PBMCs or SFMCs, the cells were isolated by density 
gradient centrifugation and then were stained with mouse monoclonal antibodies as follow: CD19-APC/Cy7 
(BioLegend, San Diego, CA, USA), CD24-FITC (eBioscience, San Diego, CA, USA), CD27-APC (eBioscience), 
RANKL-PE (BioLegend). FMO controls were included. Data was acquired on a FACS Arial II flow cytometer 
(Becton Dickinson, NJ, USA) and analysed using FlowJo software.

To isolate CD19+CD24hiCD27+ B cells, PBMCs were stained with mouse anti-CD19-APC/Cy7, CD24-
PE (eBioscience), CD27-APC, then the aimed cell populations were sorted by flow cytometry. Sorted 
CD19+CD24hiCD27+ B cells had a purity of > 95%. These sorted cells were subsequently subjected to reverse 
transcription-polymerase chain reaction (RT-PCR) or osteoclast differentiation assay.

Enzyme‑linked immunosorbent assay (ELISA).  Human CXCL10, CXCL12, CXCL13, CCL19, CCL20 
and CCL21 were measured by ELISA, according to the manufacturer’s instructions (R&D Systems). The serum 
and synovial fluids were from RA (n = 26) and OA (n = 16) patients.

Measurement of bone destruction.  A total of 26 sets of hand radiographs from RA patients were 
obtained within 1 weeks of synovial fluid and peripheral blood drawing. Radiographs of the hands were scored, 
using the modified Sharp/van der Heijde score (SHS)45, by an experienced professional reader (Shulin Song) 
who was blinded with regard to the clinical and experimental data.

RT‑PCR and realtime PCR.  RNA was extracted from sorted B cell subsets using RNeasy mini kit (Qia-
gen). RT-PCR was performed as previously described18. The oligo(dT)-primed cDNA was synthesized using the 
RevertAid FirstStrand kit (Fermentas, Glen Burnie, MD, USA) according to the manufacturer’s directions. The 
resultant cDNA was subjected to real time PCR analyses.

Real time PCR was performed on the 7900HT Real-Time PCR System (Applied Biosystems) using SYBR 
Green Master Mix (Applied Biosystems, Foster City, CA, USA). The following primers were used for real time 
PCR of RANKL splice variants: forward 5′-TCG​TTG​GAT​CAC​AGC​ACA​TCA-3′ and reverse 5′-TAT​GGG​AAC​
CAG​ATG​GGA​TGTC-3′. Amplification of the housekeeping gene GAPDH was used as an internal control. Gene 
expression was quantified relative to the expression of GAPDH, and normalized to control by standard 2−△△CT 
calculation.

Osteoclast differentiation assay.  As described above, PBMCs and sorted SF CD19+CD24hiCD27+ B 
cells or PB CD19+CD24hiCD27+ B cell subsets were prepared. Freshly isolated PBMCs (5 × 105 per well in 1 ml on 
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a 12-well plate) were cultured in complete α-minimal essential medium (10% FBS, 1% penicillin–streptomycin) 
to allow adhering for 2 h in the incubator. Then non-adherent cells were removed to get the adherent osteoclast 
precursors (> 90% CD14+). After that, the adherent cells were cultured alone or co-cultured with 1 × 105 SF 
CD19+CD24hiCD27+ B cells (5:1) or with PB 1 × 105 CD19+CD24hiCD27+ B cells (5:1) in the presence of 30 ng 
recombinant human macrophage colony-stimulating factor (rhM-CSF) (Peprotech) and 25 ng rhRANKL (R&D 
systems). For RANKL neutralization experiments, 100 ng neutralizing antibody against human RANKL (Sino 
Biologicals) was added during the aforementioned co-culture system. Cultures were fed every 3 days with fresh 
medium. On day 21, cells were stained for tartrate-resistant acid phosphatase (TRAP) using the Leukocyte Acid 
Phosphatase kit according to the instructions of the manufacturer (Sigma). TRAP positive multinucleate cells 
(three or more nuclei) were counted under a microscope.

Statistics.  Means are shown on dot plots. The distribution of continuous variables was tested with the Sha-
piro–Wilk statistic. Means between two groups were assessed by a two-tailed unpaired Student t test when the 
data distribution was normal and the nonparametric Mann–Whitney rank sum test when it was skewed. One-
way ANOVA with post hoc Dunnett multiple-comparisons test was performed to evaluate three data sets. Spear-
man’s correlation coefficient was used to study the correlation between different continuous parameters. p values 
less than 0.05 were considered statistically significant. All statistical analyses were performed using IBM SPSS 
Statistics version 20.0 (IBM, Armonk, NY, USA).
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