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Several nested case-control studies have shown that autoantibody-response 
maturation in rheumatoid arthritis (RA) precedes clinical arthritis-development.1-3 
This suggests a role in disease triggering. However, nested case-control studies have, 
similar to case-control studies, the disadvantage that controls are selected and that 
prospective data from non-progressing patients in a similar pre-disease stage are 
absent. The phase preceding clinically apparent inflammatory arthritis (IA) can be 
distinguished into an asymptomatic and symptomatic (i.e. clinically suspect arthralgia, 
CSA) sub-phase. It is unknown whether autoantibody-response maturation occurs 
in the symptomatic phase. Likewise, its role in progression to clinical arthritis is 
undetermined; if autoantibody-response maturation relates to disease-development, 
maturation is expected to be more pronounced in CSA-patients that progress 
compared to CSA-patients that do not. To better understand the relation between 
autoantibody-response maturation in time and development of clinical arthritis (RA/
IA), we performed a longitudinal study on autoantibody-response maturation in CSA-
patients that did and did not progress. 

In serum from 147 CSA-patients, we determined with in-house ELISAs the presence 
and levels of IgM, IgG, IgA anti-citrullinated, anti-carbamylated and anti-acetylated 
protein antibodies (ACPA, anti-CarP, AAPA), resulting in 9 autoantibody measurements 
per patient per time-point. Autoantibody-response maturation was defined as increase 
in number of autoantibody-reactivities or isotypes, and/or increase in autoantibody 
levels. CSA-patients with paired samples at first presentation at the outpatient clinic 
and at IA-development (n=55) or else after 2-years (n=92) were selected. Analyses 
were repeated with the outcome RA (the subgroup of IA-patients that fulfilled the 
2010-or 1987-criteria at the time of IA-development). Detailed description of methods 
and baseline characteristics are shown supplementary.

In patients negative for all autoantibodies at baseline, 17% of patients that progressed 
to IA became positive, compared to 6% of ”non-progressors” (Figure 1A, p=0.12). In 
patients with ≥1 autoantibody-reactivity at baseline progressing to IA, the median 
number of autoantibody-reactivities was 1.0 (IQR 1.0-3.5, max. 6) at baseline and 1.0 
(IQR 1.0-4.0, max. 6) at IA-development (p=0.29). In non-progressing CSA-patients with 
≥1 autoantibody-reactivity at baseline, this was 1.0 (IQR 1.0-2.0, max. 4) at baseline 
and 1.0 (IQR 0.0-2.3, max. 5) after 2-years (p=0.07). As shown in Figure 1B; an increase 
in the number of autoantibody-reactivities was infrequent (16% in progressors, 18% 
in non-progressors (p=1.00)). Most changes in autoantibody-positivity were explained 
by fluctuations around the cut-off (data not shown). Levels of autoantibodies did 
not significantly change over time (p-values ranging 0.21-1.00) both in progressors 
and non-progressors (Figure 1C). Similar results were found with the outcome 
RA (Supplementary Figure 1), though remarkably, the number of autoantibody-
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reactivities in patients not-progressing to RA significantly decreased over time (1.0 
(IQR 1.0-2.0) at baseline and 1.0 (IQR 0.0-2.0) after 2-years, p=0.015). Finally, when 
evaluating number of autoantibody-reactivities and autoantibody-level changes 
within the entire study population (instead of within patients with ≥1 autoantibody-
reactivity at baseline) no significant increases were found (Supplementary Figure 2). 

To the best of our knowledge, this is the first study evaluating multiple isotypes 
and three anti-modified protein autoantibodies over time in CSA. Our data indicate 
that the presence and levels of IgM, IgG and IgA ACPA, anti-CarP and AAPA did not 
significantly increase over time, and that this was similar for CSA-patients that did or 
did not develop IA. 

Autoantibody maturation in terms of cross-reactivity, affinity maturation and 
involvement of individual B-cell clones was not studied here, which is a limitation. 
We did not observe changes in isotype-usage over time, indicating that isotype 
switching was infrequent in both groups (Supplementary Figure 3, Supplementary 
Table 4). Although we cannot exclude that the results of this study would be different 
with a larger sample size (especially in CSA-patients autoantibody-negative at first 
presentation), the current data suggests that autoantibody-response maturation 
already occurs before presenting with CSA and that it does not increase substantially 
during progression to IA. Our results on characteristics of the ACPA, anti-CarP and 
AAPA-response expand on previous longitudinal studies showing similar ACPA- 
and RF-levels,4,5 and absence of change in the ACPA antigen-recognition repertoire 
in ACPA-positive arthralgia.6 The data together imply that maturation occurs 
predominantly in the asymptomatic phase, a finding to be confirmed in population-
based studies. Moreover, in relation to a multiple-hit model for RA-development, our 
data suggest that autoantibody-response maturation in the CSA-phase is not related 
to the “final hit” as maturation was similar in CSA-patients not developing RA. These 
results increase the comprehension of the pathogenesis of RA. 

In conclusion, autoantibody-response maturation as measured in this study occurs in 
the vast majority of CSA-patients before presenting with symptoms and broadening 
of the autoantibody-response is not specific for progression from arthralgia to clinical 
arthritis.
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Supplementary File 1 – Detailed description of 
methods

Patients
Patients with recent-onset (<1 year) arthralgia of small joints and, according to the 
clinical expertise and pattern recognition of the rheumatologist a clinical suspicion for 
progression to RA, were included in the Leiden CSA-cohort. Autoantibody status was 
largely unknown at inclusion as (in line with Dutch guidelines) general practitioners 
in the area of Leiden are discouraged to perform autoantibody tests. Inclusion in 
the CSA-cohort was therefore predominantly based on history taking and physical 
examination. Patients were excluded if clinically apparent inflammatory arthritis 
was already present, or if a different explanation for the joint pain was more likely. 
The cohort is described in detail previously.1 Patients were followed for at least 2 years 
on the development of clinically apparent inflammatory arthritis (IA) with scheduled 
research visits after 4, 12 and 24 months. Clinical follow-up visits took place at the 
scheduled visits and at additional visits (either in between or after the scheduled 
visits), as considered necessary by patients or rheumatologists. Serum samples were 
taken at baseline and when patients progressed to IA, or, when patients did not 
progress to IA after 2-years. Patient selection for the present study was first based on 
availability of paired samples and subsequently on the presence of autoantibodies 
at baseline. The latter was done because of limited laboratory capacity. Patients 
that were tested positive for RF (in house ELISA, cut-off >3.5 IU/mL) and/or ACPA 
(anti-CCP2, Phadia, Nieuwegein, the Netherlands, cut-off >7U/mL) during routine 
laboratory measurements at baseline and had paired serum samples were included 
(n=59, 29 progressing and 30 non-progressing patients). In addition, autoantibody-
negative patients with paired samples that progressed to IA were included (n=26). 
Finally, from the large group of autoantibody-negative patients that did not progress 
to IA a random selection was made (n=62). Supplementary Table 2 suggests that 
selection of patients with paired samples from the total CSA-cohort did not induce 
substantial selection bias. Similarly, baseline characteristics of the randomly selected 
autoantibody-negative patients were similar to that of the patients that were not 
selected (Supplementary Table 3); suggesting that the selection is representative for 
this total group. Thus, the similarity in baseline characteristics from selected and 
non-selected patients implies that the selected group of patients (N=147 in total) is 
representative and suitable to study autoantibody characteristics over time. However 
the fact that not all but a selection of autoantibody-negative CSA-patients was assessed 
makes the current selection not suitable to determine the predictive accuracy of 
autoantibodies, which was also not the aim of this study.
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Autoantibodies
In serum, we determined the presence and levels of anti-citrullinated, anti-
carbamylated and anti-acetylated protein antibodies (ACPA, anti-CarP and AAPA, 
respectively); all three autoantibodies have been shown to be present in RA. ACPA 
and anti-CarP have been shown to be associated with progression and/or prediction 
of disease and have a specificity of 95-100% and 95%, respectively.2-6 The specificity 
of AAPA IgG in patients with RA, compared to non-RA patients with persistent or 
resolving arthritis was 86% in a previous study.7 Cross-reactivity between all 
three autoantibodies has been shown.8 In this study, presence of ACPA, anti-CarP 
and AAPA was determined for three isotypes (IgM, IgG and IgA), resulting in 9 
autoantibody measurements per patient per time-point. In-house ELISA was used 
for all measurements as described previously.9 Briefly, plates were coated with 
citrullinated CCP2, carbamylated FCS and CCP1 acetylated lysine for measurements of 
ACPA, anti-CarP and AAPA, respectively. To determine background signal, plates were 
additionally coated with non-modified antigens (arginine CCP2, non-modified FCS and 
CCP1 norleucine, respectively). Serum samples were diluted 1:50 and incubated. After 
washing, plates were subsequently incubated with HRP-labeled goat-anti-human 
IgM (Millipore), rabbit-anti-human IgG (Dako) or goat-anti-human IgA (Novex). HRP-
activity was visualized with ABTS and measurements were expressed in arbitrary 
units per milliliter (aU/mL). On every plate a dilution standard was included to 
determine the linear part of the curve; standards from all plates were used in the 
analyses. The fourth standard, which is expected to be in the middle (and therefore 
linear part) of the curve, is further diluted and additionally included as a reference 
sample. Serum of healthy subjects (n=199) was used to determine the cut-off of all 
autoantibody measurements, which was calculated as the mean plus two times the 
standard deviation of healthy subjects. When the background signal of non-modified 
antigens was >50% of the signal measured in modified proteins, the measurement 
was considered non-specific; non-specific measurements with values above the cut-
off were considered negative. In case a sample reached the upper detection limit of 
the assay, the sample pair (two samples of the same individual but from different 
time points) was reanalyzed in a higher dilution (2 samples for ACPA IgG in 1:2000, 2 
samples for ACPA IgA in 1:250, 6 samples for AAPA IgG with dilutions ranging 1:100-
1:2000). Samples were measured single well and paired samples, thus two samples of 
the same individual but from different time points, were analyzed on the same plate. 
Inter-assay variation of in-house ELISAs was determined previously by reevaluation 
of ~10% of samples; measurements were highly correlated (Pearson’s r ranges 0.88-
0.99) and changes in positivity of the test were infrequent, see Supplementary Figure 
4. Intra-assay variability was determined for ACPA and anti-CarP IgM, IgG and IgA by 
measurement of 3 samples 10 times. The mean coefficients of variation (CV, mean % 
(SD)) were: ACPA IgM 13.5 (15.0), IgG 8.7 (6.2), IgA 3.4 (1.2), anti-CarP IgM 5.6 (3.7), IgG 
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20.4 (6.8), IgA 4.2 (1.1). Of note, although not absolute at the monoclonal- or polyclonal 
level, cross-reactivity of ACPA towards other post translationally modified proteins 
have been conclusively shown in different studies,8,10 and hence should be regarded 
as anti-modified protein antibody-reactivities.

Outcome
The primary outcome was development of IA, determined by physical examination of 
the rheumatologist (assessment of clinical joint swelling) during follow-up. DMARDs 
(including glucocorticoids) were not prescribed in patients with CSA. In patients that 
progressed to IA, the second sample was taken at IA-development. In patients that did 
not progress to IA serum samples were taken after 2 years (last scheduled follow-up 
visit with serum collection). Theoretically, IA-development could have occurred after 
this 2 years-visit in these patients. Reassuringly however, this did not occur during 
the period for which clinical follow-up data was available (median 29 months (IQR 
20-46) after the scheduled 2-years visit). We also assume that patients would have 
visited our outpatient clinic in case of an increase in symptoms or suspected arthritis, 
and therefore that these data are all-encompassing, since our outpatient clinic is the 
only referral center in a healthcare region of approximately 400.000 inhabitants and 
patients (especially those participating to clinical studies) have very easy access to our 
outpatient clinic. 

Analyses were repeated with “development of RA” as outcome, which was defined by 
fulfilment of the 1987 and/or 2010 classification criteria for RA at the time clinically 
apparent arthritis (IA) had presented.11,12 The 1987-criteria were incorporated in 
this definition as autoantibody-negative patients require >10 involved joints in the 
2010-criteria to be classified as RA.

Statistical analyses
Autoantibody-response maturation over time was defined as an increase in number 
of autoantibody-reactivities or isotypes, and/or an increase in autoantibody levels. 
To evaluate autoantibody-response maturation three analyses were performed, in 
patients that progressed to IA (n=55) and in patients that did not progress (n=92) 
separately. First, in patients negative for all nine measurements at baseline, we 
determined the frequency of conversion to seropositivity. Importantly when showing 
the results from the analyses of the different isotypes of ACPA, AAPA and anti-CarP, 
autoantibody negativity was defined as negativity for these nine isotypes at baseline 
(n=100). Second, in patients with at least one positive test at baseline (n=47), we 
studied autoantibody positivity over time by evaluating the median number of 
positive autoantibody-reactivities over time and the frequency that the number of 
positive measurements changed. Finally, we determined the change in autoantibody 
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levels over time, for all autoantibodies and isotypes separately. In these analyses we 
only included patients positive for the respective measurement at baseline, e.g. for 
evaluation of changes in IgG ACPA levels over time we only included patients that 
were positive for IgG ACPA at baseline. Frequencies and medians were reported. 
Statistical significance of frequencies was tested with Fisher’s Exact test. The number of 
autoantibody-reactivities over time was tested with generalized estimating equations 
(GEE), taking into account that measurements over time and within one autoantibody 
type (ACPA, anti-CarP or AAPA) can be correlated. Changes in autoantibody levels 
over time were tested with Wilcoxon Signed Ranks tests with Bonferroni correction 
for multiple testing. 

Subanalyses
Two additional analyses were performed. First, analyses were repeated with the 
outcome development of RA. Secondly, the number of autoantibody-reactivities and 
autoantibody levels over time were evaluated within the entire study population 
(instead of within the group of patients that were autoantibody positive at baseline). 

IBM SPSS Statistics 25 was used for all analyses. P-values ≤0.05 were considered 
statistically significant.
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Supplementary Table 1. Baseline characteristics of the studied CSA patients that did and did not 
progress to clinically apparent inflammatory arthritis (IA)

IA during
follow-up 
(n=55)

No IA 
during
follow-up 
(n=92)

p-value

Clinical characteristics

Female, n (%) 40 (72.7) 73 (79.3) 0.42

Age in years, mean (SD) 46.4 (12.9) 45.5 (12.8) 0.60

Symptom duration in weeks, median (IQR) 21 (8-51) 17 (10-37) 1.00

68-TJC, median (IQR) 5 (3-9) 5 (2-11) 0.82

Morning stiffness ≥60 minutes, n (%) 22 (40.0) 23 (25.0) 0.066

Difficulties making a fist, n (%) 14 (25.9) 10 (11.0) 0.036

Family history of RA, n (%) 16 (29.6) 17 (19.1) 0.16

Routine laboratory measurements

Increased CRP (≥5 mg/L), n (%) 16 (29.1) 19 (20.7) 0.32

RF IgM positivity (≥3.5 IU/mL), n (%) 26 (47.3) 25 (27.2) 0.019

ACPA IgG positivity (≥7.0 IU/mL), n (%) 22 (40.0) 12 (13.0) <0.001

Presence of autoantibodies with in-house ELISA, n (%)

ACPA IgM 8 (14.5) 1 (1.1) 0.002

IgG 20 (36.4) 9 (9.8) <0.001

IgA 3 (5.5) 4 (4.3) 1.00

Anti-CarP IgM 2 (3.6) 6 (6.5) 0.71

IgG 5 (9.1) 1 (1.1) 0.028

IgA 4 (7.3) 7 (7.6) 1.00

AAPA IgM 2 (3.6) 0 (0.0) 0.14

IgG 10 (18.2) 1 (1.1) <0.001

IgA 2 (3.6) 7 (7.6) 0.48

SD: standard deviation, IQR: interquartile range, TJC: tender joint count, CRP: c-reactive protein, RF: 
rheumatoid factor, ACPA: anti-citrullinated protein antibody, anti-CarP: anti-carbamylated protein 
antibodies, AAPA: anti-acetylated protein antibodies
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Supplementary Table 2. Baseline characteristics of all CSA-patients included between 2012 and 
2016, stratified for patients with available paired serum samples and patients with only baseline 
samples available

Paired samples 
available 

Only baseline 
samples 
available 

p-value

Female, n (%) 171 (78.4) 119 (77.8) 0.90

Age in years, mean (SD) 45.3 (12.8) 40.9 (11.8) 0.001

Symptom duration in weeks, median (IQR) 17 (9-39) 17 (8-33) 0.23

68-TJC, median (IQR) 5 (2-10) 6 (2-11) 0.81

Increased CRP (≥5 mg/L), n (%) 41 (18.8) 33 (21.7) 0.51

RF positivity* (≥3.5 IU/mL), n (%) 49 (22.5) 27 (17.6) 0.30

ACPA positivity* (≥7 U/mL), n (%) 31 (14.2) 16 (10.5) 0.34

* based on routine laboratory diagnostics at baseline
CSA: clinically suspect arthralgia, ACPA: anti-citrullinated protein antibody, SD: standard deviation, 
IQR: interquartile range, TJC: tender joint count, RF: rheumatoid factor, CRP: c-reactive protein

Supplementary Table 3. Baseline characteristics of the autoantibody-negative CSA-patients not 
progressing to IA with available paired samples that were randomly selected to be included and 
not included in this study

Included 
based on 
random 
selection (n=62)

Not included
based on 
random 
selection (n=77)

p-value

Female, n (%) 49 (79.0) 62 (80.5) 0.84

Age in years, mean (SD) 44.3 (13.6) 44.7 (12.7) 0.99

Symptom duration in weeks, median (IQR) 16 (9-29) 17 (9-45) 0.47

68-TJC, median (IQR) 7 (3-13) 6 (2-10) 0.55

Increased CRP (≥5 mg/L), n (%) 14 (22.6) 9 (11.7) 0.11

RF positivity* (≥3.5 IU/mL), n (%) 0 (0.0) 0 (0.0) NA

ACPA positivity* (≥7 U/mL), n (%) 0 (0.0) 0 (0.0) NA

* based on routine laboratory diagnostics at baseline
The 62 RF and ACPA negative patients that did not progress and the 26 RF and ACPA negative 
patients that did progress to IA were selected for this study. Notably, for patient selection 
autoantibody negativity was defined as RF and ACPA negativity at baseline using routine 
diagnostics. When showing the results from the analyses of the different isotypes of ACPA, AAPA 
and anti-CarP in the manuscript, autoantibody-negativity was defined as negativity for the nine 
measured isotypes at baseline.
CSA: clinically suspect arthralgia, ACPA: anti-citrullinated protein antibody, SD: standard deviation, 
IQR: interquartile range, TJC: tender joint count, RF: rheumatoid factor, CRP: c-reactive protein
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Supplementary Figure 3. Autoantibody levels over time in patients positive for the respective 
autoantibody at baseline, each colour indicates an individual patient. 

Dashed grey horizontal lines indicate the cut-off values for each autoantibody. 
ACPA: anti-citrullinated protein antibodies, anti-CarP: anti-carbamylated protein antibodies, AAPA: 
anti-acetylated protein antibodies
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Inter-assay variation resulted in changes in positivity of the test infrequently: ACPA IgM 0%, IgG 
1.3%, IgA 1.3%, anti-CarP IgM 9.2%, IgG 3.9%, IgA 7.9%, AAPA IgM 0%, IgG 4.2%, IgA 0%.
No correlation plot was created for AAPA IgA because too little samples were above the detection 
limit.
ACPA: anti-citrullinated protein antibodies, anti-CarP: anti-carbamylated protein antibodies, AAPA: 
anti-acetylated protein antibodies 

Supplementary Figure 4. Inter-assay variation of in-house ELISAs




