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Objective. Rheumatoid arthritis (RA)–associated anticitrullinated protein antibodies (ACPAs) target various anti-
gens by binding short citrulline amino acid motifs, resulting in heterogeneous ACPA profiles among patients. Here
we analyzed ACPA patterns by recognized citrulline motifs in relation to the RA risk factors HLA-DRB1 shared epitope
(SE) alleles and history of smoking.

Methods. Rheumatoid factor (RF) and anticyclic citrullinated peptide (CCP2) isotypes, 15 anti-Cit- and four anti-
Carb/Acet-peptide-IgG, were centrally measured in 6,907 patients from five Scandinavian RA cohorts using fluoroen-
zyme immunoassay and a custom-made multiplex solid-phase microarray. HLA-DRB1 SE alleles were imputed from
single-nucleotide polymorphism genotyping data.

Results. Single-citrulline peptides derived from four multicitrulline peptides (Cit Fibα36-50, Cit Fibβ60-74, Cit TNC5,
and Cit Vim60-75) showed differential binding patterns, supporting recognition of citrullinemotifs rather than long peptides.
Four citrulline peptides (Cit Fibβ36-52, Cit Fibβ60-74-Cit3, Cit Fil307-324, and Cit Vim60-75-Cit1) captured 97% of IgG anti-
CCP2+ patients. Patient subsets based on ACPA, anti-Carb/Acet, and RF displayed differences in ACPA composition
and disease activity but not comorbidities. Different ACPAs overlapped, but when dichotomizing patients based on high
reactivity to peptide citrulline motifs, only ACPA to nonglycine citrulline motif associated with HLA SE alleles. In IgG anti-
CCP2+ patients, 90% of those with only high nonglycine ACPA were HLA SE allele carriers compared with 67% in the
group with glycine motif–only ACPA (odds ratio 4.5). Smoking status associated with IgA and glycine motif ACPA.

Conclusion. Although citrulline-glycine motifs are prevalent ACPA targets, our data reveal that HLA SE alleles are
primarily associated with ACPA to nonglycine citrulline motifs, providing insight in ACPA T cell dependance. Yet, the
etiologic significance of ACPA targeting different protein structures remains unknown.

INTRODUCTION

More than two-thirds of all patients diagnosed with rheuma-
toid arthritis (RA) have “seropositive” disease as defined by the

presence of RA autoantibodies, primarily rheumatoid factor
(RF) reactivity (anti-Fcγ) and/or anticitrullinated protein autoanti-
bodies (ACPAs).1 Notably, seropositive RA has been linked to
worse disease progression with more erosive disease compared
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with “seronegative” disease.2 Important risk factors associated

with seropositive RA include exposure to cigarette smoking and

certain HLA-DRB1 variants denoted shared epitope (SE) alleles.3

Interestingly, although the HLA-DR association places the adap-

tive immune response centrally in RA pathogenesis, and there is

a strong correlation between SE and ACPA positivity, there are

also indications that SE alleles are a stronger predictor of clinical

arthritis than the presence of ACPA alone.4

ACPAs are highly specific for RA and commonly measured
with cyclic citrullinated peptide (CCP2) assays using commercial
synthetic peptides designed for high diagnostic accuracy.
However, serum ACPAs have been found to recognize many dif-
ferent citrullinated proteins and peptides.5 Proteins with disor-
dered structures and regions enriched for glycine, serine, and
threonine have been suggested to be particularly targeted.6 Multi-
plex antigen panels have been developed to capture these ACPA
fine specificity variations between patients with RA.7–10 The clini-
cal relevance of interpatient heterogeneity of ACPA peptide tar-
gets is, however, still controversial. Despite previous efforts, it
has been difficult to demonstrate any clear association with dis-
ease progression or treatment outcome. Furthermore, adding to
the complexity, studies using patient single cell–derived monoclo-
nal antibodies show that individual ACPA IgG molecules can bind
a multitude of different cit-peptides and that the peptide interac-
tion is determined by only a couple of additional residues besides
the citrulline (ie, cit-motifs).11 This means that serological fine
specificity patterns are not necessarily reflecting parallel ACPA
clones but also include multireactive clones that create a direct
dependence between different ACPA measurements.

Patients with RA, especially those positive for ACPA, can
also have other IgG antimodified protein autoantibodies (AMPA)
targeting additional posttranslational modifications of proteins,
primarily carbamylation and acetylation.7,12–14 AMPAs correlate
with citrulline reactivity in antibody serology; certain monoclonal
CCP2+ ACPAs have also been found to directly cross-react with
carbamylated and acetylated peptides.11 Moreover, although RF
may not be as specific for RA as ACPA, RF is postulated to play
important roles in amplifying inflammatory response. For instance,
there is an additive effect of ACPA and RF positivity on the risk of
bone erosions.15 Furthermore, in patients with early RA, the
presence of RF is associated with systemic inflammation in an
ACPA-dependent manner.16 In clinical practice, seropositivity is
often determined based on only CCP2 IgG and RF IgM measure-
ments, yet other isotypes or autoantibody reactivities can capture
additional seropositive patients who display similar clinical risk
factor associations as those defined based on CCP2 IgG and/or

RF IgM.17 Moreover, IgA ACPA and RF have been proposed to
reflect a link with mucosal triggering, but the role in pathogenesis
is not well understood.

To further delineate the (co-)occurrence of RF, ACPAs, other
AMPAs, and their association with RA risk factors (here: smoking
and HLA-DRB1 SE alleles), we investigated RA autoantibody pro-
files in >6,900 patients with RA from five different Scandinavian
RA cohorts using new optimized assays. To do so, we first vali-
dated the array’s capacity to capture distinct ACPA cit-peptide
binding based on citrulline motifs and assessed the overall fre-
quency and dependance of different ACPA and AMPA fine spec-
ificities in the patients with RA. We hypothesized that ACPA fine
specificities targeting glycine-containing citrulline motif in proteins
may have different immunologic origin and clinical relevance than
nonglycine ACPA. To explore this hypothesis further, we investi-
gated two key topics: (1) do different ACPA and autoantibody
compositions associate with different clinical subsets of patients
with RA? (2) Do ACPA fine specificities targeting certain citrulline
amino acid motifs (with and without glycine) associate differently
with the main RA risk factors of HLA-DRB1 SE alleles and
smoking?

MATERIALS AND METHODS

Study populations with RA. Our study population was
made up of patients with RA from five Scandinavian cohorts18

(summarized in Supplementary Figure 1 and Supplementary
Table 1): The Swedish Rheumatology Quality registry biobank
(SRQb; N = 3,895),19 the Aiming for Remission in Rheumatoid
Arthritis: A Randomised Trial Examining the Benefit of Ultrasound
in a Clinical Tight Control regimen (ARCTIC; N = 212),20 the Dan-
ish Nationwide Clinical Rheumatology Registry (DANBIO) and
corresponding samples within the Danish Rheumatologic Bio-
bank (DRB; N = 2,324),21 the Norwegian Antirheumatic Drug
Register22 (NOR-DMARD, N = 302), and the Ultrasound in Rheu-
matoid Arthritis patients starting Biologic Treatment (ULRABIT; N
= 174) cohort.23 The study was approved by the regional ethics
review boards and followed the Declaration of Helsinki, and all
patients gave informed consent. Inclusion in ARCTIC,
NOR-DMARD, and ULRABIT required fulfillment of the American
College of Rheumatology (ACR)/EULAR classification criteria for
RA.1 Because SRQb and DANBIO/DRB are clinical routine care
RA registers, fulfillment of ACR/EULAR classifications is not a for-
mal criterion for inclusion (a clinical RA diagnosis assigned by the
treating rheumatologist is sufficient) but is fulfilled in most cases.
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Blood samples and other information. One stored
plasma sample per patient (n = 6,907) was sent for centralized
antibody analysis. Depending on the source cohort, this sample
was taken at different points during the RA disease course per-
mitting the stratification into early versus established RA. In an ini-
tial screening, we split the statistical analyses into (1) patients with
early RA (n = 597) consisting of disease-modifying antirheumatic
drug (DMARD)–naive patients with RA from the ARCTIC cohort
(n = 212; baseline time point, average <7 months disease dura-
tion) and SRQb (n = 385; <90 days from time of diagnosis at the
time of sampling) and (2) a cross-sectional validation dataset with
blood samples taken at any later timepoint during the RA disease,
consisting of 3,510 patients from the Swedish SRQb (excluding
the early RA samples) and 2,800 patients from the Danish and
Norwegian RA cohorts.

Smoking status was available for 3,212 patients from the
SRQb cohort and 2,316 patients from the DANBIO/DRB cohort;
individuals were categorized as “ever smokers” (including current
and former smokers) or “never smokers” based on self-report.
Clinical measurements close to the time of blood sampling
(±14 days) were retrieved from the SRQ register and were in this
time window available for 2,185 of the patients from the SRQb
cohort. Through linkage of SRQb to the Swedish National Patient
Register and the Prescribed Drug Register, we also retrieved data
on comorbid conditions during the 5 years preceding donation of
blood for the study. Details of the comorbidity definitions can be
found elsewhere.24

For SRQb, HLA-DRB1 SE alleles were imputed using
SNP2HLA25 from genetic data for 2,652 patients, genotyped on
the Illumina global screening array (deCODE Genetics, Reykjavik,
Iceland).19 Patients were determined to be SE allele positive if car-
rying HLA-DRB1*01 (except *0103), *04, *10, or *14:02. For
2,735 patients from the Danish and Norwegian cohorts
(DANBIO/DRB, ARCTIC, NOR-DMARD, and ULRABIT) HLA-

DRB1 SE alleles were imputed by SNP2HLA25 from genetic data
for 28 single-nucleotide polymorphisms (SNPs) from the HLA
locus from a customized genotyping effort by AmpliSeq on Ion-
Torrent 5S XL covering 375 SNPs in collaboration with Thermo
Fisher Scientific.

Monoclonal antibodies. CCP2+ human monoclonal anti-
bodies were generated by cloning Igs from single cells from
patients with RA as previously described.26–29 They originated
from different patients, tissues, and B cell compartments
(Supplementary Table 2). All clones were expressed as recombi-
nant human IgG1 in Hek293 Expi cells (Thermo Fisher Scientific).

Autoantibody measurements. IgM, IgG, IgA RF and
IgG, and IgA anti-CCP2 analyses were performed by fully auto-
mated commercial fluoroenzyme immunoassay for in vitro diag-
nostics (EliA, Phadia AB, Uppsala, Sweden). ACPA fine
specificities were screened using a new optimized version of the

previously reported custom-made multiplex solid-phase microar-
ray platform (Thermo Fisher Scientific, ImmunoDiagnostics). The
array contained four original peptides with multiple citrulline sites
and 15 single-citrulline peptides derived from human fibrinogen
(alpha and beta chain), vimentin, tenascin C, and filaggrin; two
acetylated histone 4 peptides with naturally occurring sites; and
two synthetic filaggrin (cfc1) peptides in which the arginine/
citrulline site in the original peptide was replaced by either homo-
citrulline or acetyl-lysine as well as arginine control peptides. On
the array, biotinylated peptides are immobilized by binding to
streptavidin (see Supplementary Table 2 for peptide design). For
autoantibody serology screenings, fluorescent intensity was nor-
malized to arbitrary units. For each array batch, the cut-off for
positivity for each antigen was determined by the 98th percentile
for plasma from 235 to 570 healthy controls (Thermo Fisher Sci-
entific). High signal was defined as three times the cut-off for pos-
itivity (Supplementary Table 3). In total, 712 healthy controls were
analyzed on the array.

Statistical methods. Spearman analyses were used for
investigation of direct correlations of continuous values. Differ-
ences in autoantibody levels between groups were evaluated with
Mann-Whitney or Kruskal-Wallis analysis with Dunn correction for
multiple comparisons. Differences in frequencies of positive tests
were assessed with Fisher exact tests. Logistic regression was
used for further multivariate analysis. Statistical analysis was per-
formed using JMP 16 (SAS Institute) and Prism 9 (Graphpad).
P values <0.05 were considered statistically significant. Unsuper-
vised hierarchical clustering was performed using the Ward
method.

RESULTS

ACPA binding is determined by recognition of
single-citrulline motifs. We developed an optimized antigen
array including a panel of single-citrulline peptides for improved
capture of different ACPA specificities based on cit-motifs. The
array was first validated using a panel of 33 previously published
patient-derived CCP2+ monoclonal ACPAs (Supplementary
Table 2). Most of the monoclonals bound to several cit-peptides
on the array. Certain clones also bound to carbamylated (Carb)
and acetylated (Acet) peptides (Supplementary Figure 2). Except
for two clones, the few CCP2+ clones that were negative on the
array were found to bind other cit-peptides by enzyme-linked
immunosorbent assay (Supplementary Figure 2). Importantly,
when studying the four peptide families of an original multi-cit
peptide and corresponding single-cit derivates (TNC5, Vim60-75,
Fibα36-50, and Fibβ60-74), the binding preferences for the clones
could be determined (Supplementary Figure 2B–E). In most
cases, clones that bound to the original peptides recognized only
one of the single-cit peptides or only peptides with similar cit-
motifs.

RELATION OF ACPA PROFILES WITH SMOKING AND HLA 3
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Next, we investigated the plasma IgG binding patterns in
cross-sectional patients with RA (n = 6,907; cohort description
in Supplementary Figure 1 and Supplementary Table 1). Binding
was specific for citrulline peptides and low/no binding was
detected to the arginine (Arg) version of the peptides (Supplemen-
tary Table 4). When analyzing patients positive for any citrulline
peptides in the families TNC5 (n = 3,114; 45%), Vim60-75 (n =
4,591; 66%), Fibα36-50 (n = 2,645; 38%), or Fibβ60-74 (N =
4,474; 65%), we observed patient-specific binding patterns
(Figure 1A–D). For example, when detecting binding to the original
TNC5 peptide in a patient, a preferential strong binding could be
seen for one of the four cit-sites but typically not for all. Interest-
ingly, for the peptide families Vim60-75 and Fibβ60-74 we could
detect a clear dominance of one cit-site, Cit Vim60-75-cit1 and Cit
Fibβ60-74-cit3. On the other hand, for the TNC5 and Fibα36-50 pep-
tide families binding was seen to all sites but differently in different
patients.

Several single-cit peptide reactivities displayed significant
direct correlation with each other, but this correlation was typically
stronger outside of the peptide families. Surprisingly, the strongest
correlation was seen by the two peptides with unrelated
sequences: Cit Fibα36-50-Cit1 and Cit Fibβ60-74-Cit2 (Supplementary
Figure 3). Notably, in several cases one of the single-cit peptides
captured significantly more patients than the original multi-cit pep-
tide (ie, Cit Fibα36-50-Cit1 vs Cit Fibα36-50; Cit Fibβ60-74-cit3 vs Cit
Fibβ60-74; and Cit Vim60-75-cit1 vs Cit Vim60-75) (Figure 1 and Supple-
mentary Figure 2B–D).

Frequencies and overlap between different
autoantibody classes and isotypes. Four single cit-peptides
stood out with a high frequency of positivity: Cit Fibβ36-52 (51%),
Cit Fibβ60-74-Cit3 (59%), Cit Fil307-324 (54%), and Cit Vim60-75-Cit1

(63%) (Table 1; Figure 2A). When we combined these four pep-
tides that we denote “group A” peptides, they captured 97% of
IgG CCP2+ patients and 22% of IgG CCP2−. The other 11 pep-
tides (“group B” peptides) varied in frequency of positivity. More-
over, the ACPA patterns were relatively consistent between RA
cohorts included in the study, as seen by dichotomizing patients
into early DMARD-naive patients with RA (n = 597) and two
cross-sectional replication cohorts as (1) the cross-sectional part
of the Swedish cohort from the SRQb (n = 3,510) and (2) the
cross-sectional part from the Norwegian and Danish cohorts
(n = 2,800) (Table 1).

Notably, we also observed that 56% of IgG anti-CCP2+
patients (2,646 of 4,723) had antibody reactivity to carbamylated
or acetylated peptide epitopes (Table 1). There was a positive cor-
relation between Acet/Carb positivity and the number of detect-
able ACPA fine specificities (Supplementary Figure 4). Using the
Fil307-324 peptide and replacing the arginine/citrulline residue with
acetyl-lysine or homocitrulline further illustrated the overlap
between reactivities, with a large proportion of Cit Fil307-324–
positive patients also being positive for Carb Fil307-324 or triple

positive for the Cit, Carb, and Acet versions (Supplementary Fig-
ure 5). Reactivity to acetylated histone 4, Acet His41-18 K5, and
Acet His41-18 K16 was less frequent but substantially overlapped
with Carb/Acet filaggrin positivity (Supplementary Figure 6).
Although cit-reactivity alone was common, only a few patients
was uniquely positive for Carb or Acet without Cit-positivity.

When evaluating the total seropositivity, 76% of the patients
with RA were seropositive based on CCP2 IgG and/or RF IgM.
Including IgA CCP2 and RF isotypes further increased the size of
the seropositive group to 83% (n = 5,759). Furthermore, a few
additional seropositive individuals were captured when including
IgG to Acet/Carb, resulting in the final proportion of 84% (n =
5,805) of patients positive for at least one of the investigated
markers, which reduced the seronegative group to 16% of all
included patients (Figure 3A; Supplementary Table 6). Of CCP2
IgG negative patients, 11% were positive for at least one of the
ACPA fine specificities. The cit-reactivity levels in these patients
were not necessarily low or just above cut-off. However, it should
be emphasized that including multiple peptide tests significantly
reduced the specificity as seen by high combined positivity in the
analyzed healthy controls, despite high specificity for each individ-
ual test (n = 712; 22% cit-peptide positivity; Supplementary
Table 4). Hence, a more appropriate approach in testing may be
to use the high cut-off, which maintained specificity (4.5% positiv-
ity in controls) but increased the seropositivity to 79% in combina-
tion with CCP2 and/or RF (n = 5,460; Supplementary Tables 4
and 6).

In general, there was a large overlap between different ACPA
fine specificities. A total of 91% of all patients with RA who were
positive for any ACPA fine specificity were positive for two or more
peptides. Yet, among patients positive for only one peptide
(n = 493), the same four group A peptides dominated: Cit
Fibβ36-52, Cit Fibβ60-74-Cit3, Cit Fil307-324, and Cit Vim60-75-Cit1

(9%, 13%, 14%, and 15% positives, respectively; Supplementary
Figure 7). Notably, many individuals displayed high signals (three
times the cut-off ) to both group A and group B peptides (Figure
3B–C; Supplementary Table 5). Only a smaller subset (5% of all
patients with RA) had high reactivity restricted to the less frequent
(group B) peptides (Figure 3C).

Many cit-peptides that are commonly used as antigens for
detecting ACPA fine specificities display glycine (gly) residues next
to the citrulline, either in the +1 (cit-gly) or −1 (gly-cit) position. Of
the 15 single-cit peptides, 4 peptides contained cit-gly or gly-cit
motifs and 11 did not (Table 1). Importantly, of the dominating
(group A) peptides, two contained gly motifs (Cit Fibβ36-52 and
Cit Fil307-324) and two did not (Cit Fibβ60-74-Cit3 and Cit Vim60-75-

Cit1). There was still a large overlap between these reactivities
among patients: 49% had high signal for both gly-motif peptides
and non-gly motif peptides. Nevertheless, 5% had high reactivity
only to gly-motif peptides, and 15% of all patients had high reac-
tivity to only peptides with non-gly motifs (Figure 3D). Interestingly,
the patient group with only gly-peptide ACPAs had significantly

MATHSSON ALM ET AL4
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Figure 1. Serological anticitrullinated protein antibody patterns reveal the preferential binding of autoantibodies to citrulline motifs. A total of
6,907 patients with rheumatoid arthritis were screened for binding to citrulline-containing peptides. The figure visualizes binding to four peptide
families with the original peptide with multiple citrulline and the equivalent single-citrulline peptides. Patients with any positive signal within the fam-
ilies are shown: (A) Cit TNC5 in 3,115 positive patients, (B) Cit Fibβ60-74 in 4,474 positive patients, (C) Cit Fibα36-50 in 2,645 positive patients, and
(D) Cit Vim60-75 in 4,591 positive patients. Heatmaps display positive signals in arbitrary units with the cut-off for positivity in the assays subtracted.

RELATION OF ACPA PROFILES WITH SMOKING AND HLA 5
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Figure 2. Autoantibody profiles in RA. (A) Frequencies of anticitrullinated protein antibody binding to different cit-peptides. Frequencies of pos-
itive cit-peptide signals (left) and high signals (right) in all patients with RA (top), IgG anti-CCP2–positive patients (middle), or IgG anti-CCP2–
negative patients (low). “Group A peptides” with the highest frequency of positivity are highlighted in red. The cut-off for positivity was based on
the 98th percentile of healthy controls. The cut-off for high signal was set to three times the positive cut-off. (B) Unsupervised hierarchical clustering
illustrates patient subsets based on autoantibody reactivity patterns. Clustering by Ward method is shown for positive antibody signals in arbitrary
units with the cut-off for positivity in the assays subtracted. The data include RF (IgM, IgA, and IgG), CCP2 (IgG and IgA), four peptides with car-
bamylated or acetylated sites (Carb/Acet), 15 peptides with single-citrulline sites, and seven arginine control peptides. Six distinct patient clusters
could be identified as indicated. (C–E) Disease activity by DAS28, ESR (mm/h) and CRP levels (mg/L) by patient autoantibody profile cluster,
including patients from the Swedish Rheumatology Quality registry biobank with available clinical data ±14 days from sampling. Statistical analysis
with Kruskal-Wallis test with Dunn correction of multiple comparison. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. CCP2, cyclic citrullinated
peptide; CRP, C-reactive protein; DAS28-ESR, Disease Activity Score 28 with erythrocyte sedimentation rate; ESR, erythrocyte sedimentation
rate; RA, rheumatoid arthritis; RF, rheumatoid factor.
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Figure 3. Autoantibody subset and association with rheumatoid arthritis risk factors. Data is shown for 6,907 patients with rheumatoid arthritis.
(A) Overlap between anti-CCP2 (IgG and IgA), RF (IgM, IgA and IgG), 15 ACPA fine specificities using single-citrulline peptides, and four antihomo-
citrulline (Carb) and anti–acetyl-lysine (Acet) reactivities. (B) Overlap between IgG anti-CCP2, four high-frequency ACPAs (group A peptides), and
11 low-frequency ACPAs (group B). (C) Overlap between group A and group B ACPAs. (D) ACPA reactivity to peptides with glycine motifs (cit-gly
and gly-cit) compared with 11 peptides without glycine. (E) Analysis of HLA-DRB1 SE allele frequency based on high group A reactivity and reac-
tivity to only gly-motif peptides (Cit Fibβ36-52 and Cit Fil307-324) versus other nonglycine peptides (Cit Fibβ6F0-74-Cit3 and Cit Vim60-75-Cit1). (F) Total
frequency of HLA-DRB1 SE in patients based on high cit-motif reactivity (n = 5,387 with HLA data). (H and J) History of smoking in CCP2 IgG+
IgA+ versus CCP2 IgG+ only and RF IgM+ IgA+ versus RF IgM+ only, respectively. (I) Smoking in patients based on CCP2 IgG/IgA positivity or
RF IgM/IgA positivity (n = 3,112 with smoking data). (G and K) Logistic regression analysis for (G) HLA-DRB1 SE or (K) smoking with parameters
as categorical values. ACPA, anticitrullinated protein antibody; CCP2, cyclic citrullinated peptide; CI, confidence interval; OR, odds ratio (yes/no);
RF, rheumatoid factor; SE, shared epitope.
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higher CCP2 levels (mean ± SD: 187 ± 204; median 98 vs 102 ±
135; median 46 AU/mL) (Supplementary Figure 8), but the aver-
age peptide signals on the array was slightly lower for gly-motif
peptides (Supplementary Figure 9).

Patient clusters based on autoantibody profiles
show differences in ACPA composition and disease
activity. Unsupervised clustering with the Ward method includ-
ing the 15 single-citrulline peptides, all isotypes of CCP2 and RF,
and the homocitrulline and acetyl-lysine peptides illustrates the
complex autoantibody profiles in the patients (Figure 2B;
Table 2). Six main clusters of patients were identified, of which
two captured patients with very high CCP2 IgG levels (clusters
1–2), one with moderate-to-high antibody levels (cluster 3), two
with lower levels (clusters 5–6), and one cluster captured the
seronegative group (cluster 4). The clusters also differed in
CCP2 IgA positivity, Carb/Acet positivity, RF reactivity, and the
proportion of different peptide subsets as well as HLA-DRB1
and smoking (Table 2; Supplementary Table 7). The cohort origin
did not seem to affect the clustering (Supplementary Table 7).
Notably, the patient subsets defined by the six clusters displayed
significant differences in disease activity and inflammation by Dis-
ease Activity Score 28 (DAS28), C-reactive protein (CRP), eryth-
rocyte sedimentation rate (ESR), Tender Joint Count (TJC), and
Swollen Joint Count (SJC) but not in the Patient Global Assess-
ment (PGA) or in reported pain. Of the individual components,
ESR and TJC28 remained statistically significant across the
clusters when adjusting for sex, age, and early DMARD-naive
disease (Table 2). The subsets with moderate antibody levels
had the lowest disease activity (cluster 5, average DAS28 =
2.8), and patients displayed higher RA disease activity in the
high antibody cluster (cluster 1, average DAS28 = 3.6) as well
as the seronegative cluster (cluster 4, average DAS28 = 3.3)
(Figure 2C–E). No associations between comorbidities and anti-
body profiles were observed (Supplementary Table 8).

Importantly, the composition of ACPA fine specificities based
on recognized cit-motifs was significantly different between the
antibody-positive clusters. Regarding the ACPAs targeting differ-
ent cit-motifs, we noted that even if clusters 1 and 2 had high mul-
tireactivity, the signals to the positive glycine-containing peptides
were higher in cluster 2. The moderate antibody clusters 5 and
6 had a higher proportion of non-glycine cit-motif ACPA com-
pared with others, but there were also differences in signal inten-
sity for positive peptides between these two clusters so that
glycine cit-motif signals were higher in cluster 5. In regression
analysis, we found that having high reactivity to glycine cit-
peptides or high reactivity to non-glycine cit-peptides indepen-
dently correlated with patient clusters also when adjusting for
CCP2 IgG levels, RF IgM levels, number of ACPA fine specificities,
sex, and age. When instead dichotomizing the patients into four
subgroups based only on ACPA fine specificity patterns of pep-
tides with and without glycine cit-motifs (Figure 3), we found that

the double positive group (gly and non-gly ACPA) displayed the
highest disease activity by DAS28 followed by the gly-motif only
group (Supplementary Figure 10 and Supplementary Table 9).

HLA-DRB1 SE alleles are more strongly associated
with non-glycine cit-peptide ACPA specificities. The fre-
quency of presence of SE allele positivity among patients with
RA was 77% (Table 3). As expected, we observed a strong asso-
ciation between SE alleles and CCP2 IgG positivity, with 85% of
CCP2 IgG+ patients carrying SE alleles (odds ratio [OR] = 3.9
95% confidence interval [CI] 3.4–4.5). There was a dose-depen-
dent relationship in which patients with two copies of SE alleles
had higher CCP2 IgG levels and a higher number of ACPA fine
specificities (Supplementary Figure 11). RF and Carb/Acet reac-
tivities were also associated with a higher frequency of SE alleles
but had a lower OR (RF IgM OR = 2.2 95% CI 1.9–2.5; anti-
Carb/Acet OR = 1.6 95% CI 1.4–1.8). However, if the patients
were first stratified for CCP2 IgG positivity, so that CCP2 IgG+
patients with and without additional Carb or Acet reactivity were
compared, there was no statistically significant association of
Carb/Acet with SE alleles (Table 3), as most patients were concor-
dant for SE and CCP2 IgG. Yet, patients that were CCP2 IgG neg-
ative but had high cit-peptide reactivity (n = 223) had amodest but
significant increase in HLA SE allele positivity (69% vs 57%; P =
0.002; OR = 1.6 95% CI 1.2–2.2), which was diminished when
excluding RF IgM positives (OR = 1.1 95% CI 0.75–1.7).

Importantly, there were striking differences in patient subsets
based on ACPA fine specificities to glycine motif peptides or non-
glycine ACPA in terms of association with SE alleles with the OR
for non-gly motif ACPA positivity being twice as high as for ACPAs
binding gly-motif peptides. To avoid bias by low-frequency ACPA
fine specificities, we next compared patients with high group A
peptide reactivity but with either only high non-gly motif ACPAs
or only high gly-motif ACPA reactivity, and we found a significant
difference in SE allele frequency in both the SRQb dataset (90%
vs 62%; OR = 4.6, 95% CI 2.6–7.9) and the independent replica-
tion dataset from Danish and Norwegian patients (89% vs 67%;
OR = 4.1, 95% CI 2.3–7.4). There was no difference in RF positiv-
ity between these groups. When the cohorts were combined,
dichotomized for CCP2 IgG positivity, and all peptides (A and B)
included in the analysis, the frequency of SE was 90% in CCP2
IgG+ patients with high non-gly motif ACPA versus 67% in
CCP2 IgG+ patients with only high gly-motif ACPA (OR = 4.5,
95% CI 1.9–11.0; P = 0.0005). Regression analysis confirmed
that high ACPA reactivity to gly-motif peptides did not associate
with SE alleles in contrast with high ACPA to non-gly motif pep-
tides (Figure 3).

Glycine motif ACPA are associated with a history of
smoking. We also investigated ACPA fine specificity in relation
to smoking. Patient-reported smoking status was available for
5,530 patients, showing a 58% overall history of cigarette
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smoking including both previous and current smokers. Although
there was a significant association of CCP2 IgG positivity as well
as group A cit-peptide positivity with smoking, it was rather mod-
est. Intriguingly, patients with only high gly-motif ACPAs (including
both A and B peptides) had a slightly higher frequency of a smok-
ing than patients with only high non-gly motif ACPAs (65% vs
56%; OR = 1.4, 95% CI 1–2.0; P = 0.02).

We also used IgA positivity as a comparison in the analysis to
ascertainthe robustness of the smoking data. Indeed, we could
validate a significant association between a history of cigarette
smoking and IgA positivity, in line with previous reports.7,30 This
was particularly striking when dichotomizing patients based on
CCP2 IgA+ IgG+ double positivity compared with CCP2 IgG
alone in which 67% versus 55% of the patients had a history of
smoking, respectively (Table 3). A similar association was found
for IgA RF. Here, we dichotomized RF IgM+ IgA+ double positivity
and compared it with RF IgM+, for which 69% versus 54% had a
history of smoking. Logistic regression analysis showed an inde-
pendent association for positivity of CCP2 IgA (OR = 1.6, 95%
CI 1.4–1.9) and RF IgA (OR = 1.7 95%CI 1.5–2.0) to smoking sta-
tus (Figure 3).

DISCUSSION

In this comprehensive serologic effort, we provide a granular
profiling of autoantibodies in RA and demonstrate that ACPAs
have preferential binding to small citrulline-containing epitopes,
which is reflected in differential binding to single-citrulline peptides
originating from the same peptide backbone. Our harmonized
dataset from 6,900 patients enabled us to investigate the associ-
ation of different ACPA subsets with RA risk factors. Strikingly, we
found significant differences in HLA-DR SE allele association with
fine specificities targeting nonglycine compared with glycine pep-
tide epitopes. We could confirm an association of IgA autoanti-
body positivity with a history of cigarette smoking.7,30,31 The
observed associations may provide insights into how exposure
to different classes of citrullinated antigen drives specific ACPA
reactivity and the T cell dependance of such responses.

A complete lack of HLA association would indicate T cell–
independent responses, and the low association for glycine-con-
taining peptides, could implicate differences in T cell dependence
in epitopes spreading between different ACPA responses. In line
with our data is a report of difference in HLA SE allele association
for ACPAs targeting a peptide derived from vimentin (no glycine
peptide) compared with a peptide from fibrinogen (citrulline-
glycine motif peptide),32 but at the time this was not attributed to
glycine motifs. Glycine, a small nonpolar amino acid, is often
found in flexible or disordered protein regions. Cit-gly motifs are
common in identified ACPA antigens,33 including in the filaggrin
cfc1 peptide. Furthermore, large unbiased peptide array screen-
ings have confirmed a high prevalence of glycine adjacent to the
citrulline in ACPA targets.6,28 Interestingly, arg-gly motifs have

also been suggested to be preferential substrates for protein argi-
nine deiminase 2 (PAD2) and PAD4 enzymes.34,35 However, it
remains to be elucidated if cit-gly citrullination is more dominating
during physiologic conditions compared with during RA-
associated hypercitrullination. Because T cell and B cell epitopes
generally do not overlap, it is difficult to directly extrapolate the
implications for antigen processing, presentation, and T cell toler-
ance. Moreover, further genetic association analysis is needed to
determine if the gly-motif ACPAs may have an association with
other major histocompatibility complex class II HLA alleles outside
of the DRB1 or SE family. Similarly, we cannot currently deduce
the biologic or temporal relation between the gly and non-gly cit-
reactivities in the B cell response.

As expected based on previous studies, the inclusion of mul-
tiple antibody tests, including both RF and CCP2 isotype
detection and different modified peptides, increased the sero-
positive group and identified autoantibody positive patients
within the classical seronegative subgroup (CCP2 IgG−, and
RF IgM−).7,17,36 Yet, for clinical applications, multipeptide tests
needs to be carefully redesigned and further evaluated to reduce
the false discovery rate and increase the specificity for the combi-
nation of assays. Here we use the peptide array primarily to inves-
tigate ACPA patterns in patients with RA. Overall, the investigated
ACPA fine specificities were relatively stable between cohorts
despite potential differences in the inclusion criteria. Our novel
panel of cit-peptides showed improved discrimination between
different ACPA fine specificities. Moreover, different patient sub-
sets could be identified in unsupervised clustering, which were
also characterized by RF, CCP2 IgA, and Carb/Acet autoantibody
levels. However, the clinical importance of these different autoan-
tibody profiles remains to be investigated.

Owing to the multireactive nature of ACPAs, all investigated
cit-peptides should be considered pseudoantigen capturing a
certain ACPA reactivity pattern. They may not represent epitopes
that are exposed in the citrullinated proteins, or the affinity of the
ACPA may be higher to other cit-peptides/proteins expressing a
similar motif that could be the primary targets. With that being
said, the high frequency of binding to the peptide Cit Fibβ60-74-Cit3
with a C-terminal citrulline is particularly interesting given the sug-
gested link between RA and the periodontal pathogen Porphory-

monas gingivalis.37 P. gingivalis expresses a PAD enzyme that
preferentially citrullinate C-terminal arginine.38

Our data further support that ACPA specificity is determined
by only a few amino acids adjacent to the citrulline. However, in
several cases we could observe that one of the single-cit peptides
had a higher frequency of positivity than did the original peptide
with multiple citrullines. This could indicate that an arginine-
to-citrulline conversion, resulting in a change from a positive to a
neutral charge, outside of the dominating epitope, are reducing
binding. This observation may suggest a more conformational
component at play. The biochemical design of synthetic peptides
(eg, biotin position and linker length in biotinylated peptides) have
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also been shown to impact binding.39 Nevertheless, available co-
crystal structures of ACPA with cit-peptides show a hapten-like
binding to the citrulline and more limited direct interactions with
other side chains,40,41 but certain amino acids or structures are
hypothesized to sterically repulse binding.

Interestingly, the panel of 33 patient-derived monoclonal
antibodies that were used for evaluations represented the sero-
logical profiles well. We observed high binding to the same prefer-
ential cit-peptides and similar binding patterns as in the patient
antibody serology. Considering the multireactivity of ACPAs, it
could be that patients with RA have a rather limited number of cir-
culating ACPA clones that explains their ACPA fine specificity pro-
files. Indeed, a recent mass spectrometry study shows that the
IgG1 ACPA response is unique to each patient and dominated
by a small number of clones.42

Evidence links the risk of RA with smoking and other lung
exposures, which implicates a central role for mucosal immunity.3

We found that autoantibodies of the IgA isotype, both CCP2 IgA
and RF IgA, were particularly strongly associated with a history
of smoking, as previously reported.7,31 However, serum IgA’s
direct link to mucosal responses is complex. Serum Igs are mostly
expressed by long-lived cells in the bone marrow, but IgA-
expressing cells can originate from prior mucosal responses.43

IgA ACPA positivity is infrequent in IgG negative individuals and
show a concordance with high IgG ACPA levels, IgG positivity
for multiple cit-peptides, and IgG anti-Carb/Acet reactivity.
Because human B cells class-switch from IgG to IgA, it can be
hypothesized that smoking drives a strong chronic response
resulting in epitope spreading and IgG to IgA class-switching.

Anti-Carb and anti-Acet autoantibodies were found in a sub-
set of ACPA+ patients with RA and did not show any further asso-
ciation with SE or smoking when adjusting for CCP2 positivity.
Nevertheless, this subset of patients is interesting because auto-
reactivity to multiple modifications (Cit, Carb, or Acet) have previ-
ously been shown to be associated with more aggressive
disease and higher risk of relapse after treatment.12,44,45 In this
study, we used modified filaggrin peptides to detect Carb and
Acet binding in combination with acetylated histone 4. Although
the histone 4 peptides represent natural lysine sites, which we
have previous found to be acetylated and targets for multireactive
ACPAs,14 the filaggrin peptides are more artificial with the argi-
nine/citrulline residue replaced with acetyl-lysine or homocitrulline.
Hence, these peptides were similarly constructed as previously
reported modified vimentin (mod-Vim58-69; Orgentec
Diagnostika),7,12 but because the peptide motif is different they
may capture a slightly different subset than mod-Vim. Indeed,
CCP2+ ACPA mAbs were found to be restricted in their cross-
reactivity to these peptides depending on the peptide backbone
(Supplementary Figure 2).

The use of multiple autoantibody tests distinguishes different
ACPA profiles. We propose that different ACPA fine specificity
combinations may be important for disease pathogenesis.

Indeed, patients with different autoantibody patterns either based
on unsupervised clustering or ACPA fine specificity subtypes dis-
played statistically significant differences in disease activity com-
ponents, in particular ESR and TJC. Patients with multipeptide
reactivities had higher disease activity than patients with fewer
autoantibodies, but also a subset of seronegative patients had
high activity. In model systems, ACPAs have been suggested to
be directly involved in arthritis pathogenesis by interactions with
different synovial cells (eg, neutrophils and osteoclasts) and by
inducing pain, tenosynovitis, and bone loss.14,29,46–48 Intriguingly,
certain human ACPA clones have also been observed to have
anti-inflammatory and antiatherogenic properties in experimental
murine models.49–51 Hence, different subsets of ACPAs are
hypothesized have different functionality depending on their
antigen-recognition.

In summary, we demonstrate that redefining ACPA fine
specificity based on their recognition motif, rather than individual
peptides, reveal distinct HLA-DR associations that provide essen-
tial indications about the B cell and T cells citrulline responses.
Moreover, mapping the autoantibody response accelerates our
understanding about seropositive disease and patient subsets.
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