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Abstract

Autoreactive B cells mediate autoimmune pathology, but exactly how remains unknown. A 

hallmark of rheumatoid arthritis (RA), a common autoimmune disease, is the presence of disease-

specific anticitrullinated protein antibodies (ACPAs). Here, we showed that ACPA-positive B 

cells in patients with RA strongly expressed T cell–stimulating ligands, produced abundant 

proinflammatory cytokines, and were proliferative while escaping inhibitory signals. This 

activated state was found at different degrees in different stages of disease: highest in patients 

with recent-onset RA, moderate in patients with established RA, and far less pronounced in 

ACPA-positive individuals “at risk” for developing disease. The activated autoreactive B cell 

response persisted in patients who achieved clinical remission with conventional treatment. ACPA-

positive B cells in blood and synovial fluid secreted increased amounts of the chemoattractant 

interleukin-8, which attracted neutrophils, the most abundant immune cell in arthritic joints. 

Tetanus toxoid–specific B cells from the same patients exhibited properties of memory B cells 
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without the activation and proliferation phenotype, but these cells transiently acquired a similar 

proliferative phenotype upon booster vaccination. Together, these data indicated that continuous 

antigenic triggering of autoreactive B cells occurs in human autoimmune disease and support 

the emerging concept of immunological activity that persists under treatment even in clinical 

remission, which may revise our current concept of treatment targets for future therapeutic 

interventions. In addition, our data pointed to a pathogenic role of ACPA-positive B cells in 

the inflammatory disease process underlying RA and favor approaches that aim at their antigen-

specific inactivation or depletion.

Introduction

The role of autoreactive B cells in the pathogenesis of human auto-immune diseases is 

poorly understood. Autoantibodies are frequently detectable before the onset of clinical 

symptoms. This predisease phase of clinically “silent” autoimmunity can last for years, 

and the triggers that promote the transition to autoimmune disease are usually unknown. 

Although autoantibodies themselves may or may not be pathogenic, it is remarkable that 

many autoimmune diseases are responsive to CD20+ B cell depletion. This indicates that B 

cells, and in particular, the autoreactive subset(s), are crucially involved in disease-relevant 

pathogenic processes. Hence, it is of considerable importance to understand the phenotypic 

and functional characteristics of these cells in various phases of autoimmunity and in 

established disease to decipher both the initiating triggers and the contribution of B cells to 

human disease.

Rheumatoid arthritis (RA) is a common autoimmune disease that causes inflammation and 

destruction of joints. Most patients harbor anticitrullinated protein antibodies (ACPAs), 

which are antibodies that recognize proteins in which arginine residues have been 

posttranslationally modified to citrulline. ACPA-positive RA is thought to evolve as a 

multistep process in which the break of immunological tolerance to citrullinated antigens 

precedes the onset of clinical disease (1). ACPAs are considered risk factors for disease 

development and, in established RA, prognosticate erosive joint destruction (2). The 

transition from ACPA-positive autoimmunity to autoimmune disease is associated with the 

development of inflammatory joint pain (arthralgia) (3) and an expansion of the ACPA 

response (1). The latter is marked by rising ACPA serum titers, spreading of epitope 

recognition, and an expanding number of detectable ACPA isotypes and likely driven by 

T cells under the influence of human leukocyte antigen (HLA) susceptibility molecules 

(4–7). How this predisease expansion of the humoral autoimmune response relates to 

the initiation of joint inflammation remains unclear. Potentially, early cartilage damage, 

fibroblast activation, the generation of citrullinated antigens in the synovium, and the 

migration of ACPA-positive B cells or plasmablasts toward these triggers could be involved.

Established RA is remarkably responsive to CD20+ B cell–depleting therapy, a feature 

shared with several other autoimmune diseases (8). The efficacy of B cell depletion on 

clinical measures of disease activity is greater in patients with ACPA-positive RA than 

in ACPA-negative patients (9). Clinical improvement upon anti-CD20 therapy precedes 

the reduction of ACPA serum concentrations (10), and patients can achieve long-term 
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remission despite the persistence of high-titer ACPA. These observations suggest that 

CD20+ B cells—in particular autoreactive, ACPA-positive B cells—could play a central 

role in driving and maintaining the inflammatory disease process. We previously identified 

ACPA-positive B cells in peripheral blood of patients with RA using differentially labeled 

streptavidin tetramers bound to second-generation cyclic citrullinated peptides (CCP2) (11). 

ACPA-positive B cells circulate in peripheral blood in low frequency as class-switched cells 

of which most are positive for CD20 and CD27, suggesting a memory phenotype (12). In 

addition, ACPA-secreting plasmablasts and plasma cells are present in the inflamed joint in 

which they encounter an inflammatory environment favoring long-term survival (13).

Here, we investigated the molecular characteristics of these cells and defined their 

pathogenic effector functions. We analyzed protective tetanus toxoid (TT)–specific and 

autoreactive ACPA-positive B cells directly ex vivo from individual patients with RA 

and from ACPA-positive individuals at risk for developing disease. We found that ACPA-

positive B cells in patients with established RA display an activated, proliferative memory 

phenotype and reduced abundance of the inhibitory receptor CD32. This phenotype was 

most prominent in patients with recent-onset disease, whereas in the at-risk phase of ACPA-

positive arthralgia preceding RA [a phase in which synovial inflammation is absent (14, 

15)], ACPA-positive B cells showed signs of proliferation with low abundance of other 

activation markers. ACPA-positive B cells isolated from the inflamed synovial compartment 

during established disease produced proinflammatory cytokines spontaneously ex vivo, in 

particular the functionally active neutrophil chemoattractant interleukin 8 (IL-8). These 

data suggested that the onset of RA associates with a strongly activated phenotype of 

ACPA-positive B cells. These B cells were ideally equipped to communicate with T cells 

and remained constantly activated throughout the established phase of disease, proliferating 

and capable of attracting neutrophils to joints through the secretion of IL-8.

Results

Identification of autoreactive B cells directed against citrullinated antigens in RA

The very low frequency of antigen-specific B cell populations in the circulation challenges 

their reliable phenotypic characterization by flow cytometric assessment of individual 

surface markers. Therefore, we opted to compare the phenotype of ACPA-positive B cells 

not only to the large pool of B cells of undefined specificity but also to a circulating, 

antigen-specific B cell population that occurs at a similar frequency in patients. We 

simultaneously evaluated ACPA-positive and TT-specific B cells from individual patients. 

We used a dual-staining approach for both specificities using differentially labeled antigens 

to increase and ensure the elimination of nonspecific background signals (Fig. 1A) (11, 16). 

Blocking experiments were used as additional measure of specificity. Analysis of peripheral 

blood mononuclear cells (PBMCs) from ACPA-positive RA donors revealed that TT-specific 

B cells circulated in patients with RA at a frequency comparable to that of ACPA-positive 

B cells (0.015% for TT-specific B cells and 0.01% for ACPA-positive B cells) (Fig. 1B). 

Moreover, >70% of TT-specific B cells were positive for CD20 and CD27, indicative of 

memory B cells (MBCs); 65% of ACPA-positive B cells displayed this phenotype (Fig. 

1C). Unlike ACPA-positive B cells, CD20−CD27hi plasmablasts or plasma cells were 

Kristyanto et al. Page 3

Sci Transl Med. Author manuscript; available in PMC 2024 April 29.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



generally absent from the TT-specific compartment, although the differences in these B 

cell populations were not statistically significant. These data indicated that CD20+CD27+ B 

cells, hereafter referred to as MBCs, of both antigen-specific immune responses circulate 

at similar frequency in the peripheral blood of individual patients with RA, which enables 

direct phenotypic comparison.

We also isolated cells from the synovial fluid of inflamed joints and found that ACPA-

positive B cells were present at enhanced frequency (Fig. 1B) compared with their frequency 

in PBMCs. Furthermore, >50% of cells were CD20−CD27hi, indicative of plasmablasts or 

plasma cells (Fig. 1D and fig. S1). The frequency of TT-specific B cells was not analyzed in 

this compartment because of the low number of total B cells, which precluded simultaneous 

use of the material for concurrent antigen-specific B cell analysis.

The frequency of ACPA-positive MBCs in PBMC correlated with ACPA–immunoglobulin 

G (IgG) plasma concentrations in the samples analyzed (Fig. 1E), confirming previous 

results (11). In the same patients, no correlation was observed between the frequency of 

TT-specific MBCs and anti-TT IgG in plasma (Fig. 1E).

Circulating ACPA-positive B cells in established RA display an activated and proliferative 
phenotype

We evaluated the abundance of selected markers on ACPA-positive and TT-specific B cells 

in peripheral blood. In patients with established RA, ACPA-positive MBCs were larger in 

size and had higher intensity staining for the stimulatory receptor and mature B cell marker 

CD19 and for the antigen-presenting molecule HLA-DR than did TT-specific counterparts 

from the same individual (Fig. 2A). Moreover, more ACPA-positive B cells were also 

positive for the ligands CD80 and CD86, which are involved in stimulating T cells, than 

were TT-specific MBCs or ACPA-negative MBCs. In addition, TT-specific MBCs were 

negative for the proliferation marker Ki-67, whereas an average of 36% (range, 17 to 

67%) of ACPA-positive MBCs were positive for this marker (Fig. 2B and fig. S2). Gene 

expression analysis by reverse transcription polymerase chain reaction (RT-PCR) confirmed 

the enhanced transcript abundance for CD19, CD86, and CD80 between circulating ACPA-

positive MBCs and ACPA-negative MBCs (fig. S3).

Thus, these ACPA-positive B cells had markers of an “activated” phenotype and of a 

memory phenotype. Therefore, we refer to them as activated MBCs (aMBCs). The ACPA-

positive aMBCs had functionally important phenotypic differences when compared with 

protective (TT-specific) MBCs in the steady state in patients with established RA.

The frequency of these ACPA-positive aMBCs did not correlate with measures of systemic 

inflammation (erythrocyte sedimentation rate, fig. S4) or composite disease activity scores 

(Fig. 2C). Together, these results suggested continuous immune activation of the auto-

reactive B cell response in patients with established RA, irrespective of disease control 

by conventional synthetic disease-modifying antirheumatic drugs (csDMARDs).
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ACPA-positive B cells in individuals with joint pain who are “at risk” for developing RA

In most patients with RA, the presence and expansion of ACPA-positive B cells 

precedes clinically detectable arthritis (1). Given the activated, proliferative phenotype of 

ACPA-positive B cells within the CD20+CD27+ compartment in established disease, we 

investigated the properties of ACPA-positive B cells in ACPA-positive individuals with joint 

pain (arthralgia) who had, so far, shown no clinical signs of arthritis (Table 1).

These individuals harbored similar frequencies of circulating ACPA-positive B cells 

compared to patients with RA with matched ACPA-IgG plasma abundance (fig. S5, A 

and B). A correlation between the frequency of ACPA-positive B cells and ACPA IgG 

serum abundance was not established in this population, possibly as a consequence of 

one outlying donor with a high frequency of ACPA-positive B cells (fig. S5C). Upon 

removal of this donor from the analysis, however, a correlation was noted (Pearson r = 

0.81, P = 0.02; fig. S5C, dotted line) similar to the one observed in patients with RA 

(Fig. 1E). Furthermore, most ACPA-positive B cells in these individuals were of the MBC 

(CD20+CD27+) phenotype (fig. S5D), whereas lower numbers of differentiated plasmablasts 

or plasma cells (CD20−CD27hi) were detectable compared to patients with established 

disease (median 0% in arthralgia versus 4% in RA for total ACPA-positive B cells).

We focused on the memory cell compartment and compared the phenotype of these cells in 

the at-risk individuals and those with established RA. We observed similar frequencies of 

ACPA-positive MBCs that were positive for Ki-67 (median, 20%; range, 0 to 60%) from 

individuals with arthralgia and those with established RA (Fig. 3A). The other markers 

indicative of activation, however, were not increased (Fig. 3A). Instead, the abundance of 

CD19 and HLA-DR expressed by ACPA-positive MBCs was comparable to the steady-state 

TT-specific MBC compartment of patients with RA, as was the frequency of cells expressing 

CD80 and CD86 (Fig. 3B and fig. S6). Thus, despite the increased proportion of cells 

positive for Ki-67, we observed a far less activated phenotype of ACPA-positive MBCs in 

individuals with joint pain (arthralgia) that so far lacked the clinical signs of arthritis.

ACPA-positive B cells at the onset of clinical disease

Given the differential phenotype of ACPA-positive MBCs in patients with established 

disease compared to individuals with joint pain (arthralgia), we questioned whether the onset 

of RA associates with autoreactive B cells displaying phenotypic characteristics of aMBC. 

We evaluated cells from patients with recent-onset, ACPA-positive RA who had not yet 

started immunosuppressive medication. In this early, untreated phase of disease, we noted a 

high abundance and proportion of ACPA-positive MBCs positive for the activation markers 

that we had found in these cells in patients with established disease (Fig. 3A). The intensity 

of HLA-DR staining and the proportion of cells positive for Ki-67 exceeded those observed 

under treatment.

Although longitudinal samples would be required to firmly establish the differences 

observed between the phases of arthralgia, early-onset disease, and established RA in 

individual donors, our data indicated that early-onset, ACPA-positive RA is characterized 

by a highly activated and proliferative phenotype of ACPA-positive MBCs. The data further 
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suggested that therapeutic intervention partially reduces the activated phenotype of ACPA-

positive MBCs. However, in the patients studied, treatment failed to “silence” these cells to 

a resting state comparable to that of a “conventional” memory recall response, in this case 

directed against TT.

Vaccine-induced TT-specific B cells display a phenotype similar to ACPA-positive B cells

We sought to understand triggers that induce an aMBC phenotype in ACPA-positive B 

cells. We hypothesized that ACPA-positive aMBC resemble memory cells that have recently 

left the germinal center in response to detection of antigen. Such “recent germinal center 

emigrant” MBCs exhibit the markers Ki-67, CD27, and elevated expression of CD19, 

among others (17). To test our hypothesis in the human setting, we administered TT booster 

vaccination to 11 patients with RA and assessed the phenotype of circulating TT-specific 

MBC in 8 of 11 patients within 28 days after vaccination and in the remaining 3 at 

a later time. Upon vaccination, the intensity of staining for CD19 and HLA-DR, along 

with the percent of cells positive for CD80 and Ki-67, was higher on TT-specific MBCs 

compared with that of TT-specific MBCs from patients with RA in the steady state (Fig. 

3B). The abundance of expression of these activation markers in TT-specific MBCs in the 

recently vaccinated patients with RA was similar to those of ACPA-positive aMBCs (Fig. 

3 and fig. S6). However, with increasing time after vaccination, the proliferative MBC 

phenotype of TT-specific MBCs ceased; the proportion of TT-specific MBCs positive for 

Ki-67 decreased with time after tetanus booster vaccination (Fig. 3C). Although the other 

activation markers also decreased, the change was not significant over the 42 days that 

the vaccinated individuals were monitored (fig. S7). These observations suggested that the 

phenotype of ACPA-positive aMBCs results from continuous, antigen-driven activation of 

ACPA-positive MBCs. These cells fail to reach the state of quiescence.

ACPA-positive B cells in established RA down-regulate the inhibitory receptor CD32

B cell activation during conventional immune responses is counter-balanced by inhibitory 

signals that enable controlled regulation of the immune response. Immune complexes, for 

example, can engage the inhibitory Fcγ-receptor IIb (CD32b), thereby providing negative 

feedback signals that dampen the activation of antigen-specific B cells. To study whether 

ACPA-positive aMBCs are susceptible to these control mechanisms, we evaluated the 

abundance of CD32 on these and TT-specific MBCs. Although TT-specific MBCs in the 

steady state had similar amounts of CD32 at the cell surface as was present on the 

total MBC pool (ACPA-negative MBCs), circulating ACPA-positive aMBCs had reduced 

abundance of this receptor at the cell surface (Fig. 4A). We also detected reduced amounts 

of intracellular CD32, indicating that down-regulation rather than internalization of CD32 

is responsible for the reduction at the cell surface (Fig. 4B). These data suggested that 

ACPA-positive aMBCs are not only continuously activated and driven to proliferate but also 

escape inhibitory control mechanisms.

Inflammatory cytokine production by ACPA-positive B cells

B cells can exert multiple effector functions by differentiating into antibody-secreting cells, 

by presenting antigen to T cells, and by secreting soluble mediators (18, 19). We assessed 

a range of cytokines produced by ACPA-positive aMBCs to understand how the activated 
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phenotype contributes to disease-relevant processes. ACPA-positive CD20+CD27+ B cells 

from individual donors were sorted and cultured for 7 days in the presence of irradiated 

CD40 ligand (CD40L)–positive cells and anti-IgM and anti-IgG Fab2 fragments to stimulate 

the B cell receptor (BCR). An equal number of ACPA-negative MBC from the same 

donors were cultured under the same conditions as controls. Supernatants at day 7 were 

analyzed for the presence of 11 cytokines [IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12 p70, 

granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon-γ (IFN-γ), tumor 

necrosis factor–α (TNFα), and vascular endothelial growth factor (VEGF)] using Luminex 

technology (fig. S8). Compared to ACPA-negative MBCs, ACPA-positive B cells of all 

donors secreted remarkable amounts of IL-8 (single-cell median, 51.5; range, 1.2 to 239 

pg/ml) and, to a lesser extent, IL-6 (single-cell median, 0.6; range, 0.01 to 2.7 pg/ml) and 

TNFα (single-cell median, 0.4; range, 0.01 to 1.2 pg/ml) (Fig. 5A). This secretory capacity 

was observed despite a lower abundance of surface IgG on ACPA-positive CD20+CD27+ B 

cells compared to that on ACPA-negative CD20+CD27+ B cells from the same donors (fig. 

S9).

To assess the relevance of our findings for the inflammatory environment at the site of 

inflammation, we isolated mononuclear cells directly from synovial fluid (SFMCs). SFMCs 

were cultured in medium without any stimulation in the presence of brefeldin A to block 

protein secretion. After 20 hours, cells were harvested and stained for the presence of dead 

cells and for the presence of surface markers [CD3, a T cell marker; CD14, a monocyte 

marker (both used to exclude non-B mononuclear cells); CD19; CD20; and CD27]; in 

addition, cells were fixed and permeabilized, followed by intracellular staining with CCP2 

streptavidin tetramers and antibodies recognizing IL-8, IL-6, or TNFα. We detected ACPA-

positive B cells that were positive for IL-8 in these cultures without stimulation (Fig. 5B). 

In all samples, the signal for IL-8, but not for IL-6 and TNFα, from ACPA-positive B cells 

exceeded that obtained from ACPA-negative B cells from the same compartment.

These results with the circulating ACPA-positive B cells and the ACPA-positive B cells 

in the synovial fluid showed that these populations have different properties. When 

stimulated, the ACPA-positive aMBCs from peripheral blood of patients with RA produced 

inflammatory cytokines, especially IL-8 and, to a lower extent, IL-6 and TNFα. Cells from 

the inflamed synovial fluid produced IL-8 ex vivo without additional stimulation.

IL-8 produced by ACPA-positive B cells induces neutrophil migration

Given the low frequency of ACPA-positive B cells in peripheral blood, which impedes 

functional analyses, we studied an immortalized, ACPA-positive human B cell clone (20, 21) 

to assess the functionality of IL-8 produced by ACPA-positive B cells. A TT-specific B cell 

clone, generated using identical technology, was included as control. ACPA-positive, clonal 

B cells stimulated with any one of the citrullinated proteins, fibrinogen, vinculin, or myelin 

basic protein (MBP), which are three well-established citrullinated antigens (22), produced 

higher amounts of IL-8 compared with cells cultured in the presence of the noncitrullinated 

versions of the same proteins (Fig. 5C). Differences were observed as to the amount of IL-8 

secretion induced, possibly because of differential avidity of the clone for the individual, 

citrullinated antigens. The TT-specific clone did not react to stimulation with citrullinated 
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proteins (fig. S10). Instead, these cells secreted IL-8 upon BCR stimulation with anti-IgG 

and anti-IgM or in response to stimulation with both CD40L and anti-IgG and anti-IgM 

(fig. S10), as did primary human B cells upon BCR ligation in combination with CD40 

stimulation (fig. S11).

IL-8 is a chemoattractant for neutrophils (23). Moreover, neutrophils are the most prevalent 

immune cells in RA joints and contribute to joint damage in RA (24). Therefore, the 

neutrophil chemoattractant capacity of IL-8 produced by the ACPA-positive B cell clone 

was assessed. The clonal B cells or the TT-specific B cell clone (as a negative control) 

were stimulated with CCP2 streptavidin tetramers and soluble CD40L oligomers. At day 

3, supernatants from these cultures were tested for IL-8 production by enzyme-linked 

immunosorbent assay (ELISA) (Fig. 5D) and used in a neutrophil migration assay. 

Supernatant of the stimulated, ACPA-positive B cell clone, but not supernatants from the 

TT-specific B cell clone, enhanced neutrophil migration, which was inhibited by adding a 

neutralizing mouse anti-human IL-8 antibody (Fig. 5E). Together, these data showed that 

ACPA-positive B cells can produce functional IL-8, which induced neutrophil migration in 

vitro.

Discussion

The functional role of autoreactive B cells in the immune pathogenesis of human 

autoimmune disease is largely unclear. Hypotheses on the pathogenic involvement of such 

cells in disease-relevant processes have mainly been generated from murine studies and 

extrapolated from the study of (secreted) autoantibodies. Moreover, the relevance of these 

cells in disease pathology is supported by the clinical efficacy of broadly B cell–depleting 

interventions. In-depth analysis of the autoreactive B cell compartment itself on the cellular 

level, however, has been hampered by difficulties in reliably identifying and isolating 

these rare, antigen-specific human B cell populations at high purity from patients. Using 

well-defined clinical phenotypes of a prototypic human autoimmune disease, RA, and its 

prearthritic, at-risk phase of arthralgia, we here studied the characteristics of autoreactive 

B cells circulating in the peripheral blood and synovial fluid of individual patients. We 

used stringent, multimeric, antigen-specific multicolor flow cytometry and cell sorting. We 

studied B cells directed against citrullinated antigens in this context, because the secreted 

ACPA repertoire represents the most specific, autoreactive humoral immune response in this 

disease (2), with numerous in vitro and epidemiologic studies pointing toward its immune-

pathogenic involvement in the inflammatory disease process (1, 25–30). We hypothesized 

that the phenotypic and functional characterization of these cells could lead to better insights 

into their potential role in the initiation and maintenance of inflammation; in addition, it 

could indicate whether these cells are attractive targets for antigen-specific interventions.

TT-specific B cells, representative of a prototypic human MBC response to a foreign 

antigen, were chosen as a suitable comparator because of their similar frequency and 

differentiation state in peripheral blood. We found that, in patients with RA, TT-specific 

MBCs circulate in a quiescent, resting state, whereas >30% (on average) of ACPA-positive 

B cells actively proliferate and show additional signs of activation. The phenotype of ACPA-

positive B cells resembled the phenotype of TT-specific B cells shortly after TT-booster 
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vaccination. These data are important because they provide evidence that the autoreactive B 

cell response in a prominent human autoimmune disease, RA, is continuously activated and 

does not reach a quiescent or steady state that is observed for recall responses after infection 

or vaccination (17). Similar to our observations on the protein and mRNA level for selected 

markers in the autoreactive MBCs, a distinct transcriptional profile has been described for 

vaccination-induced B cells (17). This profile contrasts with that of conventional MBCs, 

suggesting that such cells may undergo differential developmental pathways during germinal 

center responses. Whether this is also the case for autoreactive aMBC that we identified here 

remains to be studied.

Furthermore, we found that ACPA-positive B cells had reduced amounts of the 

inhibitory receptor CD32 and secreted functionally active, proinflammatory cytokines 

upon stimulation, in particular IL-8. In the inflamed joint, we additionally observed B 

cells that produced such cytokines without ex vivo stimulation. The frequency of ACPA-

positive MBCs in the synovial compartment was very low, limiting detailed phenotypic 

analyses. However, our data suggested that aMBCs could differentiate toward plasmablasts 

or plasma cells at this site. Together, these results provided evidence for a mechanism of 

how autoreactive, in this case ACPA-positive, B cells contribute to inflammatory disease 

processes in RA. The frequency of ACPA-positive aMBCs strongly correlated with ACPA 

titer in plasma, whereas the frequency of circulating TT-specific MBCs and plasma anti-

TT antibodies were disconnected [our data and other’s (31)]. Furthermore, we detected 

ACPA-positive B cells in the memory and the plasmablast or plasma cell populations in 

circulation, in contrast to TT-specific B cells that circulated primarily as MBCs. These data 

indicated that the ACPA response is dynamic and suggested that some of the ACPA-positive 

aMBCs in the circulation originate from recent stimulation events, conceivably from antigen 

encounter in germinal centers.

In our phenotypic analysis, ACPA-positive aMBC were also highly positive for 

costimulatory molecules CD80 and CD86 and had abundant HLA-DR. These features 

are compatible with a close interaction between these B cells and T cells, most likely 

in germinal centers or similar structures at extrafollicular sites (32, 33). BCRs of ACPA-

positive B cells are heavily mutated, presumably because of extensive T cell help under the 

influence of certain HLA susceptibility molecules (1, 34). Consequently, HLA association, 

extensive somatic hypermutation, and the presence of class-switched ACPA have been 

taken as indicators that T cell help drives the maturation of the ACPA response (1). This 

maturation occurs in the prearthritic at-risk phase of RA and precedes the clinical transition 

from arthralgia to overt arthritis (5). Therefore, we hypothesized that the activation status 

of ACPA-positive B cells would be less pronounced or absent from individuals who had 

not yet presented with established RA. Although ACPA-positive B cells from these ACPA+ 

arthralgia individuals were readily detectable in the circulation and a fraction of them were 

positive for Ki-67, they closely resembled the resting MBC phenotype observed for TT-

specific B cells in patients with established RA, at least with regard to the markers tested. 

In line, no ACPA-positive plasmablasts or plasma cells were observed in the circulation 

at this stage. We deliberately chose individuals who had maintained a status of arthralgia 

for at least 2 years to enable a clear discrimination between immunological phenotypes. 

During additional follow-up of 2 years after the analyses, none of the individuals studied 
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here progressed to RA. This could indicate that the degree to which ACPA-positive B cells 

have the markers described associates with or even precedes disease precipitation. In this 

context, it is intriguing that at the stage of early onset RA, a proxy for recent progression 

from arthralgia to arthritis, ACPA-positive MBCs were highly positive for these markers 

of activation and a marker of proliferation. Thus, we propose that the acquisition of the 

activated phenotype by ACPA-positive MBC associates with the onset of disease. Hence, it 

will be important for subsequent work to closely follow the phenotype of ACPA-positive B 

cells over time in individuals with arthralgia who transition to RA versus those that do not.

In human autoimmunity, it remains important to understand why and how autoreactive B 

cells escape from control mechanisms that should normally prevent their emergence and 

persistence. B cell activation requires balanced signals from activating receptors, such as 

CD19, and from inhibitory receptors, such as CD32b. Both excess CD19 (35, 36) and 

CD32b deficiency (37) in mice facilitate autoantibody production, supporting the essential 

roles of CD19 and CD32b in regulating and maintaining peripheral B cell tolerance. We 

found that ACPA-positive aMBCs had increased amounts of CD19 and reduced amounts 

of CD32 compared to TT-specific MBCs or ACPA-negative MBCs. This would result in 

desensitizing ACPA-positive aMBCs from CD32-mediated inhibition and, hence, confer 

resistance to a key regulator that could limit autoreactivity. A mechanism for the reduction 

of CD32 on ACPA-positive aMBC is CD40 stimulation by T cells (38).

Several results supported the concept of interactions between T cells and B cells as driving 

the ACPA response. Not only does CD40 stimulation of B cells by T cells reduce the 

abundance of CD32, which we observed on the ACPA-positive aMBCs, but a fraction of 

the ACPA-positive aMBCs were also positive for the T cell–stimulating proteins CD80 

and CD86, which activate CD28 on T cells. CD80/86-CD28 interaction in the cross-talk 

between B and T cells is essential for the activation of autoreactive T cells and the 

induction of arthritis in the proteoglycan-induced arthritis mouse model (39). Therefore, it is 

possible that ACPA-positive B cells partly exert their pathogenic effects in RA by presenting 

antigens to T cells, thereby recruiting the help required for their own expansion and further 

differentiation.

Activation and continuous antigenic triggering of B cells can induce the secretion of 

various cytokines and inflammatory mediators. Upon stimulation, we observed that ACPA-

positive aMBCs secreted remarkable amounts of IL-8, along with lesser amounts of IL-6 

and TNFα. ACPA-positive B cells from the synovial fluid also produced IL-8 without 

additional stimulation ex vivo. The IL-8 secreted by these cells is likely functional in 

vivo, because IL-8 derived from stimulated, ACPA-positive immortalized human B cells 

induced neutrophil migration in vitro. Neutrophil migration was mostly but not completely 

blocked upon inhibition of IL-8, indicating that not only IL-8 but also other factors secreted 

by these B cells can induce neutrophil migration. Neutrophils are the most abundant cell 

type in the inflamed synovial compartment of affected joints in established RA (24). By 

local production in the early phases of arthritis development, activation of ACPA-positive 

B cells could be highly relevant; IL-8 secretion could stimulate the attraction and influx 

of neutrophils. In addition, the influx and activation of other innate immune cells, such 

as macrophages, could also be stimulated, and it is possible that cytokines derived from 
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ACPA-positive B cells could contribute to the local activation of fibroblasts. Expanded B 

cell clones of unknown specificity have been observed in the peripheral blood of at-risk 

individuals with arthralgia, and such expanded clones predicted the transition to overt RA 

(40). Upon arthritis development, these clones disappeared from peripheral blood and were 

found in synovial tissue. Thus, it is intriguing to speculate that activated, autoreactive B 

cell clones, whether citrulline specific or not, migrate to joints and actively contribute to the 

initiation of arthritis through the secretion of IL-8.

Last, we observed the activated phenotype of ACPA-positive B cells in all patients with 

established RA. Most of these received csDMARDs. There was no association between 

the phenotype of ACPA-positive aMBCs and measures of disease activity. Thus, patients 

in clinical remission had activated, autoreactive B cells in their circulation. This suggests 

that, in RA, clinical remission induced by antirheumatic treatment reflects suppression of 

inflammation rather than quiescence of the underlying immune response. Hence, patients 

in clinical remission are not necessarily in a state of “immunological remission,” which 

could explain why disease frequently flares in patients upon treatment discontinuation 

(41). Future studies should therefore evaluate whether the phenotype of the ACPA+ B cell 

response reflects “immunological disease activity” and whether immunological remission as 

defined by a quiescent phenotype of ACPA-positive B cells may prognosticate the chance to 

successfully taper medication.

We acknowledge limitations to our study. First, the cross-sectional nature of our analyses 

impedes us from concluding about the dynamics of the activated phenotype in individual 

patients. Because the patients with arthralgia analyzed did not progress to RA within the 

time of follow-up, longitudinal analysis in a prospective setting is necessary to delineate 

whether the activated phenotype of ACPA-positive B cells precedes or coincides with the 

onset of RA. B cells in synovial fluid were limited; consequently, we could not perform full 

phenotypic characterization of ACPA-positive B cells and a comparison with TT-specific B 

cells in this compartment. We only evaluated a small number of markers. Thus, in-depth 

transcriptomic profiling or proteomic analyses will be necessary to delineate the full 

pathogenic potential of ACPA-positive B cells to identify potential targets for therapeutic 

interventions.

In summary, we refined the conceptual understanding of human autoreactive B cells in 

different phases of a common autoimmune disease, RA. We provided evidence that ACPA-

positive autoreactive B cells have phenotypic and functional characteristics that fit well 

with continuous antigen-driven activation and an immune-pathogenic role in this disease. 

ACPA-positive B cells were proliferative, showed markers that facilitate the activation of 

T cells, down-regulated the inhibitory receptor CD32, up-regulated CD19, and actively 

differentiated into IL-8 and ACPA-producing plasmablasts or plasma cells. This phenotype 

was most prominent at the onset of disease. In addition, it persisted in patients who 

reached treatment-induced clinical remission, which provides evidence for the concept of 

immunological remission as a relevant treatment target in RA. Therefore, specific depletion 

or silencing of this activated B cell compartment is a relevant and testable treatment strategy 

for future therapeutic interventions.
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Materials and Methods

Study design

The study was designed as a cross-sectional analysis of peripheral blood and synovial 

fluid samples of individual patients with ACPA+ RA or ACPA+ clinically suspect arthralgia 

[CSA (42)] or of healthy individuals. No therapeutic intervention was administered to 

patients for the purpose of the study. Patients who had received prior treatment with biologic 

agents were excluded. The researcher performing sample workup and analysis was aware 

of the diagnosis but blinded to the clinical parameters of the patients. Sample numbers and 

experimental replicates are provided in the figure legends.

Patients and healthy individuals

Peripheral blood and synovial fluid from patients with ACPA+ RA were obtained at the 

outpatient clinic of the Department of Rheumatology at Leiden University Medical Center 

(LUMC). All patients with RA met the 2010 American College of Rheumatology/European 

League against Rheumatism (ACR/EULAR) criteria for RA at the time of diagnosis. 

Treatment regimens included csDMARDs and glucocorticoids. All patients were naïve for 

biologic agents and had never received B cell–depleting therapy. Individuals with arthralgia 

were recruited from the CSA cohort (43) of the LUMC on the basis of their ACPA positivity. 

None of these had, so far, developed clinical signs of arthritis and, hence, did not meet 

the 2010 ACR/EULAR criteria for RA at the time of sampling. Selected patients with RA 

received TT booster vaccination in the untreated phase of recent-onset disease; peripheral 

blood was sampled within a maximum of 42 days after vaccination. All donors gave written 

informed consent. Permission for conduct of the study was obtained from the ethical review 

board of LUMC.

Cell isolation and culture

To determine the concentration of CCP2 tetramers for flow cytometry experiments, 

human embryonic kidney (HEK) 293 T cells expressing cell-surface ACPA (HEKACPA-

TM) were generated by transducing HEK 293T cells with lentiviral vectors encoding the 

transmembrane antibody against CitFib1.1, as previously described (11). These cells were 

cultured in Dulbecco’s modified Eagle’s medium supplemented with 8% heat-inactivated 

fetal calf serum (FCS), penicillin/streptomycin (100 U/ml), 2 mM GlutaMAX, and l 

puromycin (1 μg/ml) (from InvivoGen).

To assess the abundance or presence of activation and inhibitory markers, PBMCs 

were isolated from 50 ml of heparinized peripheral blood using Ficoll-Paque gradient 

centrifugation and stored over-night at 4°C in Iscove’s modified Dulbecco’s medium 

(IMDM) supplemented with 8% FCS, penicillin/streptomycin (100 U/ml), and 2 mM 

GlutaMAX (the combination is referred to as culture medium). For the same purpose, 

synovial fluid from swollen joints was obtained by arthrocentesis and centrifuged; the pellet 

was harvested and suspended in phosphate-buffered saline (pH 7.4) at room temperature. 

SFMCs were isolated and stored at 4°C in culture medium.

Kristyanto et al. Page 12

Sci Transl Med. Author manuscript; available in PMC 2024 April 29.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



To determine cytokine secretion by Luminex assay, sorted ACPA-positive or control cells 

were cultured in IMDM supplemented with 10% FCS, penicillin/streptomycin (100 U/ml), 

2 mM GlutaMAX, and gentamicin (50 μg/ml) in a 96-well flat-bottom plate on a layer of 

7000 gray–irradiated murine fibroblasts positive for human CD40L (5 × 103 cells per well) 

in the presence of anti-IgM (5 μg/ml) and IgG F(ab′)2 fragments (Jackson ImmunoResearch 

Laboratories). Supernatants were harvested after 7 days of incubation.

To assess the production of cytokines from SFMCs, synovial fluid was treated with 

hyaluronidase (100 μg/ml; Sigma-Aldrich) for 30 min at 37°C before SFMC isolation as 

described above. SFMCs were then cultured with culture medium and brefeldin A (2 μg/ml) 

for 20 hours before staining.

Immortalized B cells recognizing CCP2 or TT were generated by transducing antigen-

specific human MBCs with retroviruses encoding Bcl-6 and Bcl-xL. Transduced cells can 

be visualized by their expression of green fluorescent protein. Immortalized clones were 

cultured in the presence of irradiated CD40L-positive cells and mouse IL-21–Fc (mIL21-

Fc), as previously described (20, 21).

To assess IL-8 production by immortalized ACPA B cells, 1 × 105 immortalized ACPA+ or 

TT+ B cells were cultured with 1 × 104 irradiated CD40L-positive cells and citrullinated 

MBP (cit-MBP) (30 μg/ml), cit-vinculin (100 μg/ml), cit-fibrinogen (60 μg/ml), or their 

mock citrullinated proteins. Supernatants were collected after 3 days of culture.

To assess neutrophil migration, neutrophils were isolated from peripheral blood of 

healthy volunteers using dextran sedimentation and Ficoll-Paque gradient centrifugation, 

as previously described (44). The purity of such isolations was >90%. Supernatants were 

collected from cultured, immortalized ACPA+ and TT+ B cells (1 × 105 each), which were 

stimulated with CCP2-avidin (100 μg/ml) and soluble MEGA-CD40L (100 ng/ml) (Enzo) 

for 3 days.

Antigen labeling

To identify B cells specific for citrullinated antigens by flow cytometry, biotinylated CCP2 

or its arginine control variant (CArgP2) were conjugated with Brilliant Violet 605 (BV605) 

or allophycocyanin (APC)–labeled streptavidin or phycoerythrin (PE)–labeled extravidin 

(Sigma-Aldrich, Life Technologies, and BioLegend), as previously described (11). To 

identify TT-specific B cells, TT (Statens Serum Institut) was labeled with APC or PE 

using AnaTag labeling kit, according to the manufacturer’s instruction (AnaSpec). Optimal 

concentrations of labeled CCP2 or CArgP2 tetramers and labeled TT were obtained by 

titration on HEKACPA-TM and wild-type HEK 293T cells or on immortalized TT-specific B 

cells, respectively.

Flow cytometry

To stain for activation markers on both ACPA-positive and TT-specific B cells, PBMCs 

were divided into three equal fractions and stained for dead cells using Fixable Violet 

Dead Cell Stain Kit (Molecular Probes). Two fractions were subsequently stained with 

CCP2-APC, CCP2-BV605 and CArgP2-PE tetramers, anti-CD3 Pacific Blue (PB, clone 
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UCHT1), CD14 PB (clone M5E2), CD19 APC-Cy7 (clone Sj25C1), CD20 Alexa Fluor 

700 (clone 2H7, BioLegend), CD27 PE-Cy7 (clone M-T271), anti-CD80 Brilliant Blue 

515 (clone L307.4), CD86 BV510 (clone 2331), HLA-DR PE-CF594 (clone G46-6), or 

the respective isotype control antibodies for anti-CD80, anti-CD86, and HLA-DR (except 

anti-CD20, all BD Biosciences). To stain for the inhibitory marker CD32, anti-CD32 

PE-CF594 (clone FLI8.26, BD Biosciences) or its isotype control antibody were used in 

fraction 2. The third fraction was stained with TT-APC, TT-PE, and the same labeled 

antibodies as in fraction 1. Subsequently, all fractions were fixed, permeabilized (Fixation/

Permeabilization Concentrate, Diluent, and Buffer by eBioscience) and stained with anti–

Ki-67 PerCP-eFluor710 (clone 20Raj1, eBioscience) or an appropriate isotype control. To 

test the staining specificity of TT-specific B cells, cells were preincubated with 10× excess 

of TT or bovine serum albumin before staining with labeled TT.

To stain for intracellular cytokines, unstimulated SFMCs (see Cell Isolation and Culture) 

were divided into two fractions. Both were stained for dead cells, CD3, CD14, CD19, CD20, 

and CD27. Subsequently, cells were fixed, permeabilized (BD Perm/Wash, BD Biosciences), 

and stained intracellularly with CCP2-BV605 and CCP2-APC tetramers. One fraction was 

additionally stained with anti–IL-8 PE (clone G265-8), anti–IL-6 fluorescein isothiocyanate 

(clone AS12), and anti-TNFα PE-CF594 (clone Mab11) (all from BD Bio-sciences). The 

other fraction was additionally stained with the iso-type controls of these antibodies. All 

flow cytometry measurements were conducted using a BD LSRFortessa (BD Biosciences).

Cell sorting

PBMCs were stained using markers for dead cells, CD3, CD14, CD19, CD20, CD27, CCP2-

APC, CCP2-BV605, and CArgP2-PE. ACPA-positive MBCs (dead cell staining negative, 

CD3-, CD14−, CD19+, CD20+, CD27+, CCP2+/+, and CArgP−) and tetramer-negative MBCs 

(CCP2−/−) were sorted using BD FACSAria III (BD Biosciences).

Protein citrullination

Citrullinated vinculin, fibrinogen, and MBP were generated by incubating overnight 

vinculin435–739 (1 mg/ml; provided by S. van Kasteren, Leiden Institute of Chemistry), 

fibrinogen (1 mg/ml; Sigma-Aldrich), and MBP (1 mg/ml; Sigma-Aldrich) with 0.1 M 

tris-HCl, 10 mM CaCl2, and human recombinant Peptidyl Arginine Deiminase Type 4 

(Sigma-Aldrich), 5 U for vinculin, 5 U for fibrinogen, and 3 U for MBP. Unmodified 

proteins were generated by incubating the proteins with PAD4 and tris-HCl without CaCl2.

Enzyme-linked immunosorbent assay

The presence of ACPA-IgG and anti-TT IgG in patient’s plasma was assessed by ELISA on 

the basis of reactivity against biotinylated CCP2 or TT, respectively. Biotinylated CCP2 was 

coupled to streptavidin-coated ELISA plates, and TT was directly coated to C96 Maxisorp 

Nunc-Immuno plates (Thermo Fisher Scientific). Plasma-heparin samples were tested at a 

1:50 dilution and higher. Bound ACPA and anti-TT IgG were detected by polyclonal rabbit 

human IgG horseradish peroxidase (Dako) and stained with ABTS.H2O2 (Sigma-Aldrich). 

The presence of secreted IL-8 by stimulated immortalized B cells was assessed by Human 
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IL-8 ELISA (Ready-SET-Go! 2nd Generation, Affymetrix eBioscience) according to the 

manufacturer’s instruction.

Luminex assay

To assess the cytokine production by ACPA-positive MBCs, supernatants of cultured ACPA-

positive and tetramer-negative MBCs were analyzed using high-sensitivity Luminex assay 

(R&D Systems Magnetic Luminex Performance Assay) for the production of human IL-2, 

IL-4, IL-5, IL-6, IL-8, IL-10, IL-12 p70, GM-CSF, IFN-γ, TNFα, and VEGF, according to 

the manufacturer’s instruction.

Neutrophil migration assay

The capacity of IL-8 produced by immortalized ACPA-positive B cells to induce neutrophil 

migration was assessed by adding the supernatant of stimulated cells to the bottom of 

a ChemoTx disposable chemotaxis 96-well system (3-μm-diameter filter; Neuro Probe). 

Neutrophils (2 × 105) were added on top of the filter for 90 min according to the 

manufacturer’s instruction. As a positive control, rhL-8 (100 ng/ml; BioLegend) was added 

to the culture medium. To test for specificity of the effect of IL-8, the supernatant was 

incubated with mouse anti–IL-8 blocking antibody (50 μg/ml; clone 807, Abcam) for 1 

hour at 37°C before the assay. The number of migrated neutrophils was assessed by flow 

cytometry. To correct for technical variations in cell counts obtained by flow cytometry, 10 

μl of cell counting beads (±10,000 beads; Invitrogen) were added to fixed neutrophils and 

mixed thoroughly before measurement on a BD LSRFortessa (BD Biosciences). The number 

of migrated neutrophils was normalized to the number of beads added to the sample.

Real-time PCR of isolated B cell populations

Pools of 8 to 30 CD19+CD20+CD27+ CCP2+/+CArgP2− B cells and respective CCP2− 

control B cells were obtained by fluorescence-activated cell sorting from patients with 

ACPA+ RA. Cells were subjected to mRNA isolation and complementary DNA (cDNA) 

synthesis according to Picelli et al. (SmartSeq2 protocol) (45). cDNA was preamplified (18 

to 23 cycles) using KAPA HiFi HotStart ReadyMix, followed by purification with Ampure 

XP beads. RT-PCRs were performed using 1:20 diluted cDNA and SYBR Green. Negative 

controls included H20 in PCRs and “empty wells” included from the sorting procedure. 

Primer sequences are provided in Table 2.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 6.02. Correlations and 

comparisons were assessed using nonparametric tests. Mann-Whitney test was used to 

compare data from unpaired samples (for example, healthy donors versus patients with RA); 

Wilcoxon signed-rank test was used to compare paired data from individual patients with 

RA. In case of multiple comparisons, one-way analysis of variance (ANOVA) was used, 

followed by Dunn’s test to correct for multiple testing. Specific information is provided in 

the figure legends. Individual subject-level data are provided in data file S1.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Identification and subset characterization of ACPA-positive and tetanus toxoid–specific B 
cells in RA.
(A) Gating strategy. Peripheral blood mononuclear cells (PBMCs) from single donors 

(patients with RA, n = 21) were divided into three fractions and stained with either CCP2 

and CArgP2 streptavidin tetramers to identify ACPA+ B cells or with directly labeled tetanus 

toxoid (TT) to identify TT+ B cells. Preincubation with unlabeled TT or bovine serum 

albumin (BSA) was used to demonstrate specificity of the TT staining. Subsets of B cells 

were delineated by the presence of CD20 and CD27. SSC, side scatter; FSC, forward 
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scatter. (B) Top: Frequency of CD19+ B cells in PBMC and synovial fluid mononuclear 

cells (SFMCs). Bottom: Frequency of TT+ B cells and ACPA+ B cells in PBMCs versus 

ACPA+ B cells in SFMCs. (C) Subset distribution of ACPA-negative (ACPA−), TT+, and 

ACPA+ B cells in PBMCs based on CD20 and CD27 abundance (n = 21). ns, not significant. 

(D) Subset distribution of ACPA+ and ACPA− B cells in SFMCs (n = 5). (E) Correlation 

between the frequency of ACPA+ memory B cells (MBCs) (defined as CD20+CD27+) in 

PBMC and plasma ACPA IgG concentrations (left, n = 20) and correlation between the 

frequency of TT+CD20+CD27+ B cells and plasma anti-TT IgG antibodies (right, n = 10). 

The correlation between ACPA+ MBCs and plasma ACPA IgG remains upon removal of the 

data point with the highest ACPA plasma concentration (r = 0.57; P = 0.01). In (B) to (E), 

each dot represents one patient sample. ****P ≤ 0.0001. Two-tailed Mann-Whitney test in 

upper panel of (B), one-way ANOVA with Dunn’s multiple comparison test in lower panel 

of (B) and in (C) and (D); Pearson correlation in (E). All data represent median ± 95% 

confidence interval; n = number of donors. AU, arbitrary units.
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Fig. 2. Phenotypic characteristics of memory (CD20+CD27+) ACPA−, TT+, and ACPA+ B cells in 
RA patient–derived PBMCs.
(A and B) Forward scatter and proportion of MBCs positive for activation markers (CD19, 

HLA-DR, CD80, CD86, and Ki-67) in the respective cell populations in PBMCs of 

individual donors in which both ACPA-positive (ACPA+) and TT-specific (TT+) B cells 

were assessed in parallel (n = 19). Median fluorescence intensity (MFI) was analyzed 

for markers present in the entire cell population (FSC, CD19, and HLA-DR). Subsets of 

cells were positive for CD80, CD86, and Ki-67. These data are depicted as percentage 

positive cells within the respective cell population (CD80, CD86, HLA-DR, and Ki-67 

were assessed in n = 8 of 19 donors). FSC data were compiled from samples that had 
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not undergone permeabilization to avoid influencing cell size (n = 9 of 19). Connected 

dots depict data from individual patients. (C) Correlation between clinical disease activity 

parameters and the characteristics of ACPA+ B cells [n = 20; see fig. S4 for data on 

erythrocyte sedimentation rate (ESR)]. Data are presented as percentage of ACPA+ MBCs 

positive for the respective marker in relation to the disease activity score (DAS). The DAS 

was calculated on the basis of three variables {3v: ESR and an evaluation of 44 joints 

for signs of pain (tender joint count) and swelling (swollen joint count) [DAS44(3v)]}. 

The dashed lines represent the category of disease activity, with a score >2.4 being high 

disease activity, >1.6 and <2.4 being moderate disease activity, and <1.6 low disease activity 

or remission. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001. Two-tailed 

Wilcoxon signed-rank test in (A) for the FSC graph, one-way ANOVA with Dunn’s multiple 

comparisons test in (A) for the CD19 and HLA-DR graphs and (B). n = number of donors.
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Fig. 3. Comparison of the characteristics of ACPA-positive MBCs in different phases of disease.
ACPA-positive MBCs were analyzed from patients with arthralgia (n = 8), recent-onset, 

untreated RA (n = 7), and established, treated RA (n = 20) and compared to TT-specific B 

cells in the steady state (assessed in n = 13 patients with established, treated RA) and in 

recently vaccinated patients with RA (n = 11). (A) The abundance and percentage of cells 

positive for CD19, HLA-DR, CD80, CD86, or Ki-67 within the ACPA+ MBCs from the 

indicated RA disease stages. (B) The abundance and percentage of cells positive for CD19, 

HLA-DR, CD80, CD86, or Ki-67 within the TT-specific (TT+) MBCs from patients with 
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RA in the steady state (n = 13) and in patients upon recent vaccination (assessed within 30 

days after booster immunization, n = 8 of 11). (C) Correlation of percent of Ki-67-positive, 

TT-specific (TT+) MBCs with time after vaccination with TT in untreated patients with RA 

(includes three patients assessed >30 days after booster immunization, n = 11). Every dot 

represents an individual patient; lines represent median values. *P ≤ 0.05, **P ≤ 0.01, and 

****P ≤ 0.0001. One-way ANOVA with Dunn’s multiple comparisons test in (A); two-tailed 

Mann-Whitney test in (B); Pearson correlation in (C). n = number of donors.
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Fig. 4. Presence of the inhibitory receptor CD32 on ACPA+ MBCs and TT-specific MBCs from 
patients with established RA.
(A) Abundance of CD32 on the surface of ACPA+ or TT-specific MBCs (n = 7). (B) 

Abundance of intracellular CD32 in ACPA+ or ACPA− MBCs (n = 4). Connected dots depict 

data from individual patient samples. *P ≤ 0.05, **P ≤ 0.01. One-way ANOVA with Dunn’s 

multiple comparisons test in (A), two-tailed Wilcoxon signed-rank test in (B). n = number of 

donors.
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Fig. 5. Functional properties of ACPA+B cells.
(A) Cumulative secretion of IL-8, IL-6, or TNFα by PBMC-derived ACPA+ or ACPA− 

MBCs upon BCR and CD40 stimulation for 7 days (n = 5) (see fig. S8 for additional 

cytokine measurements). Equal numbers of ACPA+ and ACPA− B cells were cultured per 

donor. Results are shown as cytokine secretion per sorted cell. (B) Production of IL-8, IL-6, 

or TNFα by ACPA+ B cells from RA synovial fluid in the absence of ex vivo stimulation 

(n = 4). SFMCs were cultured overnight in medium in the presence of brefeldin A (2 μg/ml) 

to block release of the cytokines into the medium. Representative flow cytometry data 

(left) and collated results (right) are shown. To compare production, the difference between 

median fluorescence intensities of isotype staining and those of cytokine staining for the 

ACPA− and ACPA+ B cells was plotted. (C) IL-8 secretion by an immortalized ACPA+ B 

cell clone upon stimulation with the indicated citrullinated proteins and irradiated CD40L-

positive cells. Immortalized ACPA B cells were cultured with citrullinated (cit) fibrinogen 

(Fib), vinculin (Vin), or myelin basic protein (MBP) (white bars) or their mock-citrullinated 
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counterparts (black bars) in the presence of irradiated CD40L-positive cells for 3 days (one 

of three representative experiments is shown; n = 3). Supernatants were collected and tested 

for the presence of IL-8 by ELISA. (D) IL-8 secretion by the ACPA+ B cell clone and a 

TT-specific B cell clone upon stimulation with CCP2-avidin and soluble CD40L oligomers 

(n = 3, N = 3). Results from one representative experiment are shown. (E) Neutrophil 

migration induced by supernatants from CCP2-stimulated ACPA+ B cells. Healthy donor 

neutrophils were incubated for 90 min with supernatants from ACPA+ B cells stimulated 

with CCP2 tetramer for 3 days (n = 3, N = 3). Results from one representative experiment 

are shown. *P ≤ 0.05, **P ≤ 0.01, and ****P ≤ 0.0001. Two-tailed, unpaired Student’s t test 

in (C); two-tailed paired t test in (E). In (A) and (B), n = number of donors. In (C) to (E), 

data represent means ± SD from one representative experiment of three experiments (N = 3) 

with three technical replicates (n = 3).
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Table 1
Characteristics of patients with ACPA-positive arthralgia and established RA included in 
the study.

At-risk arthralgia Established RA

Number of patients 8 20

ACPA-IgG plasma concentrations

  Median (AU/ml) 420 2343

  Range (AU/ml) 31–2563 101–7667

Frequency of
ACPA-positive B cells in
total PBMCs

  Median (%) 0.0017 0.0049

  Range (%) 0.0008–0.0388 0.0012–0.0237
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Table 2
List of primers used for real-time PCR of isolated B cell populations.

Gene Forward Reverse

B2M 5′ GATCGAGACATGTAAGCAGC ′3 5′ TCAAACATGGAGACAGCAC ′3

CD19 5′ TGGAGACGGGTCTGTTGTTG ′3 5′ CAGCAGCCAGTGCCATAGTA ′3

CD20 5′ CGTGCTCCAGACCCAAATCT ′3 5′ TCAGTTAGCCCAACCACTTCT ′3

CD80 5′ CATCACCATCCAAGTGTCCA ′3 5′ TGCCAGTAGATGCGAGTTTG ′3

CD86 5′ GCTGTAACAGGGACTAGCACA ′3 5′ CTTAGGTTCTGGGTAACCGTGT ′3
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