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Increased Binding of Specificity Protein 1 to the IL21R Promoter in B Cells Results in Enhanced B Cell Responses in Rheumatoid Arthritis
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B cells are implicated in rheumatoid arthritis (RA) based on the presence of autoantibodies and the therapeutic response to B cell depletion. IL-21 has a significant role in B cell development and function. Here we assess B cell responses to IL-21 and the mechanisms responsible for altered IL-21R expression in RA. Flow cytometry of PBMC and cultured B cells was used to quantify protein and mRNA levels of IL-21R, IL-21 signaling through pSTAT3, specificity protein 1 (SP1) and to determine cytokine production (IL-6) and maturation status of B cells in RA and healthy control subjects. SP1 binding to the IL21R promoter region in B cells was assessed with ChIP-qPCR. We demonstrate an increase in IL-21R expression in total and memory B cells from RA subjects, which correlated with responsiveness to IL-21 stimulation. Stimulation of naïve RA B cells with IL-21 and CD40L resulted in an increase in differentiation into plasmablasts and an increase in IL-6 production in comparison to healthy controls, which was dose dependent on IL-21 stimulation. IL-21R expression on memory B cells in RA synovial fluid was comparable to peripheral blood making our study pertinent to understanding B cell responses in the joint and site of inflammation. We identified an increase in SP1 protein and mRNA in RA B cells and demonstrate an increase in binding of SP1 to the IL21R promoter region, which suggests a mechanism by which IL-21R expression is enhanced on B cells in RA. Taken together, our results indicate a mechanism by which IL-21 enhances B cell development and function in RA through an SP1 mediated increase in IL-21R expression on B cells.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory and destructive joint disease characterized by the presence of rheumatoid factor and anti-cyclic citrullinated peptide autoantibodies (ACPA) (1, 2). Although there has been advances in the diagnosis and treatment of RA, there is a gap in knowledge regarding molecular and cellular mechanisms that cause RA. B cells contribute via their capacity to produce autoantibodies, proinflammatory cytokines and as antigen presenting cells. Early tolerance is altered in RA resulting in an increase in autoreactive B cells (3). The development of ACPA and rheumatoid factor autoantibodies precede disease development and expansion of ACPA and rheumatoid factor specific plasmablasts in RA patients with significant levels of somatic mutation, further indicating dysregulation in B cell maturation (4). Notably, B cell depletion with rituximab is efficacious in RA (5) and response to therapy with rituximab and abatacept (6) correlate with decreases in the level of ACPA. This highlights the need to better understand how B cells escape tolerance in RA and their role in propagating disease.

The role of IL-21 in B cell development and function has been well described. IL-21 induces B cell activation, expansion and the induction of plasma cells following stimulation and directly contributes to the generation of antibodies (7). IL-21 signals through the IL-21R and the common gamma chain (γc) and via the STAT signaling pathway. Phosphorylated STAT3 homodimerizes and translocates to the nucleus where it activates IL-21 target genes such as PRDM1, a critical transcription factor for plasma cell development (8, 9). It also has a direct role in the germinal center where it contributes to antibody production, including isotype switching and affinity maturation (10, 11).

Growing evidence suggests that IL-21 has a role in B cell dysfunction in RA. IL-21 levels in the serum and SF are increased in RA (12) and correlate to 28-joint count disease activity scores (13). A recent study demonstrated an increase in the frequency of CD19+IL-21R+ cells in RA compared to controls and observed enhanced proliferation and differentiation of B cells from RA patients compared to controls (13).

The importance of IL-21 in has also been demonstrated in murine models of rheumatoid arthritis. In the K/BxN model of spontaneous autoantibody mediated arthritis, K/BxN IL-21R−/− mice are protected from initiation of arthritis or autoantibody development (14). Further, the treatment of K/BxN mice with an IL-21R-Fc fusion protein combined with an adjuvant delayed disease onset and decreased the severity of disease (14). The collagen-induced arthritis (CIA) IL-21R knockout murine model are resistant to CIA induction, demonstrate impaired antibody production and showed that IL-21 signaling in B cells was indispensable for the development of CIA (15). DBA/1 treated with bovine type II collagen mice were also used to investigate whether IL-21 contributed to disease development (16). Treating these mice with an IL-21R.Fc fusion protein reduced the clinical signs of collagen-induced arthritis, decreased antibody levels and decreased IL-6 levels thereby demonstrating a pathogenic role for IL-21 in mouse models of RA (16).

The goal of this study was to determine the mechanism that leads to increased IL-21R, extend our understanding of how it influences the function of RA B cells and more fully understand it in the context of disease. We demonstrate an increase in the expression of IL-21R on total and memory B cells in RA compared to controls, which positively correlated with pSTAT3 levels following IL-21 stimulation. Functionally, this increase in IL-21R on B cells was associated with increased expression of IL-21 target genes, plasmablast development and IL-6 production in response to IL-21. We link SP1 to the source of increased IL-21R based on increased SP1 expression in RA B cells and increased binding to the IL21R promoter region in RA. Together these findings suggest that increased expression of SP1 drives an increase in IL-21R, which potentiates the expansion of pathogenic B cells and autoantibody production in RA.

MATERIALS AND METHODS

Patients

All samples used in this study were from the Benaroya Research Institute Immune-Mediated Disease Registry and Repository. All patients gave written informed consent. Patient characteristics are summarized in Tables 1–4. RA subjects were drawn from a general rheumatology clinic and carry a diagnosis of RA based on the 2010 American College of Rheumatology criteria. There were two different cohorts of RA subjects. The first cohort (N = 110, Table 1) was cross-sectional with respect to disease duration, disease activity, antibody status and therapy although no one was on biologic DMARDs at the time of study. This cohort was compared to age-, gender-, and race-matched healthy control subjects (N = 93, Table 1). The second RA cohort (N = 52, Table 2) was selected to determine whether therapy had an effect on IL-21R or signaling responses. Individuals with SLE (N = 20, Table 3) carried a diagnosis of SLE based on the 1997 American College of Rheumatology criteria (17) and were age-, gender-, and race-matched to healthy control subjects (N = 21, Table 3). All individuals with MS had relapsing-remitting MS (N = 21, Table 4) based on the Revised McDonald Diagnostic Criteria for MS (18) and were age-, gender-, and race-matched to healthy control subjects (N = 27, Table 4). Healthy control subjects that were matched to the MS cohort are a subset of the healthy controls presented in Figure 1. Only samples that are matched are graphed together. Note all healthy control subjects had no history of autoimmune disease themselves or among their first-degree relatives. Disease status, gender, age, therapy and race was blinded until the conclusion of the study. All subjects were included in IL-21R expression studies, other assays were performed with selected subjects as defined in the figure legends. All PBMC samples were cryogenically frozen and thawed at the time of experiment except for synovial fluid/PBMC comparisons, which were fresh.


Table 1. RA and healthy control cohort characteristics.

[image: image]




Table 2. Second RA cohort disease distribution.
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Table 3. SLE and healthy control cohort characteristics.
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Table 4. MS and healthy control cohort characteristics.
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FIGURE 1. IL-21R expression is increased in B cells in RA. (A) (top) Gating scheme for total B, memory and naïve B cells with IL-21R expression in each population (bottom) (B) (left) IL-21R levels on CD20+, total memory (CD20+CD38−CD24hi) and naïve (CD20+CD38intCD24int) B cells in (black circles) healthy control (n = 46) and (gray triangles) RA subjects (n = 71) by flow cytometry. (Right) Percent of IL-21R+ cells (center, left) and IL-21R expression was quantified on IL-21R+ cells (bottom, right) in CD20+ and memory B cells in RA and control subjects. (C) IL-21R levels in memory and naïve B cells were correlated in RA subjects. Significance was determined using a Mann Whitney U test and a Pearson correlation.



Synovial Fluid Processing

Synovial fluid was obtained from RA subjects undergoing therapeutic arthrocentesis. Synovial fluid samples were diluted 1:12 with 10% human serum RPMI 1640 (Gemini, GE). Diluted samples were treated with hyaluronidase (VWR) and benzonase (Sigma) for 30 minutes at 37°C, centrifuged and resuspended in 2 mL hemolytic buffer. Samples were quenched with 30 mL PBS, centrifuged, resuspended in 10% RPMI, filtered through a 100 μm cell strainer and washed with 10% RPMI media.

Flow Cytometry

PBMC were rested in XVIVO 15 (Lonza), stained with a viability dye (eBioscience) and blocked with Human TruStain FcX (Biolegend). PBMCs were incubated with CD19 (HIB19), CD20 (2H7), CD24 (ML5), CD10 (HI10a), IgM (MHM-88), CD3 (UCHT1), CD8 (RPA-T8), CD45RO (UCHL1), CD45RA (HI100), CD138 (MI15), IL-21R (17A12), from Biolegend; CD38 (HIT2), CD27 (L128), CD4 (SK3), CD27 (L128), Blimp-1 (5E7), γC (TUGh4), STAT3 (M59-50), from BD, SP1 (D4C3) from CST and IL-6 (MQ2-13AS) from eBioscience. IL-6 and IgM levels were determined after brefeldinA (Biolegend)/monensin (Biolegend) stimulation for 4 h, fixed with cytofix (BD), permeabilized with cytoperm (BD) followed by intracellular staining. Transcription factor staining was conducted according to the manufacturers protocol (BD). Where the mean fluorescent intensity (MFI) is analyzed we utilized the geometric mean fluorescent intensity. All flow cytometry experiments were acquired on a BD FACSCanto II (BD) and data were analyzed with FlowJo software (Tree Star).

RNA Flow Cytometry

Intracellular RNA flow cytometry was conducted using the manufacturer's protocol (PrimeFlow RNA, Affymetrix, Santa Clara, CA). RPL13A RNA probe was used as a positive control and a no probe negative control was included. The following Type I RNA probes were obtained from eBioscience: IL21R, SP1, PRDM1, SOCS1, SOCS3, and miR155.

Intracellular Signaling

PBMCs were rested in XVIVO15 (Lonza). Cells were stimulated with media or IL-21 (50 ng/mL) (Miltenyi) for 45 min. PBMC was fixed with methanol and labeled with surface antibodies, intracellular CD20 antibody (H1, BD), and pSTAT3 (pY705) (4/P-STAT3, BD). Cells were stimulated with IL-10 (10 ng/mL) (BD) for 45 min or IL-4 (50 ng/mL) (R&D Systems) for 15 min. Cells stimulated with IL-10 were analyzed for pSTAT3 fold change levels and those stimulated with IL-4 were analyzed for pSTAT6 (pY641) (18/P-Stat6, BD). PSTAT3 fold change was calculated by the geometric mean of the stimulated well divided by the geometric mean of the unstimulated well.

Gating B Cells in Flow Cytometry

Example gating for B cell populations and IL-21R gating of a bimodal population is visualized in Figure 1A and is applied throughout the paper. CD20 was used to gate total B cells to allow a direct correlation in our signaling assays: the CD19 epitope is stripped during methanol permeabilization, thus we used surface CD20 to delineate B cells in Figure 1 and intracellular CD20 (clone: H1, BD) in Figure 2. For RNA flow cytometry, we used intracellular CD20 gating.
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FIGURE 2. IL-21R expression is enhanced in total B cells in SLE subjects but unchanged in MS. IL-21R expression levels in SLE (white squares) (A) and MS (white triangles) (B) subjects compared to matched healthy controls (white circles) in total CD19+ B cells, total memory (CD20+CD38−CD24hi) and naïve (CD20+CD38intCD24int) B cells. Significance was determined using Mann Whitney U tests.



B Cells Cultures and Plasmablast Induction

For 24 or 48 h cultures, PBMC was thawed and stimulated with IL-21 (50 ng/mL) (Miltenyi) with and without CD40L (5 μg/mL) (Peprotech). Four hours prior to harvest, brefeldinA/monensin were added to the cultures. Cells were harvested and stained for flow cytometry.

For plasmablast cultures, naïve B cells were isolated using the human naïve B cell isolation kit II (Miltenyi) and purity was assessed following 12-day cultures. Samples with purity >90% were plated at two million cells per well and cultured with IL-21 (15 pg/mL or 50 ng/mL) (Miltenyi) and CD40L (5 μg/mL) (Peprotech).

Okadaic Inhibitor Assays

An aliquot of PBMC was removed to determine levels of SP1 and IL-21R prior to stimulation to obtain baseline levels. PBMC were plated with 0.1 μM Okadaic acid or DMSO control for 24 h.

CCP3 IgG, Rheumatoid Factor IgM, IL-6 and IL-10 ELISAs

Serum from RA subjects was assessed for anti-cyclic citrullinated peptide 3 IgG (Inova Diagnostics), anti-rheumatoid factor IgM (Abcam), IL-6 (eBioscience), and IL-10 (eBioscience) levels according to the manufacturer's instructions.

Chromatin Immunoprecipitation

B cells were isolated by negative selection using the human B cell isolation kit II (Miltenyi). Cells were fixed with 4% paraformaldehyde for 10 minutes at 37°C. The cell pellet was frozen at −80°C until sample preparation. Magnetic beads were blocked (PBS/0.5% BSA) and incubated with either 10 μg SP1 antibody (07-645, Millipore) or control IgG overnight at 4°C. Nuclei were isolated the following day and sheared using a truChIP Chromatin Shearing Reagent Kit (Covaris), an AFA microTUBE (Covaris) and a M220 focused ultrasonicator (Covaris). Conditions for sonication: 20% duty cycle, 30 min. Sonicated samples were immunoprecipitated with magnetically labeled SP1 antibody or control IgG overnight at 4°C. The next day samples were reverse cross-linked. The Qiagen QIAquick PCR purification kit was used to purify the DNA.

Quantitative RT-PCR

Gene expression analysis was performed using SYBR green real-time quantitative PCR on an ABI7900 HT analyzer (Applied Biosystems). Primers used to detect SP1 binding in the IL-21R promoter region were: forward (5′-GGTCCCTAAGAGGGAAGTGTCA−3′) and reverse (5′-GCACCCACTGTCACCAAAGG−3′) as previously published by Wu et al (19). Primers to detect SP1 binding outside of the IL21R gene are: site 1: forward (5′-GTCCCACAGGTCCCTAAGGT−3′) and reverse (5′-CCAGCAACTTCCCTGAGATG−3′); site 2: forward (5′-AAGGTAAGGCTGGGCTCAAT−3′) and reverse (5′-GCAATCTCAGGTCACTGCAA−3′).

Statistics

Data was analyzed using GraphPad Prism. Statistical significance between controls and RA; or between RA-IL-21Rhigh compared to controls or IL-21Rlow, was assessed with a two-sided Mann Whitney U or Student's t test of which a P value of <0.05 was considered significantly different. A Mann Whitney U or Student's t test was selected after determining the normality of the groups with a D'Agostino-Pearson omnibus normality test. Correlations were assessed by calculating the Pearson's correlation coefficient, r.

The RA-IL-21Rhigh cohort was defined as subjects for whom the gMFI of IL-21R is two standard deviations (SD) above the mean of the control group. The RA-IL-21Rlow cohort was defined by the IL-21R gMFI within two SD of the mean gMFI of the control group (see Figure 1 for further details). Samples selected from the RA-IL-21Rhigh and IL-21Rlow groups were selected randomly once the groups were designated.

RESULTS

IL-21R Expression on B Cells Is Enhanced in RA

Example gating for B cell populations and IL-21R gating of a bimodal population is visualized in Figure 1A and is applied throughout the paper. IL-21R expression was calculated on the entire B cell population as some subjects demonstrated a continuum of expression (Figures 1A,B). We observed increased IL-21R expression in total B cells as well as an increase in frequency of IL-21R+ B cells in RA subjects compared to healthy controls (Figure 1B). Frequency of IL-21R+ memory B cells was obtained by applying the total B cell IL-21R+ gate to the memory B cell population. This finding was most significant in the memory B cell population, however IL-21R gMFI in memory B cells correlated with IL-21R gMFI in naïve B cells indicating that this may extend to naïve B cells as well (Figure 1C). Also of note, IL-21R expression is decreased on memory compared to naïve B cells, this is due to the reduced need for IL-21 in mature B cells (20). No differences in IL-21R surface expression was present in T cells from RA subjects (Figure S1) indicating that this is a B cell specific finding.

B cells are increased in the RA joint, and have been shown to produce ACPA (21). To determine whether enhanced expression of IL-21R observed in the periphery is also seen in the RA joint we obtained paired synovial fluid and peripheral blood samples from RA subjects and measured IL-21R expression. Synovial fluid samples had an increased frequency of memory B cells with an increase in the frequency of switched memory as compared to peripheral blood (Figure S2A). IL-21R levels on synovial fluid B cells were as high as that seen in peripheral blood (Figures S2B–C). This suggests that IL-21 signaling in peripheral blood B cells may reflect that seen in the synovium.

Autoimmune disease immune phenotypes often demonstrate similarities suggesting similar mechanisms of action or disease pathogenesis. To determine whether IL-21R expression is a RA specific finding, we analyzed the IL-21R in SLE and MS subjects compared to screened healthy controls that were specifically matched for age, race and gender (Tables 2,3). We detected enhanced IL-21R expression in total CD19+ B cells in SLE subjects, though no differences were measured in memory or naïve B cell subsets (Figure 2A). Further, MS subjects demonstrated no differences in total CD19+, memory or naïve B cell subsets compared to controls (Figure 2B). This suggests that these findings are specific to autoimmune diseases under the rheumatic disease umbrella.

In our cohort of RA subjects with established disease, we observed only modest correlations with disease duration, ESR, rheumatoid factor IgM, and IL-21R expression, driven in part by a single outlier, and no correlations with CRP, CCP3-IgG or Rapid 3 score (Figure S3). We were able to assess IL-21R expression levels at two time points for a subset of RA subjects and found that it was stable over time (Figure S4). New therapies are under development to treat RA by targeting the IL-21 signaling pathway (22–25). We questioned whether current therapies used to treat RA may influence enhanced IL-21R expression that we have observed in some RA subjects. However, the increase in IL-21R on B cells was unrelated to therapeutic intervention (Table 2, Figure S5) and was modestly associated with disease duration. Together these data indicate that alterations in IL-21R expression we observe in RA are not likely to be secondary to either inflammation, longstanding RA and/or therapy.

Comparison of IL-21R Expression and Response to IL-21

To determine whether increased IL-21R influences IL-21 signaling we measured pSTAT3 in PBMC stimulated with IL-21 (Figure S6A). pSTAT3 fold change was calculated by the geometric mean of stimulated cells divided by the geometric mean of unstimulated cells. We observed a significant correlation between IL-21R and pSTAT3 fold change in total (p < 0.0001), memory (p = 0.0087), and naïve (p < 0.0001) B cells (Figures 3A–C). There was no difference in γC expression or signaling through IL-4 (which signals through the γC) suggesting that enhanced pSTAT3 response was not due to alterations in signaling via γC or a target downstream of it (Figures S6B,C). To determine whether all signaling through STAT3 was impacted, we examined baseline levels of STAT3 and pSTAT3 in response to IL-10, and found no significant differences between RA and controls (Figures S6D,E).
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FIGURE 3. IL-21R levels correlate with IL-21-mediated pSTAT3 signaling. Correlation of IL-21R expression and pSTAT3 fold change in CD20+ (A), total memory B cells (B), and naïve B cells (C). pSTAT3 levels were assessed by stimulating with IL-21 for 45 min and measuring pSTAT3 gMFI with no stimulation or with stimulation. Fold change was calculated by dividing IL-21 stimulation pSTAT3 gMFI by the no stimulation pSTAT3 gMFI. As there were no differences in slope between controls and RA patients, the correlation was conducted on both controls (black circles) and RA patients (gray triangles) (n = 116). Correlation was assessed with the Pearson correlation.



To determine whether factors other than IL-21R play a role in IL-21 signaling in RA, we examined the expression of SOCS1 and SOCS3, which negatively regulate IL-21 signaling (26, 27). We observed a significant decrease in SOCS3 levels in B cells from RA compared to controls (Figure 4A). We did not detect a difference in SOCS1 levels, nor did we observe a difference in miR155 levels in B cells between control and RA (Figure 4B). MiR155 acts by suppressing SOCS1 and is elevated in B cells from RA that are ACPA+ (28). These data indicate IL-21R is the predominant factor implicated in the enhanced response to IL-21 in our RA cohort.
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FIGURE 4. PRDM1 levels are enhanced in memory B cells following IL-21 stimulation. (A) SOCS1 (left) and SOCS3 (right) mRNA expression in CD20+ and total memory B cells from (black circles) Control (n = 7), (gray triangles) RA (n = 14) subjects as assessed by mRNA flow cytometry. (B) miR155 levels in total and memory B cells (black circles) Control (n = 7), (gray triangles) RA (n = 14) subjects collected with miRNA flow cytometry. (C) PRDM1 mRNA levels in memory B cells from control (circles, n = 5) and RA subjects (triangles, n = 10) at baseline (filled) and 48 h (unfilled) after stimulation with IL-21 (50 ng/mL) and measured by mRNA flow cytometry (n = 15). Significance was determined using Mann Whitney U tests.



To determine whether IL-21 target genes in B cells were altered in RA, PRDM1 levels were assessed following a stimulation with IL-21 (Figure 4C). Memory B cells from RA significantly induced PRDM1 whereas there was no significant increase in PRDM1 mRNA from controls (Figure 2D). These data suggest that increased IL-21R translates to increased IL-21 signaling resulting in enhancement of IL-21 target genes.

Increased IL-21-Mediated Plasmablast Differentiation Is Present in RA

IL-21 promotes the development of plasmablasts through the induction of PRDM1, which encodes Blimp-1, a transcription factor required for plasmablast development (29). To assess whether increased IL-21R expression enhances plasmablast development, we performed in vitro IL-21/CD40L stimulations, an approach successfully used by others to assess plasmablast differentiation (8, 30, 31). For these studies naïve B cells were used, as they would allow us to understand how enhanced IL-21 signaling influenced B cell development. The correlation between IL-21R on naïve and memory B cells among the subjects in our RA cohort support this approach. We observed a significant increase in the frequency of plasmablasts in RA as compared to control (Figure 5A), which was most pronounced at a low dose of IL-21. In addition, we observed an increase in expression of CD138 on RA plasmablasts (Figure 5B). The increase in frequency was among IgM+ plasmablasts (Figure 5C), with a corresponding increase in surface IgM levels (Figure 5C) though no difference in IgG levels (data not shown). Together, these data suggest increased plasmablast development in response to increased IL-21R expression.
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FIGURE 5. IL-21 mediated plasmablast differentiation is enhanced in RA. Naïve B cells were isolated from PBMC of control (n = 12) and RA patients (n = 8) and cultured with IL-21 (15 pg/mL or 50 ng/mL) and CD40L for 12 days. (A) Plasmablast percent was measured by staining for CD38+CD27+Blimp-1+ cells following 12 days of culture with either low (15 pg/ml) or high (50 ng/ml) levels of IL-21 in addition to CD40L. (B) CD138 expression was determined on plasmablasts (CD38+CD27+) from RA subjects and controls following high dose IL-21 and CD40L culture. (C) Frequency of IgM+ plasmablasts (CD38+CD27+) were assessed following 12 days of culture with high dose IL-21 and CD40L (left). IgM gMFI was assessed in plasmablasts by intracellular staining (right). (D) IL-6 gMFI was assessed on plasmablasts in response to low or high dose IL-21 in addition to CD40L stimulation in controls and RA subjects. (E) IL-21 expression correlates with IL-6 production following IL-21 stimulation (F) and IL-21+CD40L stimulation but not (G) PMA+Ionomycin stimulation. PBMCs from RA subjects (n = 52) were stimulated with IL-21 (E) or IL-21+CD40L (F) for 24 h. In the last 4 h of incubation, brefeldin A and monensin were added to prevent export of IL-6. The level of IL-6 was measured by flow cytometry on total B cells. IL-6 production was measured by flow cytometry. IL-21R expression was measured at day 0 on memory B cells. Black circles are controls and gray triangles are RA patients. Significance was assessed using Mann Whitney U tests. Correlation was assessed with the Pearson correlation.



IL-21R Expression and IL-6 Production Are Correlated in B Cells

Plasmablasts produce increased quantities of IL-6 as compared to naïve B cells (32). We observed an increase in IL-6 production by the RA plasmablasts in in vitro plasmablast cultures compared to controls (Figure 5D). Since IL-6 production was altered in cultures, we investigated the relationship between IL-21R and IL-6 production. In RA, we found that IL-21R on memory B cells correlated with IL-6 production following stimulation with IL-21 or IL-21+CD40L (Figures 5E–F). In contrast, there was no correlation between IL-21R and IL-6 production or intracellular IL-6 levels following stimulation with PMA/ionomycin (Figure 5G, Figure S7A), suggesting that the differences in IL-6 production are dependent on IL-21. Although not significant, in our cohort there was a trend suggesting a correlation between IL-21R and increased serum IL-6 levels in RA (p = 0.07) (Figures S7B,C). In addition, no correlation with levels of IL-10 was seen in these subjects (Figures S7D,E). Together, this suggests that IL-6 production by B cells is IL-21 signaling dependent.

SP1 Binding to the IL-21R Promoter

We next asked whether increased IL-21R levels were due to increased transcription. RNA flow was used for this purpose as it can be used to determine protein and mRNA levels simultaneously in rare cell types (representative staining, Figure S8A). Subjects were randomly selected from RA high IL-21R (RA-IL-21Rhigh) and RA low IL-21R (RA-IL-21Rlow) groups. We defined RA-IL-21Rhigh as subjects for whom the gMFI of IL-21R is two standard deviations (SD) above the mean of the control group. RA-IL-21Rlow were RA subjects with IL-21R gMFI within two SD of the mean gMFI of the control group (Figure 6A). IL21R mRNA levels were significantly increased in RA-IL-21Rhigh expressers compared to RA-IL-21Rlow in total and memory B cells (Figures 6B,C) suggesting that enhanced IL-21R on RA B cells is transcriptionally regulated.
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FIGURE 6. IL-21R transcript levels are increased in RA subjects with high levels of IL-21R (A) Data from Figure 1A used to show how RA high IL-21R expressers and RA low IL-21R expressers are defined. RA high IL-21R expressers in the solid black box express IL-21R at levels two times the standard deviation of the mean of the control samples. RA low IL-21R expressers in the gray dashed box are less than two times the standard deviation of the mean of the control samples. (B) Representation of the positive control probe (RPL13A) (dark gray histogram), IL21R (black line histogram) and negative control (no probe) (light gray histogram) in CD20+ or memory B cells in a control subject. (C) IL21R mRNA levels in total and memory B cells from RA high IL-21R expressers (gray triangles, n = 7) and RA low IL-21R expressers (white squares, n = 7) Significance was determined using a Mann Whitney U test.



Specificity protein 1 (SP1) has been reported to regulate IL-21R expression in T cells (19). We assessed whether SP1 is responsible for enhanced IL-21R in B cells in RA and we found that SP1 levels were increased in B cells from RA-IL-21Rhigh compared to controls and RA-IL-21Rlow subjects (Figure 7A). In addition, SP1 protein levels correlated significantly with IL-21R protein levels in B cells (Figure 7A). SP1 mRNA levels were increased in memory B cells from RA-IL-21Rhigh expressers (Figures 7B,C) and this significantly correlated with IL21R mRNA levels (Figure 7C).
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FIGURE 7. Increased SP1 expression correlates with increased IL-21R expression in memory B cells in RA subjects (A) SP1 protein levels were assessed by flow cytometry in control (n = 6, black circles), RA low IL-21R expressers (n = 6; open squares) and RA high IL-21R expressers (n = 5; gray triangles) in CD20+ and memory B cells (CD20+CD38−CD24+) (left). SP1 protein levels from left were correlated with IL-21R protein expression in total B cells in RA and control subjects (n = 17) (right). (B) Representative histogram of mRNA levels from a no probe negative control, SP1 and positive control probe, RPL13A. (C) (left) SP1 mRNA levels were determined in total memory B cells in controls (n = 7, black circles), RA low IL-21R expressers (n = 7; open squares) and RA high IL-21R expressers (n = 6; gray triangles). (right) SP1 mRNA levels from left were correlated with IL-21R protein expression in memory B cells in RA and control subjects combined (n = 20). Significance was determined using Mann Whitney U tests (to compare RA-IL-21high to controls and RA-IL-21low) and correlations were assessed with Pearson correlations.



We next assessed the binding of SP1 to the IL21R promoter in B cells. As before, we analyzed B cells from controls, RA-IL-21Rhigh and IL-21Rlow subjects and performed ChIP-qPCR on purified B cells; we analyzed the SP1 binding site that were identified in the IL21R promoter in T cells (19). We used total B cells as we could not obtain sufficient quantities of memory B cells from RA and we observed alterations in total B cells, as well as memory B cells, in IL-21R and SP1 expression. We observed enhanced binding of SP1 to the IL21R promoter in RA-IL-21Rhigh B cells compared to both controls and RA-IL-21low subjects (Figure 8A). There were no significant differences in SP1 binding when we analyzed sites outside the IL21R promoter region (Figure S8). Importantly, there was a strong and significant correlation between IL-21R and SP1 binding to the IL21R promoter (Figure 8B).


[image: image]

FIGURE 8. Increased IL-21R expression correlates with increased SP1 binding to the IL-21R promoter in RA. (A) Total B cells were isolated from whole blood from RA patients and controls. SP1 binding to the IL21R promoter region and negative control IgG binding were determined using ChIP-qPCR analysis. The results are presented relative to input DNA. Significance was assessed using the student's t-test; n = 4 [Control (black circle), RA High (gray triangle)] n = 3 [RA Low (white square)]. **p < 0.01. (B) Correlation between IL-21R expression in total B cells as assessed by flow cytometry and SP1 relative binding to the IL21R gene as assessed by ChIP-qPCR and presented in A. One subject from the RA low cohort was excluded due to low purity of the B cell population. Significance was determined using Mann Whitney U tests (A) and Pearson correlations (B).



To explore this mechanism further, we used okadaic acid to determine whether inhibition of SP1 dephosphorylation would result in a decrease in IL-21R on B cells. Okadaic acid specifically blocks protein phosphatase 2A (PP2A) which has been shown to control the dephosphorylation of SP1 (33). Dephosphorylation of SP1 has been previously reported to be required for SP1 induced IL-21R in T cells (19). We observed a significant reduction in the levels of protein for both SP1 and IL-21R in controls, RA-IL-21Rlow and IL-21Rhigh subjects following okadaic acid treatment which was normalized to the DMSO control (Figure S9). These findings suggest that enhanced binding of SP1 to the IL21R promoter may be responsible for increased IL-21R expression in B cells in RA.

DISCUSSION

We find that RA subjects with elevated IL-21R expression demonstrate hyper-responsiveness to IL-21, increased plasmablast differentiation and IL-6 production. These features could participate in early RA by promoting the development of autoantibodies and the persistent inflammation in late disease via the production of IL-6. These findings are consistent with the observation that circulating plasmablasts are increased in the setting of active RA disease and supports a role for the IL-21/IL-21R pathway in autoantibody formation in RA (34). A role for IL-21 signaling in autoantibody production is supported by prior work showing that serum IL-21 has a significant, albeit modest, correlation with CCP antibodies and a trend suggesting correlation with rheumatoid factor IgG antibodies in a previous study (13). Similarly, we found a modest correlation between IL-21R on RA memory B cells and levels of rheumatoid factor IgM in our study.

The correlation between memory and naïve B cell IL-21R expression in RA subjects suggests that IL-21R expression is typically downregulated during development/activation (20). In our study, IL-21R expression is maintained as naïve B cells progress to memory B cells, which appears to result in enhanced plasma cell differentiation. Enhanced IL-21 expression has also been shown to participate in the generation of autoreactive CD11chit-bet+ B cells as described in human SLE (35). Interestingly, these cells can be induced by IL-21 (36, 37) or IFN-γ (36, 38), and are present in healthy control subjects (39). Other studies have shown that CD11chit-bet+ B cells are expanded in SLE (35, 40) and MS (41). These cells have also been characterized in RA by their low expression of CD21 where we previously demonstrated an increased frequency of these cells (39). Given the involvement of IL-21 in the development of CD11chit-bet+ B cells, our study suggests that the enhanced IL-21R we observe may contribute to the development of these autoreactive cells. Further investigation is needed to determine how enhanced IL-21R signaling contributes to the development of these cells in RA.

Multiple factors may influence the enhanced plasmablast development and IL-6 production by B cells in RA patients. Our group previously observed an increase of approximately 2% in unconventional memory cells (CD19+CD27−CD21−) in RA subjects compared to controls in the naïve B cell population (39). Unconventional memory cells have the capacity to rapidly mature into plasma cells (42). The frequency of unconventional memory cells in the maturation cultures, while not zero, is likely too small to make an impact. Further, in vivo, increased IL-6 production in response to IL-21, by both memory B cells and plasmablasts, may be a driving factor in the expansion of T follicular helper and Th17 cells in RA and ultimately promote B cell maturation and autoantibody production (12, 13, 32, 43, 44).

SLE subjects demonstrated enhanced IL-21R expression on total CD19+ B cells compared to controls while MS subjects did not. This finding was modest, and not observed in memory or naïve B cell subsets. Notably, there are several papers in the literature that have assessed IL-21R expression in SLE subjects. These papers provide opposing views to whether SLE subjects express increased, decreased or no difference in expression compared to controls (45–47). Le Coz et al. only observed an increase on memory B cells in SLE subjects compared to controls (46). SLE is a heterogeneous disease and our cohort was drawn from our clinic population which was not controlled for disease activity at time of draw, disease duration or organ involvement. The analysis of SLE subjects is further complicated by the involvement of the IL21R SNP rs3093301 in SLE (48, 49), which is not associated with RA or MS. It is interesting to note that that about 44% of RA subjects will develop at least one SLE criteria in addition to arthritis (50). This suggests there may be similar pathogenic mechanisms between diseases (50) and our findings presented here suggest that the mechanisms of IL-21R regulation may be shared between SLE and RA.

In this study we determined the mechanism that leads to enhanced IL-21R in RA, show that IL-21R mRNA levels are increased in RA B cells and investigated the role of SP1 in the regulation of IL-21R expression. Augmented transcriptional activity of SP1 has been described in fibroblast-like synovial cells and in bone marrow mononuclear cells in RA (51–53). T cell receptor induced SP1 activity has been shown to mediate IL-21R expression in human T cells (19). Our finding that SP1 regulates the maintenance of baseline IL-21R in human B cells in RA is, to our knowledge, a novel insight as the role of SP1 in induction of IL-21R in B cells and its role in modulating IL-21R expression in RA has not been investigated. Chronic inflammation experienced by RA subjects may drive SP1 and IL-21R expression, promoting IL-6 production and the expansion of the autoantigen specific B cells ultimately contributing to the expanding specificities of ACPA and the maturation of high affinity responses seen in RA over time. Alternatively, genetic or epigenetic factors may lead to SP1 driven IL-21R expression early in disease in the absence of inflammation. In this study, the role of IL-21R expression in the development of RA was not investigated. In this setting, increased IL-21R expression on B cells could play a role in the development of autoantibodies, epitope spreading and the increased inflammatory mediators (54) seen in progression to disease.

Other mechanisms may contribute to increased IL-21R expression or IL-21 responsiveness in the setting of RA. We observed a significant decrease in SOCS3 in B cells in RA. As SOCS3 is a negative regulator of IL-21 signaling, it may contribute to the enhanced response to IL-21 seen in RA B cells. Prior studies have found SOCS1 and SOCS3 transcripts in PBMC to be increased in RA (55). Due to the relatively small percentage of B cells in PBMC, it is unlikely that the SOCS1 and SOCS3 expression in B cells would be reflected in this analysis. No differences in miR155 expression between RA and controls in our cohort were observed which is in contrast to a report from Alivernini's group that miR155 levels are elevated in B cells in RA (28). These differences may be due to cohort characteristics and/or the method of miR155 detection; we used miRNA flow cytometry whereas Alivernini's group used qPCR. In either case, a decrease in SOCS3 expression in RA could contribute to enhanced IL-21/IL-21R signaling.

Defining the role of IL-21/IL-21R signaling in RA is important because of the interest in blocking this pathway therapeutically by targeting IL-21, IL-21R (56) and the Janus kinases (JAK) (57, 58). Two JAK inhibitors are approved for patients with RA (Tofacitinib and Baricitinib) and both demonstrate efficacy as defined by improvements in DAS28-CRP scores (59–62); however, these therapies influence multiple cytokine signaling pathways, increasing the importance of understanding the impact of alterations in the IL21/IL-21R signaling pathway on disease development and progression. Studies as we present here could shed light on patients most likely to respond to IL-21 targeted therapies, and the ideal time point for intervention. Our findings in a cross-sectional cohort of individuals with RA and controls suggest that IL-21 based therapies for RA may be more efficacious if targeted to individuals with increased IL-21R expression on memory B cells; studies that evaluate response to therapy, requiring a longitudinal cohort with samples collected before and after initiation of therapy would be of particular interest.

We have shown that IL-21R expression is increased on total and memory B cells in peripheral blood and synovial fluid from RA subjects. Increased IL-21R in peripheral blood correlates with enhanced response to IL-21 with respect to PRDM1 expression, plasmablast differentiation and IL-6 production. Mechanistically we showed that the increased IL-21R was due to enhanced binding of the transcription factor, SP1. Together, these studies highlight the importance of IL-21 signaling in B cells and provide insight into how to target therapies to the IL-21 signaling pathway in RA.

ETHICS STATEMENT

All subjects gave written informed consent in accordance with the Declaration of Helsinki and according to the Institutional Review Board-approved protocols at both the Benaroya Research Institute, and the VA Puget Sound Health Care System.

AUTHOR CONTRIBUTIONS

ED designed the research studies, conducted experiments, acquired data, analyzed data, and wrote the manuscript. AM conducted experiments, acquired data, and analyzed data. AH wrote the manuscript. JC and BN recruited subjects. JB recruited subjects, designed the research studies and wrote the manuscript.

FUNDING

Supported by the NIH [National Institute of Arthritis and Musculoskeletal Skin Disease (NIAMS)] grant AR007108 to Elizabeth Dam, and by the Office of the Assistant Secretary of Defense for Health Affairs through the Peer Reviewed Medical Research Program (PRMRP) Investigator-Initiated Research Award under Award No. W81XWH-15-1-0003 to JB All opinions, interpretations, conclusions, and recommendations are those of the authors and are not necessarily endorsed by the Department of Defense.

ACKNOWLEDGMENTS

The authors would like to thank David Kugler and the Adam Lacy-Hulbert lab for their assistance with performing the ChIP assay. We would like to thank Dan Stetson for the use of the M220 Covaris sonicator. We would like to thank the BRI Translational Research Program and the BRI clinical core for sample processing and handling including Thien-Son Nguyen, Sylvia Posso, Kaytlyn Ly and Kassidy Benoscek.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2018.01978/full#supplementary-material

REFERENCES

 1. Schellekens GA, de Jong BA, van den Hoogen FH, Van de Putte LB, van Venrooij WJ. Citrulline is an essential constituent of antigenic determinants recognized by rheumatoid arthritis-specific autoantibodies. J Clin Invest. (1998) 101:273–81. doi: 10.1172/JCI1316

 2. Onuora S. Rheumatoid arthritis: RF levels predict RA risk in the general population. Nat Rev Rheumatol. (2012) 8:562. doi: 10.1038/nrrheum.2012.159

 3. Samuels J, Ng YS, Coupillaud C, Paget D, Meffre E. Impaired early B cell tolerance in patients with rheumatoid arthritis. J Exp Med. (2005) 201:1659–67. doi: 10.1084/jem.20042321

 4. Tan YC, Kongpachith S, Blum LK, Ju CH, Lahey LJ, Lu DR, et al. Barcode-enabled sequencing of plasmablast antibody repertoires in rheumatoid arthritis. Arthritis Rheum. (2014) 66:2706–15. doi: 10.1002/art.38754

 5. Jacobi AM, Dorner T. Current aspects of anti-CD20 therapy in rheumatoid arthritis. Curr. Opin. Pharmacol. (2010) 10:316–21. doi: 10.1016/j.coph.2010.02.002

 6. Wunderlich C, Oliviera I, Figueiredo CP, Rech J, Schett G. Effects of DMARDs on citrullinated peptide autoantibody levels in RA patients-A longitudinal analysis. Semin Arthritis Rheum. (2017) 46:709–14. doi: 10.1016/j.semarthrit.2016.09.011

 7. Kuchen S, Robbins R, Sims GP, Sheng C, Phillips TM, Lipsky PE, et al. Essential role of IL-21 in B cell activation, expansion, and plasma cell generation during CD4+ T cell-B cell collaboration. J Immunol. (2007) 179:5886–96. doi: 10.4049/jimmunol.179.9.5886

 8. Avery DT, Deenick EK, Ma CS, Suryani S, Simpson N, Chew GY, et al. B cell-intrinsic signaling through IL-21 receptor and STAT3 is required for establishing long-lived antibody responses in humans. J Exp Med. (2010) 207:155–71. doi: 10.1084/jem.20091706

 9. Diehl SA, Schmidlin H, Nagasawa M, Blom B, Spits H. IL-6 triggers IL-21 production by human CD4+ T cells to drive STAT3-dependent plasma cell differentiation in B cells. Immunol Cell Biol. (2012) 90:802–11. doi: 10.1038/icb.2012.17

 10. Crotty S. Follicular helper CD4 T cells (TFH). Annu Rev Immunol. (2011) 29:621–63. doi: 10.1146/annurev-immunol-031210-101400

 11. Spaan M, Kreefft K, de Graav GN, Brouwer WP, de Knegt RJ, ten Kate FJ, et al. CD4+ CXCR5+ T cells in chronic HCV infection produce less IL-21, yet are efficient at supporting B cell responses. J Hepatol. (2015) 62:303–10. doi: 10.1016/j.jhep.2014.09.024

 12. Niu X, He D, Zhang X, Yue T, Li N, Zhang JZ, et al. IL-21 regulates Th17 cells in rheumatoid arthritis. Hum Immunol. (2010) 71:334–41. doi: 10.1016/j.humimm.2010.01.010

 13. Liu R, Wu Q, Su D, Che N, Chen H, Geng L, et al. A regulatory effect of IL-21 on T follicular helper-like cell and B cell in rheumatoid arthritis. Arthritis Res Ther. (2012) 14:R255. doi: 10.1186/ar4100

 14. Jang E, Cho SH, Park H, Paik DJ, Kim JM, Youn J. A positive feedback loop of IL-21 signaling provoked by homeostatic CD4+CD25- T cell expansion is essential for the development of arthritis in autoimmune K/BxN mice. J Immunol. (2009) 182:4649–56. doi: 10.4049/jimmunol.0804350

 15. Sakuraba K, Oyamada A, Fujimura K, Spolski R, Iwamoto Y, Leonard WJ, et al. Interleukin-21 signaling in B cells, but not in T cells, is indispensable for the development of collagen-induced arthritis in mice. Arthritis Res Ther. (2016) 18:188. doi: 10.1186/s13075-016-1086-y

 16. Young DA, Hegen M, Ma HL, Whitters MJ, Albert LM, Lowe L, et al. Blockade of the interleukin-21/interleukin-21 receptor pathway ameliorates disease in animal models of rheumatoid arthritis. Arthritis Rheum. (2007) 56:1152–63. doi: 10.1002/art.22452

 17. Hochberg MC. Updating the American College of rheumatology revised criteria for the classification of systemic lupus erythematosus. Arthritis Rheum. (1997) 40:1725. doi: 10.1002/art.1780400928

 18. Polman CH, Reingold SC, Edan G, Filippi M, Hartung HP, Kappos L, et al. Diagnostic criteria for multiple sclerosis: 2005 revisions to the “McDonald Criteria”. Ann Neurol. (2005) 58:840–6. doi: 10.1002/ana.20703

 19. Wu Z, Kim HP, Xue HH, Liu H, Zhao K, Leonard WJ. Interleukin-21 receptor gene induction in human T cells is mediated by T-cell receptor-induced Sp1 activity. Mol Cell Biol. (2005) 25:9741–52. doi: 10.1128/MCB.25.22.9741-9752.2005

 20. Good KL, Bryant VL, Tangye SG. Kinetics of human B cell behavior and amplification of proliferative responses following stimulation with IL-21. J Immunol. (2006) 177:5236–47. doi: 10.4049/jimmunol.177.8.5236

 21. Amara K, Steen J, Murray F, Morbach H, Fernandez-Rodriguez BM, Joshua V, et al. Monoclonal IgG antibodies generated from joint-derived B cells of RA patients have a strong bias toward citrullinated autoantigen recognition. J Exp Med. (2013) 210:445–55. doi: 10.1084/jem.20121486

 22. Strand V, Lee EB, Fleischmann R, Alten RE, Koncz T, Zwillich SH, Tofacitinib versus methotrexate in rheumatoid arthritis: patient-reported outcomes from the randomised phase III ORAL Start trial. RMD Open. (2016) 2:e000308. doi: 10.1136/rmdopen-2016-000308

 23. Smolen JS, Kremer JM, Gaich CL, DeLozier AM, Schlichting DE, Xie L, et al. Patient-reported outcomes from a randomised phase III study of baricitinib in patients with rheumatoid arthritis and an inadequate response to biological agents (RA-BEACON). Ann Rheum Dis. (2017) 76:694–700. doi: 10.1136/annrheumdis-2016-209821

 24. Ryden AK, Perdue NR, Pagni PP, Gibson CB, Ratliff SS, Kirk RK, et al. Anti-IL-21 monoclonal antibody combined with liraglutide effectively reverses established hyperglycemia in mouse models of type 1 diabetes. J Autoimmun. (2017) 84:65–74. doi: 10.1016/j.jaut.2017.07.006

 25. Gabay C, McInnes IB. The biological and clinical importance of the ‘new generation’ cytokines in rheumatic diseases. Arthritis ResTher. (2009) 11:230. doi: 10.1186/ar2680

 26. Gagnon J, Ramanathan S, Leblanc C, Ilangumaran S. Regulation of IL-21 signaling by suppressor of cytokine signaling-1 (SOCS1) in CD8(+) T lymphocytes. Cell Signal. (2007) 19:806–16. doi: 10.1016/j.cellsig.2006.10.003

 27. Strengell M, Lehtonen A, Matikainen S, Julkunen I. IL-21 enhances SOCS gene expression and inhibits LPS-induced cytokine production in human monocyte-derived dendritic cells. J Leukoc Biol. (2006) 79:1279–85. doi: 10.1189/jlb.0905503

 28. Alivernini S, Kurowska-Stolarska M, Tolusso B, Benvenuto R, Elmesmari A, Canestri S, MicroRNA-155 influences B-cell function through PU.1 in rheumatoid arthritis. Nat Commun. (2016) 7:12970. doi: 10.1038/ncomms12970

 29. Shaffer AL, Lin KI, Kuo TC, Yu X, Hurt EM, Rosenwald A, et al. Blimp-1 orchestrates plasma cell differentiation by extinguishing the mature B cell gene expression program. Immunity (2002) 17:51–62. doi: 10.1016/S1074-7613(02)00335-7

 30. Deenick EK, Avery DT, Chan A, Berglund LJ, Ives ML, Moens L, et al. Naive and memory human B cells have distinct requirements for STAT3 activation to differentiate into antibody-secreting plasma cells. J Exp Med. (2013) 210:2739–53. doi: 10.1084/jem.20130323

 31. Tangye SG, Avery DT, Deenick EK, Hodgkin PD. Intrinsic differences in the proliferation of naive and memory human B cells as a mechanism for enhanced secondary immune responses. J Immunol. (2003) 170:686–94. doi: 10.4049/jimmunol.170.2.686

 32. Chavele KM, Merry E, Ehrenstein MR. Cutting edge: circulating plasmablasts induce the differentiation of human T follicular helper cells via IL-6 production. J Immunol. (2015) 194:2482–5. doi: 10.4049/jimmunol.1401190

 33. Lacroix I, Lipcey C, Imbert J, Kahn-Perles B. Sp1 transcriptional activity is up-regulated by phosphatase 2A in dividing T lymphocytes. J Biol Chem. (2002) 277:9598–605. doi: 10.1074/jbc.M111444200

 34. Arroyo-Villa I, Bautista-Caro MB, Balsa A, Aguado-Acin P, Bonilla-Hernan MG, Plasencia C, et al. Constitutively altered frequencies of circulating follicullar helper T cell counterparts and their subsets in rheumatoid arthritis. Arthritis Res Ther. (2014) 16:500. doi: 10.1186/s13075-014-0500-6

 35. Wang S, Wang J, Kumar V, Karnell JL, Naiman B, Gross PS, et al. IL-21 drives expansion and plasma cell differentiation of autoreactive CD11c(hi)T-bet(+) B cells in SLE. Nat Commun. (2018) 9:1758. doi: 10.1038/s41467-018-03750-7

 36. Naradikian MS, Myles A, Beiting DP, Roberts KJ, Dawson L, Herati RS, et al. Cutting edge: IL-4, IL-21, and IFN-gamma Interact to govern T-bet and CD11c expression in TLR-activated B cells. J Immunol. (2016) 197:1023–8. doi: 10.4049/jimmunol.1600522

 37. Durali D, de Goer de Herve MG, Giron-Michel J, Azzarone B, Delfraissy JF, Taoufik Y. In human B cells, IL-12 triggers a cascade of molecular events similar to Th1 commitment. Blood (2003) 102:4084–9. doi: 10.1182/blood-2003-02-0518

 38. Obeng-Adjei N, Portugal S, Holla P, Li S, Sohn H, Ambegaonkar A, et al. Malaria-induced interferon-gamma drives the expansion of Tbethi atypical memory B cells. PLoS Pathog. (2017) 13:e1006576. doi: 10.1371/journal.ppat.1006576

 39. Isnardi I, Ng YS, Menard L, Meyers G, Saadoun D, Srdanovic I, et al. Complement receptor 2/CD21− human naive B cells contain mostly autoreactive unresponsive clones. Blood (2010) 115:5026–36. doi: 10.1182/blood-2009-09-243071

 40. Liu Y, Zhou S, Qian J, Wang Y, Yu X, Dai D, et al. T-bet(+)CD11c(+) B cells are critical for antichromatin immunoglobulin G production in the development of lupus. Arthritis Res Ther. (2017) 19:225. doi: 10.1186/s13075-017-1438-2

 41. Claes N, Fraussen J, Vanheusden M, Hellings N, Stinissen P, Van Wijmeersch B, et al. Age-associated B Cells with proinflammatory characteristics are expanded in a proportion of multiple sclerosis patients. J Immunol. (2016) 197:4576–83. doi: 10.4049/jimmunol.1502448

 42. Lau D, Lan LY, Andrews SF, Henry C, Rojas KT, Neu KE, et al. Low CD21 expression defines a population of recent germinal center graduates primed for plasma cell differentiation. Sci Immunol. (2017) 2:eaai8153. doi: 10.1126/sciimmunol.aai8153

 43. Ma J, Zhu C, Ma B, Tian J, Baidoo SE, Mao C, et al. Increased frequency of circulating follicular helper T cells in patients with rheumatoid arthritis. Clin Dev Immunol. (2012) 2012:827480. doi: 10.1155/2012/827480

 44. Wang J, Shan Y, Jiang Z, Feng J, Li C, Ma L, et al. High frequencies of activated B cells and T follicular helper cells are correlated with disease activity in patients with new-onset rheumatoid arthritis. Clin Exp Immunol. (2013) 174:212–20. doi: 10.1111/cei.12162

 45. Mitoma H, Horiuchi T, Kimoto Y, Tsukamoto H, Uchino A, Tamimoto Y, et al. Decreased expression of interleukin-21 receptor on peripheral B lymphocytes in systemic lupus erythematosus. Int J Mol Med. (2005) 16:609–15.

 46. Le Coz C, Joublin A, Pasquali JL, Korganow AS, Dumortier H, Monneaux F. Circulating TFH subset distribution is strongly affected in lupus patients with an active disease. PLoS ONE (2013) 8:e75319. doi: 10.1371/journal.pone.0075319

 47. Dolff S, Abdulahad WH, Westra J, Doornbos-van der Meer B, Limburg PC, Kallenberg CG, et al. Increase in IL-21 producing T-cells in patients with systemic lupus erythematosus. Arthritis Res Ther. (2011) 13:R157. doi: 10.1186/ar3474

 48. Webb R, Merrill JT, Kelly JA, Sestak A, Kaufman KM, Langefeld CD, et al. A polymorphism within IL21R confers risk for systemic lupus erythematosus. Arthritis Rheum. (2009) 60:2402–7. doi: 10.1002/art.24658

 49. Molineros JE, Chua KH, Sun C, Lian LH, Motghare P, Kim-Howard X, et al. Evaluation of SLE susceptibility genes in Malaysians. Autoimmune Dis. (2014) 2014:305436. doi: 10.1155/2014/305436

 50. Icen M, Nicola PJ, Maradit-Kremers H, Crowson CS, Therneau TM, Matteson EL, et al. Systemic lupus erythematosus features in rheumatoid arthritis and their effect on overall mortality. J Rheumatol. (2009) 36:50–7. doi: 10.3899/jrheum.080091

 51. Ikuta K, Waguri-Nagaya Y, Kikuchi K, Yamagami T, Nozaki M, Aoyama M, et al. The Sp1 transcription factor is essential for the expression of gliostatin/thymidine phosphorylase in rheumatoid fibroblast-like synoviocytes. Arthritis Res Ther. (2012) 14:R87. doi: 10.1186/ar3811

 52. Itoh Y, Hayashi H, Miyazawa K, Kojima S, Akahoshi T, Onozaki K. 17beta-estradiol induces IL-1alpha gene expression in rheumatoid fibroblast-like synovial cells through estrogen receptor alpha (ERalpha) and augmentation of transcriptional activity of Sp1 by dissociating histone deacetylase 2 from ERalpha. J Immunol. (2007) 178:3059–66. doi: 10.4049/jimmunol.178.5.3059

 53. Yin F, Luo SL, Yuan F, Peng Z, Zhou W, Fang L, et al. Regulation different network analysis of rheumatoid arthritis (RA) and osteoarthritis (OA). Eur Rev Med Pharmacol Sci. (2013) 17:2504–11.

 54. Hughes-Austin JM, Deane KD, Derber LA, Kolfenbach JR, Zerbe GO, Sokolove J, et al. Multiple cytokines and chemokines are associated with rheumatoid arthritis-related autoimmunity in first-degree relatives without rheumatoid arthritis: studies of the aetiology of rheumatoid arthritis (SERA). Ann Rheum Dis. (2013) 72:901–7. doi: 10.1136/annrheumdis-2012-201505

 55. Isomaki P, Alanara T, Isohanni P, Lagerstedt A, Korpela M, Moilanen T The expression of SOCS is altered in rheumatoid arthritis. Rheumatology (2007) 46:1538–46. doi: 10.1093/rheumatology/kem198

 56. Spolski R, Leonard WJ. Interleukin-21: a double-edged sword with therapeutic potential. Nat Rev Drug Discov. (2014) 13:379–95. doi: 10.1038/nrd4296

 57. Norman P. Selective JAK inhibitors in development for rheumatoid arthritis. Expert Opin Investig Drugs (2014) 23:1067–77. doi: 10.1517/13543784.2014.918604

 58. Yamaoka K. Janus kinase inhibitors for rheumatoid arthritis. Curr Opin Chem Biol. (2016) 32:29–33. doi: 10.1016/j.cbpa.2016.03.006

 59. Schiff M, Takeuchi T, Fleischmann R, Gaich CL, DeLozier AM, Schlichting D, et al. Patient-reported outcomes of baricitinib in patients with rheumatoid arthritis and no or limited prior disease-modifying antirheumatic drug treatment. Arthritis Res Ther. (2017) 19:208. doi: 10.1186/s13075-017-1410-1

 60. Fleischmann R, Schiff M, van der Heijde D, Ramos-Remus C, Spindler A, Stanislav M, et al. Baricitinib, methotrexate, or combination in patients with rheumatoid arthritis and no or limited prior disease-modifying antirheumatic drug treatment. Arthritis Rheum. (2017) 69:506–17. doi: 10.1002/art.39953

 61. Fleischmann R, Strand V, Wilkinson B, Kwok K, Bananis E. Relationship between clinical and patient-reported outcomes in a phase 3 trial of tofacitinib or MTX in MTX-naive patients with rheumatoid arthritis. RMD Open (2016) 2:e000232. doi: 10.1136/rmdopen-2015-000232

 62. Fleischmann R, Mease PJ, Schwartzman S, Hwang LJ, Soma K, Connell CA, et al. Efficacy of tofacitinib in patients with rheumatoid arthritis stratified by background methotrexate dose group. Clin Rheumatol. (2017) 36:15–24. doi: 10.1007/s10067-016-3436-1

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Dam, Maier, Hocking, Carlin, Ng and Buckner. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fimmu-09-01978-g005.gif
@ ool

Am






OPS/images/fimmu-09-01978-g006.gif
[ Ee i p—
Noprare [] nzzn M i3

A RANGhILZIR expresser
] RAlow 1218 expresser





OPS/images/fimmu-09-01978-g003.gif





OPS/images/fimmu-09-01978-g004.gif
——probe —>
— Control:miR1ss
RacmiR1ss

No probe control
[ rpL13A, control probe.






OPS/images/fimmu-09-01978-t001.jpg
Age at draw (mean + SD years)
Male/Female
Race

Disease duration
(mean = SD years)

RAPID3 score (mean = SD)
cept

RF*

Therapy

RA subjects (n = 110)

51.7 £ 149
24/86

94.6% Caucasian,
5.4% other

68+8.4

31+22
60.9%
57.3%

15% Steroid
50.9% DMARD
40% NSAID
10% Biologic

Control subjects
(n=93)

463+ 142
25/68

91.4% Caucasian,
8.6% other

RAPID3, the routine assessment of patient index data with 3 measures (0-9); CCR.
cyelic citrullnated peptide; RF, rheumatoid factor. Steroid therapy includes: prednisone
(5-20 mg/day); DMARD includes: methotrexate (10-25 mg/week or 10 mg/2X weeky),
sullasalezine, hydroxychiorogquine (200 mg/2X or 1X daily), azathioprine, and leflunomide;
INSAID includes: ibuprofen, naproxen, aspirin, meloxicam, and celecoxib; and biologics
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