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Juvenile idiopathic arthritis (JIA) encompasses a heterogeneous group of diseases. The appearance of antinuclear antibodies (ANAs) in almost half of the patients suggests B cell dysregulation as a distinct pathomechanism in these patients. Additionally, ANAs were considered potential biomarkers encompassing a clinically homogenous subgroup of JIA patients. However, in ANA+ JIA patients, the site of dysregulated B cell activation as well as the B cell subsets involved in this process is still unknown. Hence, in this cross-sectional study, we aimed in an explorative approach at characterizing potential divergences in B cell differentiation in ANA+ JIA patients by assessing the distribution of peripheral blood (PB) and synovial fluid (SF) B cell subpopulations using flow cytometry. The frequency of transitional as well as switched-memory B cells was higher in PB of JIA patients than in healthy controls. There were no differences in the distribution of B cell subsets between ANA- and ANA+ patients in PB. However, the composition of SF B cells was different between ANA- and ANA+ patients with increased frequencies of CD21lo/−CD27−IgM− “double negative” (DN) B cells in the latter. DN B cells might be a characteristic subset expanding in the joints of ANA+ JIA patients and are potentially involved in the antinuclear immune response in these patients. The results of our explorative study might foster further research dissecting the pathogenesis of ANA+ JIA patients.

Keywords: juvenile idiopathic arthritis, B cells, antinuclear antibodies, synovial fluid, double negative B cells


INTRODUCTION

Juvenile idiopathic arthritis (JIA) is the most common rheumatic disease of childhood and affects joints and frequently eyes (1). Although the pathogenesis is still unexplained in detail, the occurrence of autoantibodies (e.g., antinuclear antibodies, ANA) in a significant proportion of patients suggests involvement of autoreactive B cells (2, 3).

B cell differentiation is tightly controlled and several tolerance mechanisms are in place that restrain the development and/or activation of autoreactive B cells (4, 5). After encounter of antigens, mature naïve B cells differentiate into memory B cells and plasma cells. Memory B cells in humans express CD27 as a characteristic marker and can further be separated according to their expressed immunoglobulin isotype into IgD+IgM+ non-switched memory (NSM) and IgD−IgM− switched memory (SM) B cells (6). Besides plasma cells and memory B cells, CD21lo/− B cells seem to constitute an effector B cell population that is expanded in several autoimmune but also infectious diseases (7–9). CD21lo/− B cells are characterized by expression of the transcription factor T-bet as well as the chemokine receptors/integrin CXCR3 and CD11c. They accumulate in inflamed tissues and seem to be enriched in autoreactive B cell clones (7, 8, 10). Since this phenotype may appear in developmentally different B cell subsets, CD21lo/− B cells rather constitute a particular B cell effector state than a distinct B cell subset (9). Nevertheless, CD21lo/− B cells that have undergone isotype switch (IgD and IgM negative) but did not upregulate the B cell memory marker CD27 have been described as a distinct B cell subset called “atypical memory” or “double negative” (DN) B cells. Those cells may be expanded in autoimmune diseases (9, 11, 12).

Several observations suggest that the otherwise tightly controlled process of B cell differentiation and tolerance induction may be disturbed in JIA patients. The immunoglobulin repertoire of peripheral blood B cells of JIA patients shows features of defective B cell tolerance (13). Additionally, switched memory B cells are expanded in the peripheral blood (PB) of oligo- and poly-JIA patients with higher expansion rates in patients with early-onset disease (14). Oligoclonal accumulation of memory B cells in the synovial fluid (SF) of JIA patients suggests antigen-driven activation of B cells within the inflamed tissues potentially triggered by local antigens (15). Indeed, indirect signs of aberrant B cell activation such as plasma cell infiltration and/or lymphoid neogenesis in synovia or iris tissue seem to correlate with ANA positivity in JIA patients (16–18). Hence, the tightly controlled processes of B cell differentiation and tolerance induction seem to be disturbed in JIA patients at several sites. However, whether these alterations are associated with the development of autoantibodies or rather reflect unspecific changes due to chronic inflammation is unknown. Also, the composition of the B cell compartment in the inflamed tissues of ANA+ JIA patients is not elucidated in detail yet. We therefore aimed at analyzing the distribution and phenotype of PB and SF B cell subsets in JIA patients and at dissecting differences between ANA positive and negative patients.



MATERIALS AND METHODS


Patients

All JIA patients included in this cross-sectional study fulfilled the ILAR classification criteria for JIA. The inclusion criteria were active disease at time point of analysis (defined by swelling or limitation of motion with pain or tenderness), and classification within subgroup of oligoarthritis, rheumatoid-factor-negative polyarthritis, or psoriasis arthritis and ANA titer determined by immunofluorescence tests. We included consecutive patients with JIA who presented to our outpatient clinic and had blood drawn due to clinical indication. JIA patients were recruited into two independent studies: the first study aimed at analyzing the distribution of peripheral blood (PB) B cell populations (cohort 1), whereas the second study aimed at analyzing the distribution of synovial fluid (SF) B cell populations (cohort 2). Recruitment of patients into the two studies took place independently and at different time points (cohort 1: 2009–2010, cohort 2: 2011–2018). JIA patients were classified according to their JIA subgroup as well as to the presence of ANAs. In accordance with other studies (19–21), an ANA titer of ≥1:160 was regarded as positive and <1:80 as negative; JIA patients with an ANA titer of 1:80 were classified as “intermediate” and for reasons of comparability excluded from analysis when comparing ANA+ and ANA- JIA patients (19–21). All patients were followed at University Children's Hospital Würzburg. Signed informed consent was obtained by the legal representatives. The study was reviewed by the Research Ethics Committee of the University of Würzburg (299/17) and conducted in accordance with the Declaration of Helsinki.



Sample Preparation

SF and/or PB samples were collected in EDTA tubes. Mononuclear cells were isolated by Ficoll density-gradient centrifugation, as previously described (15). Mononuclear cells were resuspended in FCS 10% DMSO and stored in liquid nitrogen until use.



Flow Cytometry

After thawing and washing mononuclear cells were stained in 1 × PBS 0.5% BSA with appropriate antibodies at 4°C for 30 min. Flow cytometry data of cohort 1 was acquired on a FACSCalibur. Since a FACSCanto II was available at the time point of the analysis of cohort 2, we preferred to perform the analysis on this instrument. All flow cytometry data was analyzed with FlowJo version 10 (Tree Star). The following antibodies were used—cohort 1: CD19 APC (HIB19), CD24 FITC (ML5), CD38 PE (HIT2), CD45 PerCP (2D1), IgD PE (IA6-2), CD27 FITC (M-T271) (all from BD Biosciences) and CD21 FITC (clone 1F8, Dako); cohort 2: CD19 APC-Cy7 (HIB19), CD20 PE-Cy7 (2H7), CD21 APC (Bu32), CD22 FITC (S-HLL-1), CD27 PerCP-Cy5.5. (M-T271), CD38 PE (HIT2), IgM Brilliant Violet 421 (MHM88), IgD PE (IA6-2), T-bet Brilliant Violet 421 (IT2.2), FAS Brilliant Violet 421 (Dx2), IgG PE (HP6017) (all from BioLegend), IgA FITC (IS11-8E10) (Miltenyi Biotec), and CD11c PE (3.9) (ebioscienes).



Statistical Analysis

Statistical analysis was performed using Prism 8.0 (GraphPad). Hierarchical cluster analysis and heatmap visualization were performed using ClustVis. Data is expressed as scattered individual values and mean ± SD. Paired and unpaired Student's t-tests were used for comparison of data sets with two or more continuous variables, respectively. The Chi-square test was used to test relationships between categorical variables. A p-value < 0.05 was considered as statistically significant.




RESULTS


Study Population

The patients' demographic and clinical data are summarized in Supplementary Tables 1, 2. All patients were Caucasian. The PB B cell compartment was studied in 45 JIA patients (cohort 1, Supplementary Table 1). To avoid batch effects, the flow cytometric analysis of PB B cells in JIA patients was performed in the time period 2009–2010 in parallel to a cohort of healthy control individuals from which reference values for PB B cell subsets had been established (22). For each JIA patient from cohort 1, we matched one of these healthy control individuals for sex and age (mean age difference 0.21 years, maximum age difference 0.6 years). These individuals served as healthy control group. After having analyzed the distribution of PB B cell subsets in cohort 1, a second cohort of 43 JIA patients undergoing joint puncture for intra-articular steroid injection was included in this study for the analysis of the SF B cell compartment (cohort 2, Supplementary Table 2; recruitment 2011–2018, flow cytometric analysis 2017–2019). From five of these patients, additional matched PB samples from the same date were available for direct comparison. Nine patients were included in both cohorts; however, biomaterials from these patients (PB, cohort 1 or SF, cohort 2) have been obtained at different time points and were therefore excluded from direct comparison. Most included patients could be assigned to the subgroup of oligoarthritis and about half of the patients were ANA positive (Supplementary Tables 1, 2). As reported before, the group of ANA+ JIA patients tended to have an earlier disease onset with a female preponderance (19, 20).



Increased Frequencies of Transitional and Switched Memory B Cells in the Peripheral Blood of JIA Patients

To search for potential JIA associated deviations of B cell differentiation from normal we first analyzed the distribution of PB B cell subsets within a cohort of 45 JIA patients. We compared that data to age- and sex-matched healthy control individuals derived from an established reference cohort generated in our laboratory using a gating strategy as outlined previously (Supplementary Figure 1) (22). The frequency of total CD19+ B cells within PB lymphocytes was higher in JIA patients than in healthy individuals (Figure 1A). Additionally, JIA patients displayed alterations in the composition of the PB B cell compartment: the frequency of CD24++CD38++ transitional B cells was higher in JIA patients whereas that of mature naïve B cells was lower in JIA patients (Figure 1A). Also, JIA patients displayed higher frequencies of switched-memory B cells within the PB B cell compartment (Figure 1A). To assess whether the presence of ANAs in particular is associated with the observed changes in the PB B cell compartment, we compared the data of ANA+ and ANA– JIA patients within this cohort. However, we could not observe differences in the frequency of any of the analyzed PB B cell subsets between ANA+ and ANA– JIA patients (Figure 1B). We further plotted the data against age at sampling to correct for any age bias between both subgroups that might exist since ANA+ JIA patients are younger at disease onset and maturation of the PB B cell compartment follows an age-dependent sequence (19, 20, 22). For none of the analyzed B cell subsets, we detected significant differences in the proportion of data points outside the reference ranges between ANA+ and ANA– patients (Supplementary Figure 2). Thus, the deviations from normal observed in the composition of the PB B cell compartment were present in ANA+ as well as ANA– JIA patients (Supplementary Figure 2). Hence, expansion of transitional and switched-memory B cells characterized the PB B cell pool in JIA patients and these changes were not associated with the presence of ANAs.
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FIGURE 1. Distribution of peripheral blood B cell population in ANA-positive and ANA-negative JIA patients. (A) Frequency of peripheral blood CD19+ B cells within lymphocytes as well as different B cell populations within CD19+ B cells in a cohort of JIA patients (n = 45) and same number of age- and sex-matched healthy control (HC) individuals. Bars represent mean frequency with standard deviation and circles individual data points. (B) Frequency of these B cell populations from JIA patients was compared between ANA+ and ANA– patients. Groups were compared using unpaired Student's t-test.




CD21lo/– Switched Memory and Double-Negative B Cells as Well as Plasma Cells Dominate the Synovial Fluid B Cell Compartment

The alterations observed in the PB B cell compartment of JIA patients might not reflect the local situation at the site of inflammation, especially since naïve B cells are scarce in the joints of JIA patients and activated memory B cells prevail the SF B cell compartment (15, 23). We therefore aimed at characterizing the SF B cell compartment in more detail and comparing its composition between ANA+ and ANA– JIA patients. Sufficient biomaterials from five matched PB and SF samples were available for a detailed comparison of the extended B cell phenotype between both compartments. SF B cells were clearly separated from PB B cells by hierarchical cluster analysis of this data set (Figure 2A). In detail, SF CD19+ B cells displayed the phenotype of IgG+ class-switched and activated memory B cells whereas the extended B cell phenotype of PB B cells resembled non-switched and resting B cells (Figure 2A). Moreover, upregulation of CD11c and T-bet as well as downregulation of CD21 in the SF B cell compartment resembled an expression signature characteristic for CD21lo/− B cells (Figure 2A) (9). Due to the distinct phenotype of SF B cells, we slightly adapted our gating strategy used for the analysis of PB B cells now focusing on effector B cell populations present in the SF. In detail, we aimed at quantitatively comparing the distribution of defined SF and PB B cell subsets according to their expression of CD21, IgM, and CD27 (Figure 2B). We used IgM instead of IgD to accurately delineate switched-memory (SM) B cells from IgM-only memory B cells; the latter do express IgM but not IgD and might falsely be identified as SM B cells when using IgD. Whereas, CD21+CD27−IgM+-naïve (N) B cells dominated within the PB B cell compartment, the frequency of CD21lo/−CD27+IgM− SM and CD21lo/−CD27−IgM− DN B cells B cells was significantly higher in the SF than in the PB B cell pool (Figure 2C). Additionally, the frequency of CD27++ plasma cells was slightly higher in SF than in PB (Figure 2C). Thus, activated SM and DN B cells that show the phenotype of activated CD21lo/− B cells preferentially accumulate in the joints of JIA patients.


[image: Figure 2]
FIGURE 2. The extended phenotype of synovial fluid B cells in JIA patients. (A) Hierarchical cluster analysis of mean fluorescence intensities of different markers in CD19+ peripheral blood (PB) and synovial fluid (SF) B cells from five JIA patients assessed by flow cytometry. (B) Flow cytometric gating strategy of different SF B cell populations. (C) Distribution of different B cell populations within CD19+ PB and SF B cells of five JIA patients. Groups were compared using paired Student's t-test. Bars represent mean frequency with standard deviation and circles individual data points. N, Naïve; NSM, non-switched memory; SM, switched memory, DN, double negative; PC, plasma cells.




Expansion of CD21lo/– Double-Negative B Cells in the Joints of ANA+ JIA Patients

To further verify our initial findings, we finally quantified the above-defined B cell subsets in SF samples from a cohort of 43 JIA patients and compared their distribution between ANA+ and ANA– JIA patients. Four patients with an intermediate ANA titer of 1:80 were excluded from this analysis (Supplementary Table 2). Surprisingly, we did not observe differences in the frequency of CD27++ plasma cells between both groups (Figure 3). Furthermore, almost none of the analyzed B cell subsets showed quantitative differences between ANA+ and ANA– JIA patients. However, the frequency of CD21lo/− DN B cells was significantly higher in ANA+ than ANA– JIA patients (Figure 3B). Hence, activated CD21lo/− DN B cells preferentially accumulate in the joints of ANA+ JIA patients.


[image: Figure 3]
FIGURE 3. Distribution of synovial fluid B cell populations in ANA positive and negative JIA patients. (A) Representative contour plots showing the distribution of different B cell subpopulations as assessed by expression of CD21, CD27, and IgM in an ANA– and an ANA+ JIA patient. (B) Distribution of different B cell population within SF CD19+ B cell was analyzed using flow cytometry and compared between ANA– (n = 14) and ANA+ (n = 25) JIA patients (unpaired Student's t-test). Bars represent mean frequency with standard deviation and circles individual data points. N, naïve; NSM, non-switched memory; SM, switched memory, DN, double negative; PC, plasma cells.





DISCUSSION

We showed increased frequencies of transitional and switched memory B cells in the PB as well as accumulation of CD21lo/− SM and DN B cells in the SF of JIA patients, the latter B cell population being particularly increased in the joints of ANA+ patients.

First, we could recapitulate recent findings describing a disturbed PB B cell pool in JIA patients, characterized by an expansion of transitional B cells as well as SM B cells (14). Expansion of transitional B cells was documented in other autoimmune diseases, already, and may be linked to defects in central and/or peripheral B cell tolerance checkpoints (24). Indeed, we described alterations of the immunoglobulin repertoire within the naïve B cell population of JIA patients that may indicate B cell tolerance defects (13). However, the alterations within the composition of PB B cell subsets in our present study were independent of the presence of ANAs and rather seem to reflect general changes seen in JIA patients. Also, the increased frequencies of SM B cells observed in this study were not associated with the presence of ANAs. Therefore, studying PB in JIA patients might not be the appropriate compartment to reveal B cell subsets potentially associated with the presence of ANAs in JIA patients.

Several reports demonstrated the presence of plasma cells and/or organized lymphoid structures in the joints or eyes of particularly ANA+ JIA patients; the latter may provide an environment for B cell differentiation at the site of inflammation (16–18). However, the B cell subsets differentiating within such structures often do not resemble those regularly found in secondary lymphoid organs. We therefore used multiparametric flow cytometry and hierarchical cluster analysis to explore SF of JIA patients for B cell subsets that preferentially accumulate in the joints of JIA patients. This approach revealed class-switched B cells with downregulation of CD21 and upregulation of CD11c and T-bet as the major B cell subset accumulating in the joints of JIA patients, a phenotype reflecting so-called CD21lo/− B cells (9). Whereas, most of the SF B cell subsets analyzed in this study harbored a considerable fraction of CD21lo/− B cells that also showed varying degrees of T-bet expression, CD21lo/− DN B cells were the only B cell subset that showed differences between ANA+ and ANA– JIA patients: They were expanded in the SF of ANA+ JIA patients. Worthy of noting is that we could not detect significant differences in the frequency of CD27++ plasma cells within the SF between both JIA subgroups. Mechanistic studies from mouse models and patients with systemic lupus erythematosus suggested distinct pathways that induce differentiation of activated naïve B cells into CD21lo/− DN B cells. Engagement of antinuclear B cell receptors as well as nucleic-sensing TLR7 in the presence of IFN-γ and/or IL-21 is particularly involved in this process (9–12, 25). Interestingly, we recently demonstrated an oligoclonal expansion of DN B cells accumulating in the SF of JIA patients (15). Additionally, compared to SM B cells the immunoglobulin genes of the SF DN B cell population harbored a lower load of somatic hypermutation suggesting emergence from naïve rather than “classical” memory B cells (15). It is therefore tempting to speculate whether the CD21lo/− DN B cells that accumulate in the joints of ANA+ JIA patients might be enriched in antinuclear clones.

ANA-positive JIA patients seem to constitute a clinically homogenous group of patients, characterized by early disease onset, female preponderance, and high risk of uveitis (19, 20). Although it is still a matter of debate whether the group of ANA+ JIA patients constitutes a separate disease entity that also follows a distinct pathogenesis (26), CD21lo/− DN B cells accumulating at the site of inflammation might reflect a distinct mechanism that is particularly involved in disease pathogenesis of ANA+ JIA patients.

The findings of this explorative study have to be seen in light of some limitations. The cross-sectional design of the study might have an impact on our observations and confounders such as current or past medication cannot be excluded. Methotrexate and TNF-α inhibitors were suggested to affect B cell differentiation in JIA patients, the latter especially impacting on memory B cell expansion (14, 27). However, since the proportion of JIA patients treated with methotrexate tended to be higher in the ANA+ than in the ANA– group (cohort 2) and none of the JIA patients was treated with TNF-α inhibitors, we do not assume that these differences in medication might explain our observation of an expanded CD21lo/− DN B cell population in the joints of ANA+ JIA patients. Also, we were not able to compare the distribution of B cell populations directly between PB and SF in a large cohort of matched samples. However, this was not the aim of this study and was performed before (15). We rather sought to compare differences in B cell differentiation between ANA+ and ANA– JIA patients. Therefore, we do not see major limitations in using two independent cohorts of JIA patients for analyzing either the distribution B cells in SF or PB. However, we want to stress that the results of these two analyses should be considered separately and do not allow a direct comparison. However, the differential distribution of various B cell subsets extremely differs between both compartments and SF even contains B cell subsets that are not present in PB at all. Therefore, we would not expect that potential differences in the clinical and demographic data of both cohorts might account for the extremely heterogeneous distribution of B cell subsets observed between both compartments. We also point out that the threshold for ANA positivity is a matter of debate; however, we chose the cutoff at ≥1:160, which is consistent with previous studies (19–21).



CONCLUSION

In this explorative study, we described alterations in the peripheral B cell compartment of JIA patients that, in part, are associated with the presence of ANAs. Whereas, an expansion of transitional B cells and switched memory B cells in PB seems to be associated with JIA patients in general and independent of the ANA status, expansion of CD21lo/− DN B cells within the inflamed joints is a characteristic sign of ANA+ JIA patients. Further research to dissect the autoreactivity of this SF CD21lo/− DN B cells in JIA patients is warranted.
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