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ABSTRACT
Objectives Almost all patients with systemic sclerosis 
(SSc) harbour autoantibodies. Anti- topoisomerase 
antibodies (ATA) and anti- centromere antibodies (ACA) 
are most prevalent and associate with distinct clinical 
phenotypes. B cell responses underlying these phenotypes 
are ill- defined. To understand how B cell autoreactivity and 
disease pathology connect, we determined phenotypic and 
functional characteristics of autoreactive B cells in ATA- 
positive and ACA- positive patients.
Methods Levels and isotypes of autoantibodies secreted 
by ex vivo cultured peripheral blood mononuclear cells 
from patients with ATA- positive (n=22) and ACA- positive 
(n=20) SSc were determined. Antibody secreting 
cells (ASCs) were isolated by cell sorting and cultured 
separately. Correlations were studied between the degree 
of spontaneous autoantibody production and the presence 
and degree of interstitial lung disease (ILD).
Results Circulating B cells secreting either ATA- 
immunoglobulin G (IgG) or ACA- IgG on stimulation was 
readily detectable in patients. The ATA response, but 
not the ACA response, showed additional secretion of 
autoreactive IgA. ATA- IgG and ATA- IgA were also secreted 
spontaneously. Additional cell sorting confirmed the 
presence of ATA- secreting plasmablasts. The degree of 
spontaneous ATA- secretion was higher in patients with ILD 
than in those without (p<0.001) and correlated with the 
degree of pulmonary fibrosis (p<0.001).
Conclusion In contrast to ACA- positive patients, ATA- 
positive patients show signs of recent activation of the 
B cell response that hallmarks this disease. The degree 
of activation correlates with the presence and severity 
of ILD, the most deleterious disease manifestation. This 
could explain differential responsiveness to B cell depleting 
therapy. The abundant and spontaneous secretion of 
ATA- IgG and ATA- IgA may point toward a continuously 
activating trigger.

INTRODUCTION
Systemic sclerosis (SSc) is an orphan auto-
immune disease, characterised by microan-
giopathy, immune dysregulation and fibrosis 

of the skin and visceral organs.1 SSc has the 
highest mortality burden among the rheu-
matic diseases and displays remarkable clin-
ical heterogeneity. Disease course can vary 
from rapidly progressive disease with multiple 
organs involved to indolent courses with little 
or no deterioration over time. Currently, the 
mechanisms responsible for this heteroge-
neity are poorly understood, nor are there 
distinctive biomarkers available to reliably 
predict different phenotypes or to aid in the 
choice of treatment. A better understanding 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Deranged B cell immunity is one of the hallmarks 
of SSc; different autoantibody reactivities associate 
with distinct clinical phenotypes.

 ⇒ Autoreactive B cells have been detected in patients 
but it is unclear how such responses are triggered 
and whether and how such cells are involved in dis-
ease pathology.

WHAT THIS STUDY ADDS
 ⇒ B cells against topoisomerase- 1 are not just present 
but circulate as activated, immunoglobulin G (IgG) 
expressing and IgA- expressing memory B cells and 
plasmablasts; the degree of activation (plasmablast 
differentiation) of this B cell response associates 
with presence and severity of ILD.

 ⇒ In contrast, the anti- centromere B cell response 
shows far less of this immunological activity and 
lacks an active IgA compartment.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Differential immunological (B cell) activity in SSc 
patients may help to explain patient heterogeneity, 
identify patients that could benefit from specific (B 
cell targeting) interventions, and inform research on 
potential triggers that activate the autoreactive B 
cell compartment.
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of the underlying immunological abnormalities and, 
especially, the differences in disease course between 
patients, is crucial for improved and more personalised 
treatment and for a deeper understanding of disease 
pathogenesis.

Over 95% of patients with SSc harbour antinuclear 
autoantibodies (ANA), including anti- topoisomerase- 1 
antibodies (ATA), anti- centromere antibodies (ACA) 
and anti- RNA polymerase III antibodies. These autoan-
tibodies rarely coexist (<2%), with ATA and ACA being 
most prevalent.2 3 ATA- immunoglobulin G (IgG) and 
ACA- IgG associate with distinct clinical phenotypes.2–5 
ATA- IgG associate with diffuse skin involvement (diffuse 
cutaneous SSc, dcSSc), interstitial lung disease (ILD) 
and a progressive disease course. ACA- IgG associate 
with limited skin involvement (limited cutaneous SSc), 
involvement of the gastrointestinal tract and a relatively 
mild prognosis. SSc- specific autoantibodies can be found 
before the onset of clinical disease. In several cohorts, 
levels of individual isotypes were found to associate 
with risk for disease progression.6 7 In individuals with 
Raynaud’s phenomenon, the risk of SSc development 
increases strongly when disease- specific ANA are present.8 
Despite these observations, patient stratification based 
on autoantibody type is limited, as heterogeneity remains 
high even within these autoantibody- defined subgroups.

The diagnostic and prognostic value of ANA in SSc and 
their disease- specificity suggest a role for autoreactive B 
cells in disease pathogenesis. This notion is supported by 
data from murine disease models and by the therapeutic 
effects of rituximab, a B cell depleting antibody.9–13 ATA- 
expressing B cells have been detected in the circulation 
of patients with SSc using in vitro peripheral blood mono-
nuclear cells (PBMC) and T/B cell coculture systems.14–16 
In these studies, topoisomerase- 1 (top1) and pokeweed 
mitogen, a strong B cell activator, were both required to 
induce and detect ATA production. ATA production was 
limited to the IgG isotype, even though ATA- IgA and ATA- 
IgM can be present in the serum of patients.17 18 Follow- up 
work indicated that the induction of ATA- IgG requires 
CD4+ T cell help and depends on B/T cell interaction 
via HLA- DR and CD40L. These studies suggested that 
the ATA response primarily originates from T cell depen-
dent, germinal centre (GC) derived immune responses. 
When, to what extent and at which anatomical site such 
responses occur in patients are unknown. However, 
active GC responses usually lead to the differentiation of 
B cells into (mostly short- lived) antibody secreting cells 
(ASCs; plasmablasts) capable of spontaneously secreting 
(auto- )antibodies.19 20 Such cells appear transiently in 
the circulation and can be seen as a proxy for recent, 
antigen- specific stimulation of the underlying B cell 
response.19 Indeed, we and others found evidence for 
such antigen- specific stimulation events of autoreactive B 
cells in patients with rheumatoid arthritis (RA).21 22 The 
activated B cell compartment in RA appeared dynamic 
with regard to disease status and activity, indicating that 
it may reflect a measure of immunological disease activity 

that is insufficiently reflected by serum autoantibodies or 
their levels.23

Here, we set out to study the functional activity and 
phenotypic characteristics of autoreactive B cell responses 
in SSc and their relationship with clinical parameters. We 
hypothesised that also in SSc, autoreactive B cells could 
show dynamic degrees of activation, which, if linked to 
clinical phenotype, could be informative as to disease- 
relevant pathogenetic mechanisms and the identifica-
tion of patients that might specifically benefit from B cell 
targeted interventions. We studied ATA and ACA secre-
tion by freshly isolated, ex vivo cultured PBMC from ATA- 
positive and ACA- positive patients and found remarkable 
differences between these groups. ATA- positive patients 
harboured ATA- IgG and ATA- IgA expressing ASCs, 
indicating recent activation. The ACA- expressing B cell 
response appeared less activated and lacked the active 
IgA compartment. In patients with ILD, the degree of 
spontaneous ATA- IgG secretion was substantially higher 
than in those without. These findings provide insights 
into differences in immunological activity between 
individual patients with SSc that are related to clin-
ical outcome and that might help to guide therapeutic 
concepts. In addition, the active IgA compartment in 
ATA- positive patients suggests a mucosal trigger of the 
ATA response, warranting further research into its origin 
and the factors that drive these autoreactive responses in 
individual patients.

METHODS
Patients and healthy donors
Peripheral blood was obtained from patients with SSc 
(n=42) with established disease visiting the outpatient 
clinic of the Department of Rheumatology at Leiden 
University Medical Center. All patients with SSc were 
part of a prospective cohort study (the Leiden Combined 
Care in Systemic Sclerosis (CCISS) cohort) and fulfilled 
the ACR/EULAR 2013 classification criteria for SSc.24 25 
Exclusion criteria were the use of rituximab and a history 
of haematopoietic stem cell transplantation. All donors, 
including the controls (patients with RA and healthy 
controls (HC)), gave written informed consent for sample 
acquisition. Patient characteristics are detailed in table 1. 
More information on immunomodulatory medication is 
provided in online supplemental table 1. The presence/
absence and severity of ILD were determined by high 
resolution CT (HRCT). Fibrosis scores for ATA- positive 
patients with lung fibrosis (n=14) were assessed based 
on HRCT images by one independent investigator (LS), 
a thoracic radiologist experienced in the evaluation of 
chest imaging in patients with connective tissue diseases, 
who was blinded to the outcome of the cell cultures. The 
following five levels were examined: (1) origin of great 
vessels, (2) main carina, (3) pulmonary venous conflu-
ence, (4) halfway between the third and fifth section 
and (5) immediately above the right hemi- diaphragm. 
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The mean fibrosis score of the five areas was calculated 
according to Goh et al and used for the analyses.26 27

Cells and culture conditions
PBMC were isolated directly on blood sampling using 
Ficoll- Paque gradient centrifugation. To examine anti-
body secretion on stimulation, PBMC were cultured 
in 96- well flat bottom plates at a cell density of 2×105/
well in Iscove’s Modified Dulbecco’s Medium (IMDM) 
supplemented with 10% heat- inactivated fetal calf serum, 
100 U/mL penicillin/streptomycin and 2 mM Glutamax 
on a layer of irradiated (7000 RAD) CD40L- expressing 
mouse fibroblasts in the presence of 100 ng/mL IL- 21 
(ThermoFisher Scientific) and 100 ng/mL B cell acti-
vating factor (BAFF, Miltenyi Biotec) (‘with stimulation’). 
To examine spontaneous antibody secretion, PBMC were 
cultured in 96- well flat bottom plates at a cell density 
of 2×105/well in IMDM supplemented with 10% heat- 
inactivated fetal calf serum, 100 U/mL penicillin/strep-
tomycin and 2 mM Glutamax without CD40L- expressing 
mouse fibroblasts and without additional cytokines 
(‘without stimulation’). For both conditions, super-
natants were harvested after 7 days of culture. PBMC 
were available for additional flow cytometric analysis of 
B cell subsets for a subset of donors (15/22 SSc ATA- 
positive patients and 12/20 SSc ACA- positive patients). 
These PBMC were stained with anti- CD3 (UCHT1, 
Biolegend), anti- CD14 (M5E2, Biolegend), anti- CD19 
(SJ25C1, BD Biosciences), anti- CD20 (2H7, Biolegend), 
anti- CD27 (M- T271, BD Biosciences), anti- IgG (G18- 
145, BD Biosciences), anti- IgD (IA6- 2, BD Biosciences) 
and a LIVE/DEAD cell stain kit (ThermoFisher Scien-
tific) and subsequently analysed on an LSR Fortessa (BD 
Biosciences).

For some experiments, B cell subsets were isolated 
using a fluorescence activated cell sorter (FACS, Aria 
III, BD Biosciences). The antibody panel consisted 

of anti- CD3 (UCHT1, Biolegend), anti- CD14 (M5E2, 
Biolegend), anti- CD19 (SJ25C1, BD Biosciences), anti- 
CD20 (2H7, Biolegend), anti- CD27 (M- T271, BD Biosci-
ences) and a LIVE/DEAD cell stain kit (ThermoFisher 
Scientific). ASCs were defined as LIVE/DEAD-CD3-

CD14-CD19+CD20-CD27++ and cultured in 96- well round 
bottom plates in IMDM supplemented as described 
above at a maximal cell density of 1×104 cells/well without 
stimulation. PBMC depleted of ASCs were cultured as 
described before. Culture supernatants were collected 
after 13–14 days.

Antibody measurements
Levels of ATA- IgG and ACA- IgG and ACA- IgA in culture 
supernatant and patient plasma were measured using an 
in- house ELISA. In short, Corning 384- well microplates 
(Sigma Aldrich) were coated with recombinant human 
top1 (ENZ- 306, Prospec) or Centromere Protein B 
(CENP- B, the major reactive antigen of ACA, which is 
used for diagnostic tests28) (PRO- 390, Prospec). Super-
natants were tested at a 1:2 dilution, plasma between 
1:100 and 1:4000. Antibody binding was detected with 
horseradish peroxidase- conjugated rabbit- anti- human 
IgG (P0214, DAKO) or goat- anti- human IgA (A18781, 
Novex) and subsequently visualised using 2,2'-azino- 
bis(3- ethylbenzothiazoline- 6- sulfonic acid) (ABTS). 
Arbitrary units were calculated using titrations of a refer-
ence serum pool. For culture supernatants, a cut- off was 
calculated per experiment based on the average plus two 
times the SD of all control wells, separately for stimulated 
and unstimulated conditions. For plasma, a cut- off was 
calculated based on the average plus two times the SD of 
all control plasma samples. We did not assess ATA- IgM 
and ACA- IgM levels in supernatants as the assay to detect 
this isotype did not yield reliable results above back-
ground in our hands. Total IgA and IgG concentrations 

Table 1 Clinical characteristics of included SSc patients (n=42)

Total
N=42

ATA
N=22

ACA
N=20

Age, years, mean (SD) 57 (14) 52 (16) 62 (11)

Female, n (%) 30 (71%) 12 (55%) 18 (90%)

Duration since first non- Raynaud’s phenomenon symptom, months, median (IQR) 98 (50–160) 63 (39–102) 120 (95–221)

Diffuse cutaneous subset, n (%) 7 (17%) 7 (32%) –

mRSS, median (IQR) 5 (2- 7) 5 (2- 7) 3 (0–8)

ILD on HRCT, n (%) 14 (33%) 14 (64%) –

Renal crisis, n (%) – – –

Pulmonary hypertension, n (%) 2 (5%) – 2 (10%)

Current immunosuppressive use, n (%) 18 (43%) 12 (55%) 6 (30%)

Clinical characteristics were taken from the visit of the sample collection.
Immunosuppressive use included corticosteroids, azathioprine, methotrexate, mycophenolate mofetil, infliximab and hydroxychloroquine 
(see online supplemental table 1 for details).
ACA, anti- centromere antibodies; ATA, anti- topoisomerase antibodies; HRCT, high resolution CT; ILD, interstitial lung disease; mRSS, 
modified Rodnan Skin Score; SSc, systemic sclerosis.
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were assessed by ELISA according to the manufacturer’s 
protocol (Bethyl Laboratories).

Statistical analysis
Statistical analyses were performed using GraphPad 
Prism V.9.3.1 for Windows (GraphPad Software, San 
Diego, CA, USA, www.graphpad.com) and IBM SPSS 
Statistics for Windows V.25.0. Mann- Whitney U test was 
used for determining statistical difference between two 
groups, correlations were assessed by Spearman corre-
lation.

RESULTS
Presence of ATA-isotype and ACA-isotype expressing B cells 
in the circulation of patients with SSc
To approach the autoreactive B cell compartment, we 
first aimed to assess the presence of B cells capable of 
secreting different ATA and ACA isotypes in periph-
eral blood. PBMC from ATA- IgG or ACA- IgG positive 
patients with SSc with established disease were cultured 
in the presence of CD40L- expressing fibroblasts, IL- 21 
and BAFF directly on ex vivo isolation.14 15 Frequencies 
of naive and memory B cells in the starting population 
were determined by flow cytometry (online supple-
mental figure 1).29 Both ATA- IgG and ATA- IgA were 
readily detectable in culture supernatants on stimula-
tion (figure 1A,B). In contrast, PBMC from ACA- positive 
patients secreted ACA- IgG, while ACA- IgA was practically 
undetectable (figure 1C,D). The stimulation conditions 
did induce the secretion of total IgA (online supple-
mental figure 2). Furthermore, six of the seven ACA- IgG- 
positive patients tested (figure 1D) were ACA- IgA posi-
tive in serum, and ACA- IgA could be measured in highly 
diluted serum with our assay (dilutions of up to 1:10,000; 
online supplemental figure 3). Of note, we did not detect 
apparent differences between treated or untreated 
patients in the capacity of cells to produce autoanti-
bodies (online supplemental figure 4). Detection of IgM 
isotypes of either specificity was technically not reliable 
in patients versus controls and, therefore, omitted from 
further analysis. Autoantibody secretion was limited to 
PBMC cultures from patients with SSc and undetectable 
in patients with RA or in the HC. Incidental wells of ACA- 
positive patients with SSc showed weak positivity for ATA- 
IgG and vice versa. The frequencies and levels of such 
wells were very low. Patients with SSc harbouring more 
than one autoantibody specificity have been described, 
although at very low frequency.2 The patients tested here 
were negative for the respective other autoantibody in 
serum.

Together, these findings show the presence of auto-
reactive ATA- IgG- expressing and ATA- IgA- expressing B 
cells in the peripheral blood of ATA- positive patients. In 
the ACA- positive patients tested, the immune response 
appeared to be dominated by ACA- IgG- expressing B cells, 
while cells expressing ACA- IgA were practically absent.

Figure 1 IgG and IgA ATA and ACA in cell culture 
supernatants on in vitro PBMC stimulation. PBMC from 
patients with ATA+SSc, ACA+SSc, HC and RA were cultured 
on ex vivo isolation in 96- well flat bottom plates at a cell 
density of 2×105/well in the presence of CD40L- expressing 
fibroblasts, IL- 21 and BAFF. Culture supernatants were 
assessed for the presence of ATA- IgG (A), ATA- IgA (B), ACA- 
IgG (C) and ACA- IgA (D) by ELISA after 7 days of culture. 
Each column represents one patient, each dot one culture 
well. Lines depict median levels of secretion. Dotted line 
represents the cut- off based on the mean plus two times 
the SD of measurements of all controls. Average of 30 wells/
donor (10–50 wells/donor). ACA, anti- centromere antibodies; 
ATA, anti- topoisomerase antibodies; BAFF, B cell activating 
factor; HC, healthy controls; IgG, immunoglobullin G; IL- 21, 
interleukin 21; PBMC, peripheral blood mononuclear cells; 
RA, rheumatoid arthritis; SSc, systemic sclerosis.
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PBMC derived from ATA-positive patients produce high levels 
of ATA-IgG and ATA-IgA spontaneously
Antigen- specific stimulation of B cells typically results 
in the induction of mostly short- lived ASCs that are 
also detectable in peripheral blood. In the absence of 
antigen or other stimulatory triggers, B cells circulate in 
a resting state, with ASCs being usually absent.19 20 There-
fore, the presence of antigen- specific ASCs can be seen 
as a sign of recent (or continuous) B cell activation. To 
assess the presence of autoreactive ASCs, PBMC from 
ATA- positive and ACA- positive patients were isolated and 
cultured without additional stimulation. Both ATA- IgG 
and ATA- IgA were spontaneously secreted in concentra-
tions largely comparable to the conditions with stimula-
tion (figure 2A,B). As before, this secretion was specific 
for ATA- positive patients and not observed for samples 
derived from ACA- positive patients or the respective 
controls. In contrast, spontaneous secretion of ACA- IgG 
was observed at much lower levels (median: 0.13 aU/mL, 
range: 0–0.93 aU/mL) than the secretion after stimu-
lation (median: 0.53 aU/mL, range: 0.10–2.06 aU/ml) 
(figure 2C, p=0.006). As in the stimulated cultures, secre-
tion of ACA- IgA was practically undetectable (figure 2D). 
Again, we did not detect differential secretion of autoan-
tibodies by PBMC from patients with immunosuppressive 
treatment compared with those without (online supple-
mental figure 5). Additionally, we observed a correla-
tion between the secretion of ATA- IgG and ATA- IgA and 
plasma levels of either isotype (online supplemental 
figure 6A,B). Of note, the amount of spontaneous secre-
tion of ATA- IgG and ATA- IgA in individual donors did 
not correlate (online supplemental figure 6C). Finally, 
the spontaneous secretion of ATA- IgA by unstimulated 
PBMC did not reflect an enhanced secretion of total IgA 
(online supplemental figure 7), nor was there a differ-
ence in secretion of total IgA by unstimulated PBMC in 
ATA- positive and ACA- positive patients (online supple-
mental figure 2). This suggests an expansion of, specif-
ically, the ATA- IgA and ATA- IgG compartment within 
the total ASC population. Together, these data indicate 
the presence of ATA- expressing ASCs of both isotypes 
(IgG and IgA) in the circulation of some but not all ATA- 
positive patients. In ACA- positive patients, the frequency 
and/or capacity of ACA- IgG- expressing ASCs to secrete 
autoantibodies appears low, while ACA- IgA- expressing 
ASCs were undetectable.

To further substantiate the findings, we analysed the 
presence of ATA- secreting ASCs within the expected B 
cell compartment using FACS. ASCs (defined as CD3-

CD14-CD19+CD20-CD27++) were separated from freshly 
isolated PBMC and cultured separately without stim-
ulation. ATA- IgG and ATA- IgA secretion was assessed 
after 2 weeks of culture. While spontaneous secretion of 
ATA- IgG was low in the ASCs compartment of the two 
donors tested, the secretion of ATA- IgA was remarkable 
(online supplemental figure 8). Also, we noted sponta-
neous secretion of ATA- IgA despite depletion of ASCs 
from PBMC, indicating the presence of memory B cells 

differentiating to ATA- secreting ASCs in culture. The 
frequency of total ASCs (as determined by flow cytom-
etry) and the degree of spontaneous ATA secretion did 
not correlate, suggesting an antigen- specific expansion of 
the ATA- Ig compartment within the total ASC population 
(online supplemental figure 9). These data support the 
notion that ASCs and/or activated memory B cells differ-
entiating toward ASCs circulate in peripheral blood, 
suggesting recent, repetitive or continuous activation of 
the top1- specific immune response in individual patients.

The degree of spontaneous ATA-IgG secretion associates 
with the presence and degree of pulmonary fibrosis in ATA-
positive patients
B cell contribution to disease pathology in human SSc 
is still incompletely understood. In vivo murine studies 
and in vitro assays suggest that B cells enhance and/
or promote fibroblast activation.9 10 13 30–32 Therapeutic 
B cell depletion positively affects fibrosis of skin and 
lungs in most but not all patients with SSc and amelio-
rates pulmonary fibrosis also in a range of other fibrotic 
disorders.33–36 ATA- positive patients are prone to develop 
ILD and B cells have been detected in lung tissue biop-
sies of patients with SSc.5 36–38 Based on these observa-
tions, we hypothesised that the active, autoreactive B cell 
response we observed in some patients could specifically 
associate with the presence of ILD and/or the degree of 
pulmonary fibrosis in ATA- positive patients. Therefore, 
we assessed the spontaneous secretion of ATA- IgG and 
ATA- IgA in patients with ILD (n=14) or without ILD 
(n=7) and assessed the presence and degree of pulmo-
nary fibrosis by HRCT. The latter was assessed as fibrosis 
score according to the method developed by Goh et 
al.26 27 Interestingly, the degree of spontaneous ATA- IgG 
secretion (assessed as the median ATA- IgG concentration 
secreted per patient in all culture wells of that patient) 
was significantly higher in patients with ILD than in those 
without (figure 3A, online supplemental figure 10). Also, 
the capacity to secrete autoantibodies correlated strongly 
with the degree of pulmonary fibrosis (figure 3B). 
The percentage of ATA- IgG positive wells (a measure 
reflecting the frequency of ATA- IgG ASCs in the circula-
tion) followed a similar trend but did not reach statistical 
significance (p=0.063, figure 3C). Of note, we observed 
only a non- significant trend toward higher ATA- IgG 
plasma levels in donors with ILD compared with those 
without (figure 3D). Finally, although highly active in 
individual patients, both frequency and degree of spon-
taneous ATA- IgA secretion did not correlate with (the 
degree of) ILD (online supplemental figure 11), nor did 
the secretion of ATA- IgG or IgA correlate convincingly 
with skin fibrosis as assessed by modified Rodnan Skin 
Score (online supplemental figure 12).

DISCUSSION
The clinical heterogeneity of SSc and its poor prognostic 
stratification of patients pose a major clinical problem. 
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Figure 2 Spontaneous secretion of IgG and IgA ATA and ACA in cell culture supernatants on in vitro PBMC culture. PBMC 
from patients with ATA+SSc, ACA+SSc, HC and RA were cultured on ex vivo isolation in 96- well flat bottom plates at a cell 
density of 2×105/well without CD40L- expressing fibroblasts or cytokines. Culture supernatants were assessed for the presence 
of ATA- IgG (A), ATA- IgA (B), ACA- IgG (C) and ACA- IgA (D) by ELISA after 7 days of culture. Each column represents one patient, 
each dot one culture well. Lines depict median levels of secretion. Dotted line represents the cut- off based on the mean plus 
two times the SD of measurements of all controls. Average of 43 wells/donor (10–120 wells/donor). ACA, anti- centromere 
antibodies; ATA, anti- topoisomerase antibodies; HC, healthy controls; IgG, immunoglobullin G; IL- 21, interleukin 21; PBMC, 
peripheral blood mononuclear cells; RA, rheumatoid arthritis; SSc, systemic sclerosis.
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Immunological processes driving disease and individual 
disease manifestations are still incompletely understood. 
Here, we provide evidence for the differential regulation 
of the two major autoreactive B cell responses repre-
senting disease- associated antigen specificities in SSc, 
those against top1 and CENP- B. This differential regula-
tion on the cellular level may reflect distinct triggers and 
pathogenetic mechanisms underlying these responses 
in individual patients and may reflect a previously unex-
plored layer of immunological disease activity and/or 
disease phenotype.

In our experiments, ATA- expressing and ACA- 
expressing B cells differed considerably in phenotype 
and function. Our results confirm, in part, previous 
research on the ATA B cell response,14–16 as we also found 
ATA- IgG- expressing B cells in the circulation. Previous 
work, however, did not identify an active ATA- IgA 
compartment. In addition, spontaneous ATA- IgG and 
ATA- IgA secretion, a measure of recent B cell activation, 
has not been previously described. Several factors could 
contribute to these differences. Especially the use of 
freshly isolated PBMC in our study as opposed to the use 

Figure 3 Spontaneous secretion of ATA- IgG by PBMC in relation to the presence and severity of ILD. PBMC from ATA+SSc 
patients with ILD (n=14) or without ILD (n=7) were cultured without stimulation. ATA- IgG was measured in culture supernatants 
by ELISA after 7 days. (A) Levels of ATA- IgG (median in aU/mL) were compared between groups. (B) Levels of ATA- IgG 
produced spontaneously (median in aU/mL) in relation to the lung fibrosis score. (C) Percentage of wells positive for ATA- IgG 
were compared between groups. (D) ATA- IgG plasma levels in the same patients. Lines depict median values. Dotted line 
represents the cut- off based on the mean plus two times the SD of measurements of HC (n=11) and patients with RA (n=3). P 
values and Spearman correlation (ρ) are shown. ATA, anti- topoisomerase antibodies; HC, healthy controls; IgG, immunoglobulin 
G; ILD, interstitial lung disease; PBMC, peripheral blood mononuclear cells; SSc, systemic sclerosis.
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of frozen samples in previous work could be relevant, as 
freeze/thaw cycles compromise the ASC compartment. 
Also, differences in culture conditions and the overall 
sensitivity of the detection system may have influenced 
detectability of individual isotypes. Our data suggest that 
the ACA response misses a detectable IgA B cell compart-
ment in the circulation, while this was readily detectable 
for ATA- expressing B cells. Whether ACA- IgA- expressing 
B cells are indeed absent from the circulation of ACA- 
positive patients or rather poorly responsive to the stimu-
lation approach chosen here remains to be determined. 
As ACA- IgA was present in serum of most donors tested, 
however, it is conceivable that such cells are generated as 
part of the ACA response. Possibly, such cells primarily 
reside in tissues as, for example, terminally differentiated 
plasma cells, while the naïve or memory compartments 
are rarely triggered. Together, these findings point to 
distinct dynamics of both autoreactive B cell responses, 
which might help to understand and identify their under-
lying triggers. In particular, the prominent ATA- IgA 
response could reflect continuous immune activation at 
mucosal sites.

Both PBMC culture and cell sorting experiments 
showed that, in contrast to the ACA B cell response, 
ASCs are an important component of the circulating 
ATA B cell response. Such cells are typically found in 
the circulation following antigen encounter during GC 
reactions or on extrafollicular triggering by antigen and 
danger signals such as DNA or RNA.19 39 ASCs remain 
in blood only temporarily, however, and are thought 
to either die or home to sites of inflammation and/or 
secondary lymphoid organs.19 20 Therefore, the presence 
of antigen- specific ASCs indicates recent antigen- driven 
activation of ATA- expressing B cells. This may be clini-
cally relevant, as it may indicate that antigenic, possibly 
external triggers, are continuously present in some but 
not all ATA- positive patients. Whether SSc patients with 
active B cell responses may specifically benefit from B cell 
depleting therapy remains to be determined. However, 
the differences in immunological activity between ATA- 
positive and ACA- positive patients observed here fit 
well with the observation that rituximab use in patients 
with SSc impacts on skin and lung fibrosis, two hall-
marks mainly observed in the subgroup of ATA- positive 
SSc. In this context, it is intriguing that we observed a 
strong correlation between the degree of spontaneous 
ATA- IgG production and the presence and severity of 
ILD. It is important to note that ATA- IgG in serum are 
well recognised as diagnostic biomarkers of SSc–ILD, 
but that studies addressing their role as prognostic 
markers for ILD progression have yielded controversial 
results.40–42 Our observations suggests a dynamic layer 
within the ATA- IgG positive stratum, and would be in 
line with a direct interaction between migratory ASCs 
homing to lung- tissue and tissue- resident fibroblasts, a 
concept supported by several in vitro studies.30–33 Hence, 
it will be important to replicate these findings in a larger 
cohort and, possibly, a prospective study in which the 

prognostic value of an active ATA B cell response can be 
evaluated. The lack of an association with skin fibrosis 
remains unclear, given that ATA- IgG serum levels have 
been linked to skin involvement in previous work.7 This 
discrepancy could relate to small sample size, different 
pathogenetic mechanisms of fibrosis or, possibly, triggers 
of the B cell response that are present in the lung but 
not in the skin. Also, skin involvement was relatively low 
in our patient groups, as we selected for ATA positivity 
rather than dcSSc.

The abundance of ATA- IgA- expressing ASCs raises 
questions as to the underlying triggers driving this 
response. IgA responses are classically thought to orig-
inate at mucosal sites, and it is tempting to speculate 
that bacterial topoisomerases could act as mucosal anti-
gens that such cells recognise. In fact, cross- reactivity of 
(autoreactive) B and T cells with commensal antigens has 
been implicated as pathogenic mechanism initiating and 
driving various autoimmune responses, as has molecular 
mimicry.43–46 In this context, it is interesting that type 1B 
topoisomerases expressed by microbes in human micro-
biota share structural similarities with human top1.47 
However, also local inflammatory responses that lead to 
the release of human top1 could be sufficient to break 
immunological tolerance, in particular if topoisomer-
ases are bound to DNA. In addition, abundance of trans-
forming growth factor-β (TGF-β), a mediator/amplifier 
of fibroblast activation, could drive IgA class switch 
recombination.48 49 In this respect, it will be important 
to dissect the top1- directed IgA response in more detail, 
to define its clonal relatedness to ATA- IgG and its depen-
dency on T cell help. This might help to understand 
why the IgG response closely associated with fibrosis in 
our study, while the IgA response did not. As we did not 
observe a correlation between spontaneous ATA- IgG and 
ATA- IgA secretion in individual donors, these responses 
could be triggered independently. Eventually, studies 
addressing ATA- expressing B cells and the local micro-
environment in the respiratory, skin and gastrointestinal 
tract will be of particular relevance. This may also help 
to understand whether TGF-β produced by autoreactive 
ASCs is relevant for amplifying and maintaining fibro-
blast activation in human SSc.30 31

Our study has limitations. Even though we have 
accessed our well- structured and detailed Leiden CCISS 
cohort for donor selection, the associations between 
ATA- IgG- expressing ASCs and pulmonary fibrosis require 
independent replication. This is a logistically chal-
lenging study, as the activity of the B cell response can 
only be determined in fresh material, as most ASCs do 
not survive freeze/thaw cycles. Also, as our cell culture 
approach addressed autoreactive B cells indirectly, 
the clonal relationship between the ATA- IgG and ATA- 
IgA responses remains unclear. To gain more detailed 
insight, it will be important to reliably and specifically 
identify and isolate ATA- expressing B cells by flow cytom-
etry and to determine their clonal identity, for which first 
steps have recently been taken.50 Finally, for technical 
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reasons related to the reliable detection of (low levels of) 
IgM in culture supernatants (see the Methods section), 
we could not address the ATA- IgM and ACA- IgM B cell 
compartment in our work. This will be important for a 
deeper understanding of processes leading to the loss of 
tolerance. Nonetheless, in previous work, we found that 
ATA- IgM serum levels associate with disease progression, 
which, due to the short serum half- life of IgM, is in- line 
with the signs of recent stimulation of the ATA B cell 
response noted here.7

In conclusion, we here present first evidence for differ-
ential regulation of autoreactive B cell responses in 
ATA- positive versus ACA- positive patients with SSc and 
identify intriguing signs of immunological disease activity 
in ATA- positive patients that relate to clinical phenotype. 
Such activity may be clinically meaningful for identifying 
patients that benefit from B cell depleting therapy and 
may represent an important biomarker for stratifying 
patients beyond the current clinical standard, that is, the 
presence or absence of autoantibodies.
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