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Introduction
Rheumatoid arthritis (RA) is a chronic inflamma-
tory and destructive musculoskeletal disease 

affecting synovial joints, leading to severe discom-
fort and disability.1 RA is characterized by the 
presence of autoantibodies that distinguish this 
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Abstract
Aims: To determine the diagnostic value of anti-acetylated peptide antibodies (AAPA) in 
patients with rheumatoid arthritis (RA).
Methods: Three acetylated peptides (ac-lysine, ac-lysine.inv and ac-ornithine) derived from 
vimentin were employed to measure AAPA by enzyme-linked immunosorbent assay (ELISA) in 
sera of 120 patients with early RA (eRA), 195 patients with established RA (est RA), 99 healthy 
controls (HC), and 216 patients with other inflammatory rheumatic diseases. A carbamylated 
and a citrullinated version of the vimentin peptide were used additionally. Receiver operating 
characteristics and logistic regression analyses were used to assess the discriminative 
capacity of AAPA.
Results: AAPA were detected in 60% of eRA and 68.7% of estRA patients, 22.2% of HC, and 
7.1– 30.6% of patients with other rheumatic diseases. Importantly, AAPA were also present in 
40% of seronegative RA patients, while antibodies to the carbamylated peptide were detected 
less frequently. Diagnostic sensitivity of individual peptides for eRA was 28.3%, 35.8%, and 
34% for ac-lysine, ac-ornithine, and ac-lysine.inv, respectively. Positive likelihood ratios (LR+) 
for eRA versus HC were 14.0, 7.1, and 2.1. While the presence of a single AAPA showed varying 
specificity (range: 84–98%), the presence of two AAPA increased specificity considerably since 
26.7% of eRA, as compared with 6% of disease controls, were double positive. Thus, double 
positivity discriminated eRA from axial spondyloarthritis with a LR+ of 18.3. Remarkably, 
triple positivity was 100% specific for RA, being observed in 10% of eRA and 21.5% of estRA 
patients, even in the absence of RF and ACPA.
Conclusion: AAPA are highly prevalent in early RA and occur also independently of RF and 
ACPA, thereby reducing the gap of seronegativity. Furthermore, multiple AAPA reactivity 
increased the specificity for RA, suggesting high diagnostic value of AAPA testing.
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disease from other types of inflammatory arthritis 
(IA) such as spondyloarthitis (SpA), psoriatic 
arthritis, or reactive arthritis. Among the numer-
ous autoantibodies described in the literature, 
only two, rheumatoid factor (RF) and anti-citrul-
linated-peptide antibodies (ACPA), are currently 
employed in routine serodiagnostics. They are 
detectable in 50–70% of RA patients,1,2 and are 
included in the current classification criteria of 
RA.3–6 Autoantibodies can appear many years 
before disease onset, and both RF and ACPA 
have been associated with more severe disease, 
worse long-term outcomes,7–9 and a higher rate of 
relapses after withdrawal of disease modifying 
antirheumatic drug (DMARD) therapy. This evi-
dence suggests that autoantibody positive (=sero-
positive) patients may be in greater need of 
immunosuppressive treatment.10,11

Since a significant proportion of patients test neg-
ative for RF and ACPA, the question remains 
whether seronegative RA may, in fact, represent a 
distinct disease subtype.12 This gap in seropositiv-
ity repeatedly fuels discussions on similarity of 
seronegative RA to seropositive RA and demands 
a closer diagnostic workup to differentiate it from 
other IA.13–16 During the last years, however, the 
identification of novel autoantibodies associated 
with RA, such as anti-carbamylated protein anti-
bodies (anti-CarP) and antibodies targeting acety-
lated epitopes (anti-acetylated protein antibodies, 
AAPA) challenged the concept of seronegative 
RA, putting forward the hypothesis that the diag-
nostic gap can be closed or at least partially cov-
ered.17–19 Anti-CarP and AAPA are directed 
against epitopes containing post-translational 
modifications other than citrullination. Anti-CarP 
antibodies are directed at carbamylated residues, 
while AAPA recognize epitopes in which specific 
lysine residues have been modified enzymatically 
to carry an acetyl group. The acetylation of lysine 
residues occurs as a post-translational protein 
modification and is usually catalyzed by lysine 
acetyltransferase enzymes (KATs), but can also 
occur non-enzymatically, for example, in mito-
chondria or bacteria.20,21 Thus, AAPA are another 
member of the anti-modified protein autoanti-
body (AMPA) family.22

While anti-CarP antibodies may indeed have some 
value for RA diagnostics,17,23 the significance and 
diagnostic value of AAPA in RA has not been elu-
cidated.18 To address this issue, we aimed to deter-
mine the prevalence of AAPA in patients with early 
RA or established RA, appropriate disease controls 

and healthy subjects, and thus derive their differ-
ential diagnostic value for RA versus other rheu-
matic condition. We focused on three differentially 
acetylated peptides derived from a vimentin pep-
tide whose citrullinated isoform was shown to rep-
resent a major target of ACPA.

Patients and methods

Study design and patients
All samples used in this study had been previously 
acquired and stored in the biobank (biological 
specimen registry) of the Medical University of 
Vienna (EC-Number: 559/2005),24 and all 
patients had provided written informed consent, 
which follows the rules of the declaration of 
Helsinki and was approved by the Ethics 
Committee of the Medical University Vienna.25 
Samples were drawn from 120 patients with early 
RA (eRA), 195 patients with established RA (est 
RA), 99 healthy subjects, 50 patients with SpA, 
and 166 patients with other rheumatic diseases 
including systemic lupus erythematosus (SLE),  
idiopathic inflammatory myopathies (IIM), gran-
ulomatosis with polyangiitis (GPA), and primary 
Sjögren’s syndrome (pSS). RA patients had been 
classified either by the ACR 1987 revised crite-
ria,26 or the ACR/EULAR 2010 criteria,6 and 
were seen regularly approximately every 
3–6 months, depending on the state of disease 
activity, by rheumatologists in the outpatient clinic 
of the Division of Rheumatology at the Medical 
University Vienna.27 Samples from patients with 
eRA were collected before initiation of treatment, 
in the majority of cases even before diagnosis of 
RA was confirmed. All patients with arthritis have 
been followed-up within “CARAbase” (Care of 
RA database) for a minimum time of 2 years, a 
clinical practice database for documentation of all 
clinical and therapeutic parameters.28–30 Patients 
with estRA (disease duration >3 years) were 
selected randomly from the database.

Autoantibody testing
Acetylated peptides. AAPA IgG were measured 
by enzyme-linked immunosorbent assay (ELISA) 
as previously described using three acetylated 
peptides derived from a mutated form of the  
predominant vimentin epitope NH2-GGVY-
ATRSSAVR-OH.10 In this isoform, originally 
identified in synovial fluid of RA patients,31 the 
glycine residue in position 2 is replaced by argi-
nine, resulting in NH2-GRVYATRSSAVR-OH 
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in which the arginine at position 7 (indicated as 
R, in bold) was changed to acetylated lysine (ac-
lysine) or acetylated ornithine (ac-ornithine). In 
order to analyse the influence of neighboring 
amino acid residues acetylated lysine [G-Lys(ac)-
VYATRSSAVR] was introduced at the arginine in 
position 2 instead of position 7 (“inverse pep-
tide”, ac-lysine.inv).10 The unmodified peptide 
served as negative control; sera reactive with both 
the modified and the control peptide were consid-
ered negative.10 Of note, very few sera were reac-
tive with control peptides. In addition, antibodies 
to a citrullinated and a carbamylated version of 
the peptide were determined carrying the modifi-
cation at position 7 as described previously.10,18

Precision and reproducibility of assays. Measure-
ments of imprecision (inter-assay and intra-assay 
variability) were taken over four and six replicates, 
respectively. To assess the precision of the AAPA 
ELISA, low (L), medium (M) and high (H) value 
samples were assayed in five independent tests on 
1 day (inter-assay) or in a single run (intra-assay). 
The intra-assay coefficient of variation (CV) was 
8.3, 7.2, and 5.2% for the mean unit-values of 
27.9, 155.4, and 803.3, respectively, whereas 
inter-assay CV was 4.2, 3.5, and 7.2% for mean 
unit-values as described before, respectively.

Standard curve. AAPA enzyme-linked immuno-
sorbent assay (ELISAs) are considered to be 
semiquantitative because the readouts from 
experimental samples are compared with refer-
ence samples from a pre-screening used to estab-
lished the standard curve, since international 
reference samples exist for anti-CCP only. Patient 
samples containing high levels of specific anti-
body were serially diluted in sample buffer to 
demonstrate the dynamic range of the assay and 
the upper and lower end of linearity. Activity for 
each dilution was calculated from the calibration 
curve using a 4-Parameter-Fit with in-log coordi-
nates. To determine if the curve fit is correct, 
additional backfit of the standard curve values 
was done by plotting the standard curve, treating 
the serial dilution of standards as unknowns and 
interpolating the values from the standard curve. 
The readout was close to the expected values 
(±15%). Additionally, in each run, a positive and 
negative control were included for comparison 
with the signal produced by the antibodies.

The cut-off for positivity was determined by 
receiver operating characteristic (ROC) curve 
analysis as described in the next section. The 

decision to use the same cut-off value for all 
AAPA assays was made practicable by the use of 
individual optimization of the assays, via coating 
buffers, coating temperature, and antigen con-
centration. The final performance was verified 
with the appropriate controls consisting in analy-
sis for distribution of antibody levels in healthy 
controls (n = 191).

In all RA patients, RF and ACPA were measured 
routinely by nephelometry or the anti-CCP2 
assay (Thermo Fisher Scientific, Waltham, MA, 
USA), respectively.

Statistical analyses
Descriptive statistics on antibody levels in all 
cohorts and clinical and descriptive variables of 
eRA and estRA have been generated. In a first 
step, ROC curves using antibodies (abs) against 
ac-lysine, ac-lysine.inv, and ac-ornithine were 
generated by testing eRA and estRA versus healthy 
subjects to evaluate a cut-off for positivity of 
AAPA. Prevalence of number of positive peptides 
per cohort was determined and illustrated. GPA, 
polymyositis, SLE, and Sjögren patients were 
summarized as one group [other inflammatory 
rheumatic diseases (OIRD)] for ROC analyses 
against eRA. Further ROC curves analyses tested 
the diagnostic accuracy contrasting eRA and SpA 
as well as eRA and OIRD. The overlap of the 
three different AAPA has been evaluated via 
cross-tabulation separately for all cohorts. Venn 
diagrams have been drawn outlining the overlap 
of AAPAs and the overlap of AAPA with RF and 
ACPA status. AAPA in seronegative eRA patients 
have been evaluated separately. By means of lin-
ear regression non-parametric tests and correla-
tion analyses, we evaluated differences in clinical 
characteristics depending on AAPA positivity and 
titer. AAPA titers have been illustrated by num-
ber of positive AAPA. All analyses were per-
formed using SPSS version 25, Medcalc and 
STATA.

Results

Diagnostic performance of AAPA testing in 
patients with RA
To establish the diagnostic value of AAPA in 
patients with eRA, sera from 99 healthy donors 
and 120 eRA patients (75% female) with a 
median symptom duration of 0.7 [interquartile 
range (IQR): 0.3–1.9] years and a median SDAI 

https://journals.sagepub.com/home/tab


Therapeutic Advances in Musculoskeletal Disease 13

4 journals.sagepub.com/home/tab

of 15 (IQR: 9–22) were used for validation of the 
three assays.10 Among the eRA patients, 50% 
were positive for ACPA and 53.3% for RF, with 
46% being positive for both antibodies. In none 
of the patients were antibodies against the 
unmodified peptide detected. More details on 
descriptive statistics are displayed in Table 1.

To determine appropriate cut-off values, ROC 
analyses were performed, which revealed differ-
ent performances of the acetylated peptides: the 
area under curve (AUC) values of ac-lysine, ac-
lysine.inv, and ac-ornithine were 0.666, 0.687, 
and 0.800, respectively (Figure 1). For further 
analysis, we decided to use a uniform cut-off of 
20 U/ml. At this cut-off, the three peptides showed 
comparable sensitivities but different specificities 
(Figure 1, table insert): ac-lysine was the most 
specific peptide [specificity (spec): 98.0%; sensi-
tivity (sens): 28.3%; positive likelihood ratio 
(+LR) 14.0], followed by ac-ornithine (spec: 
95.0%; sens: 35.8%; +LR 7.1) and ac-lysine.inv, 
which was the least specific peptide (spec: 84.3%; 
sens: 34%; +LR 2.2). Altogether, 72 eRA patients 
(60%) and 22 healthy controls (22%) tested posi-
tive for any of the three AAPA (Table 1). Among 
eRA patients, 44 patients showed multiple reac-
tivities: 32 patients showed two abs (26.6%), 
which were most frequently directed against ac-
lysine and ac-ornithine, and 12 patients (10.0%) 
showed abs against all three peptides (Figure 2a). 
Single positivity was detected in 28 patients: 15 
patients were positive for ac-lysine.inv, 11 for ac-
ornithine, and only two for ac-lysine. Generally, 
AAPA levels increased with the number of posi-
tive abs and were highest in triple positive patients 
(p ⩽ 0.001; Figure 3).

We then tested if multiple antibody reactivities 
coincided with better diagnostic accuracy. The 
likelihood of true positive eRA increased with the 
number of abs. The presence of two or three abs 
had a sensitivity of 36.7%, a specificity of 97% 
resulting in a LR+ of 12.1, while triple positivity 
proved 100% specific for eRA (Table 2).

Comparing AAPA positive versus AAPA negative 
eRA patients, disease activity and individual core 
set variables were similar in the two groups, 
except that AAPA-positive patients had a higher 
likelihood to also be RF and/or ACPA positive 
(p < 0.001) (Table 1). Furthermore, patients with 
multiple AAPA reactivities seemed to have longer 
symptom duration but this did not reach the level 
of statistical significance (p = 0.074). In patients 

negative for RF and ACPA (seronegative), we 
found no differences in any of these variables 
between AAPA positive and AAPA negative 
patients at baseline.

To substantiate and validate the data obtained in 
patients with early untreated RA, we analyzed 
AAPA additionally in a cohort of 195 patients 
with estRA (79% female, median symptom dura-
tion: 6.6 years (2.4–13) years, 57% positive for 
ACPA and 59% for RF). This analysis revealed 
an AAPA testing sensitivity of 68.7%, which was 
somewhat higher than in eRA (Table 2). 
Interestingly, the percentage of patients triple 
positive for AAPA doubled in comparison with 
eRA with 21.5% of the estRA patients showing all 
three abs and 26.1% being double positive 
(Figures 2b and 4). Thus, nearly 50% of the 
estRA patients showed multiple reactivities result-
ing in a LR+ of 15.7 (Table 2).

Prevalence of AAPA across other  
rheumatic diseases
We next determined the prevalence of AAPA in 
patients with other rheumatic diseases, including 
SpA (n = 50), SLE (n = 49), pSS (n = 88), IIM 
(n = 15), and GPA (n = 14). Prevalence of AAPA 
was generally lower than in RA, and, in the major-
ity of cases, only one of the three peptides was rec-
ognized, preferentially ac-lysine.inv, which showed a 
similar prevalence as in HC (Figure 2d, 4e). Especially 
when considering differential serodiagnostics, 
AAPA showed a test performance for differentiat-
ing eRA versus SpA similar to eRA versus HC 
(AUC: 0.751; Table 2). Remarkably, double reac-
tivity was seen in only one SpA patient (LR+ 
18.3) and triple reactivity was not observed at all 
(Table 2). Among the three peptides ac-lysine and 
ac-ornithine proved highly specific for RA, show-
ing LR+ of 15.8 and 9.6, respectively (Table 3).

The test-performance of AAPA for differentiating 
eRA from OIRD had similar sensitivity and specific-
ity with an AUC of 0.713 as had been found for eRA 
versus HC (Table 2). Double reactivities were 
observed in 7% of OIRD patients (Figure 2e) and 
were preferentially directed to ac-lysine and ac-orni-
thine. Double reactivity against ac-lysine and ac-
lysine.inv, as well as triple reactivity, was not observed 
and therefore proved again highly specific for RA 
(Figure 2e). Abs against ac-lysine showed the highest 
discriminatory capacity for RA versus OIRD (LR+: 
5.4 CI%95: 2.8–10.4) (Table 4). Taken together, ac-
lysine appeared to have the highest diagnostic value 
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among the three peptides to discriminate RA from 
SpA and OIRD; double reactivity in any combina-
tion proved equally potent, and triple reactivity was 
by far the best discriminator, being observed exclu-
sively in RA patients. These data are summarized in 
Figure 4. Furthermore, as already observed in RA 
patients ab levels increased in patients with OIRD by 
numbers of AAPA reactivities (p = 0.023). Moreover, 
AAPA levels were higher in eRA than in OIRD (all 
p < 0.005) (Figure 3).

AAPA in relation to RF and ACPA  
in patients with eRA
Seropositivity for ACPA and/or RF was seen in 
58% of eRA patients: 39% were triple positive for 
AAPA/RF/ACPA, 2.5% were double positive for 
AAPA/RF, and another 2.5% were double positive 
for AAPA/ACPA (Figure 5). Within the AAPA/
RF/ACPA-positive patients, abs against ac-ornith-
ine were the most common single AAPA reactivity 
(15.2%), if only one of the AAPA was detectable. 
In 35% of AAPA/RF/ACPA-positive patients, 
AAPA were directed against ac-ornithine and ac-
lysine, and 22% showed all AAPAs. Most of the 
remaining patients were double positive for ac-
lysine.inv and ac-lysine or ac-ornithine. Thus, the 
most frequent AAPA reactivity was directed 

against ac-ornithine, which was targeted in 85%  
of the AAPA/RF/ACPA positive patients. 
Importantly, 17% of eRA patients were found to 
be exclusively AAPA positive, meaning that 
approximately 40% of the seronegative patients 
showed reactivities against acetylated peptides. 
Among these patients, 15 showed only one AAPA 
while three of the patients showed two reactivities 
and two were triple positive (Figure 5, table insert). 
For comparison, six and two of the eRA patients 
were solely positive for RF or ACPA, respectively. 
In seronegative patients, the presence of one AAPA 
identified RA patients versus healthy subjects with 
a specificity of 78% and those with two AAPA 
reactivities with 97% specificity (Table 2). To 
demonstrate the added diagnostic value of AAPA 
in “seronegative” patients, we were interested to 
see the prevalence of abs to the citrullinated and 
carbamylated isoforms of the vimentin peptide. 
Antibodies to carb-vimentin were seen in seven 
patients (14%) and abs to cit-vimentin in four 
(8%) patients. Importantly, among the 20 AAPA 
positive patients, abs against cit-vimentin could be 
detected in 3 patients and abs to the carbamylated 
peptide were found in 4 patients. Considering that 
in 1 of the 20 patients these two abs overlapped, 14 
patients remained solely AAPA-positive, further 
narrowing the diagnostic gap of seronegativity.

Figure 1. ROC of antibodies against lysine, acetylated lysine.inv, and ornithine in early RA patients versus healthy controls. The table 
depicts AUC (95% CI) of the ROC and sensitivity and specificity at the cut-off at 20 U/ml.
AUC, area under the curve; CI, confidence interval; RA, rheumatoid arthritis; ROC, receiver operating curves
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Abs against ac-lysine.inv was the most prevalent 
reactivity, being detected in almost 35% of seron-
egative eRA patients, compared with 16% in 
healthy subjects, 10% in SpA, and 11% in OIRD. 
This translates into a LR+ of 2.2 (95% CI: 1.0–
5.8) compared with HC, 2.4 (95% CI: 1.0–5.8) 

to SpA and 3.1 (95% CI: 1.8–5.4) to OIRD 
respectively. Double AAPA reactivity showed a 
specificity well above 90% both against SpA and 
OIRD (Table 2). Of note, double reactivity 
against ac-lysine and ac-lysine.inv was observed 
in 4% of seronegative RA patients but not in any 

Figure 2. Venn diagram showing the overlap of antibodies against ac-lysine, ac-lysine.inv, and ac-ornithine 
in patients with rheumatic diseases and healthy subjects indicating the respective percentages of patients 
testing positive for individual AAPA and combinations thereof. (a) Early RA (n = 120). (b) Established RA (n = 195). 
(c) Healthy controls (n = 99). (d) Spondyloarthritis (n = 50). (e) Other inflammatory rheumatic diseases (SLE, 
n = 49; pSS, n = 88; GPA = 14; myositis, n = 15).
AAPA, anti-acetylated peptide antibodies; GPA, granulomatosis with polyangiitis; pSS, primary Sjögren’s syndrome; RA, 
rheumatoid arthritis; SLE, systemic lupus erythematosus.
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of the 216 patients with other rheumatic diseases, 
and proved therefore as specific for RA as triple 
positivity, which was detected in another 4% of 
seronegative patients.

Discussion
Autoantibodies to post-translationally modified 
epitopes are the serological hallmark of RA and 
considered to be most valuable diagnostic mark-
ers. They are now generally termed anti-modified 
protein antibodies (AMPA) and include ACPA, 
antibodies to carbamylated epitopes, antibodies 
to acetylated epitopes, and antibodies to malonal-
dehyde adducts.22,32 However, currently only RF 
and ACPA are used in routine diagnostics because 
the added diagnostic value of the other AMPAs is 
still uncertain and commercial assays are not yet 
available.

This study provides some novel insights into the 
diagnostic value of antibodies to acetylated 
epitopes that have only recently been described to 
occur in patients with RA.10,18 They were found 
mostly in ACPA positive patients and partially 
cross-react with ACPA and/or anti-CarP antibod-
ies.22,33,34 Nevertheless, AAPA and other AMPAs 
may also be present in a subgroup of seronegative 
patients, indicating that they might have added 
diagnostic value for reducing the serological gap. 
In the initial study employing a single acetylated 
peptide (ac-lysine) and involving only patients 
with early arthritis they seemed to be less specific 
than ACPA, but so far this issue has not been 
thoroughly investigated.18 In our study, we used 
three peptides for AAPA detection and investi-
gated their reactivity in patients with early RA, 
established RA, and an appropriate number of 

controls including healthy subjects and patients 
with various inflammatory rheumatic diseases, 
which were not explored in great detail in previ-
ous studies. In contrast to most previous studies, 
standard curves were used and cut-offs deter-
mined by ROC curve analysis, allowing us to 
obtain quantitative results expressed as arbitrary 
units.

It emerged that AAPA are equally prevalent (60%) 
as RF (53%) or ACPA (50%), which were meas-
ured by nephelometry and an anti-CCP2 assay, 
respectively. Even without the least specific pep-
tide, ac-lysine.inv, the prevalence of AAPA still 
would be close to 50%. In eRA, the prevalence of 
individual AAPA ranged from 32% to 39%, which, 
for ac-lysine, was in reasonable agreement with 
data from two previous studies,18,33 taking into 
account that the definition of cut-offs for positivity 
differed between the three studies. A very recent 
publication by Rodriguez-Martínez et al. demon-
strated the value of ac-ornithine implemented in 
the American College of Rheumatology/European 
League Against Rheumatism (ACR/EULAR) clas-
sification criteria for RA.6 Their data on sensitivity 
and specificity of AAPA are in good agreement 
with our results. However, in this study, a high 
prevalence of AAPA in RF/ACPA negative patients 
could not be shown, because only ac-lysine and ac-
ornithine antibodies were determined,33 while we 
found ac-lysine.inv to be the most common anti-
body in RF/ACPA-negative eRA. Furthermore, in 
the study of Rodriguez-Martínez et  al., different 
cut-offs were used for the two assays, whereas we 
decided to use uniform cut-offs for all three assays, 
which increased the overall sensitivity of AAPA 
testing. Thus, we aimed to determine the capacity 
of individual AAPAs and combinations thereof to 

Figure 3. Boxplots showing levels of antibodies to ac-lysine, ac-lysine.inv, and ac-ornithine according to number of AAPA reactivities 
separately for CTD (connective tissues diseases), SpA, HC, eRA, and estRA.
AAPA, anti-acetylated peptide antibodies; CTD, connective tissue diseases; eRA, early RA; estRA, established RA; HC, healthy controls; RA, 
rheumatoid arthritis; SpA, spondyloarthritis.
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discriminate between early (untreated) RA and 
other inflammatory rheumatic diseases. Apart 
from the relatively high sensitivity, the most 
remarkable finding was that the presence of two 
AAPA increased specificity of AAPA testing con-
siderably. This was also true for combinations with 
ac-lysine.inv, which showed only moderate speci-
ficity for RA when occurring as single reactivity 
(see below). Importantly, the presence of three 
AAPA appeared to be 100% specific since triple 
positivity was not seen in other diseases at all. The 
high specificity was most pronounced when com-
paring RA with SpA. While 12% of SpA patients 
compared with 23% of eRA patients showed single 
positivities, only 2% of SpA as compared with 
36.6% of eRA patients showed multiple AAPA 
reactivities. Double reactivities were otherwise 
seen in approximately 10% of SLE and Sjögren’s 
patients, in 3% of HC.

While as in previous studies, AAPA were detected 
frequently in seropositive patients. Importantly, 
also 40% of the RF/ACPA-negative patients were 
AAPA positive, suggesting that measuring AAPA 
could be used in addition to RF and ACPA to 
characterize seropositive early RA. Although most 
seronegative patients were single positive, still the 
likelihood to have RA was 1.8 times higher in 
seronegative eRA showing only one AAPA. 
However, the presence of two AAPA (detected in 
6% of seronegative eRA patients) increased the 
risk for RA several-fold while the presence of 
three AAPA (seen in another 4%) was absolutely 
specific for RA. Thus, multiple reactivity AAPA 
had a high capacity to discriminate seronegative 
RA from other rheumatic diseases. When also 
considering the presence of antibodies to the car-
bamylated vimentin peptide, it turned out that 
most AAPA positive patients (80%) were nega-
tive for anti-carP antibodies, which were detected 
in only 14% of seronegative patients. Thus, 
AAPA, together with anti-carP antibodies, may 
indeed contribute to closing the gap of seronega-
tivity left by the routinely used RF and anti-CCP2 
assays.

Considering single reactivities, ac-lysine was the 
most specific antigen, followed by ac-ornithine 
(+LR of ac-lysine and ac-ornithine versus SpA 
and OIRD were 16.3; 9.8 and 5.4; 3.4, respec-
tively) whereas ac-lysine.inv was clearly the least 
specific, occurring with comparable prevalence 
(7–16%) in disease controls and healthy subjects. 
However, combinations of anti-ac-lysine.inv with 
one of the other two AAPA reactivities proved 
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Table 3. Diagnostic test statistics of individual AAPA to discriminate eRA versus SpA: sensitivity, specificity and 
likelihood ratios.

AAPA Sensitivity 95% CI Specificity 95% CI +LR 95% CI −LR 95% CI

Ac-lysine 32.50 24.2–41.7 98.00 89.4–99.9 16.25 2.3–115.1 0.69 0.6–0.8

Ac-lysine.
inv

42.00 32.2–52.3 82.76 64.2–94.2 2.44 1.1–5.6 0.70 0.6–0.9

Ac-
ornithine

39.17 30.4–48.5 96.00 86.3–99.5 9.79 2.5–38.8 0.63 0.5–0.7

AAPA, anti-acetylated peptide antibodies; CI, confidence interval; eRA, early RA; +LR, positive likelihood ratio; –LR, 
negative likelihood ratio; SpA, spondyloarthritis.

Table 4. Diagnostic test statistics of AAPA to discriminate eRA versus OIRD: Sensitivity, specificity and 
likelihood ratios.

AAPA Sensitivity 95% CI Specificity 95% CI +LR 95% CI −LR 95% CI

Ac-lysine 32.50 24.2–41.7 93.98 89.2–97.1 5.40 2.8–10.4 0.72 0.6–0.8

Ac-lysine.inv 42.00 32.2–52.3 86.52 79.8–91.7 3.12 1.9–5.0 0.67 0.6–0.8

Ac-ornithine 39.17 30.4–48.5 88.55 82.7–93.0 3.42 2.1–5.5 0.69 0.6–0.8

AAPA, anti-acetylated peptide antibodies; CI, confidence interval; eRA, early RA; +LR, positive likelihood ratio; –LR, 
negative likelihood ratio; OIRD, other inflammatory rheumatic diseases.

Figure 4. Distribution of numbers of AAPA reactivities in rheumatic diseases and healthy subjects. 
Percentages of patients showing 0, 1, 2, or 3 AAPA reactivities are indicated. CTD (polymyositis, n = 15; SLE, 
n = 49; pSS, n = 88); GPA, n = 14, SpA, n = 50; HC, n = 99; eRA, n = 120; estRA, n = 195.
AAPA, anti-acetylated peptide antibodies; CTD, connective tissue diseases; eRA, early RA; estRA, established RA; GPA, 
granulomatosis with polyangiitis; HC, healthy controls; pSS, primary Sjögren’s syndrome; RA, rheumatoid arthritis; SLE, 
systemic lupus erythematosus; SpA, spondyloarthritis.
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very specific for RA, being detectable in 12.5% of 
eRA patients (and in 10.3% of patients with 
established disease) but in only 2% of disease 
controls and healthy subjects. For comparison, 
dual reactivity against ac-lysine and ac-ornithine 
was seen in 14.2% of eRA, 4.5% of disease con-
trols, and 1% of healthy subjects.

While the mechanisms leading to the generation 
of AAPAs need to be further characterized, it is 
interesting to note that lysine acetylation has been 
linked to the gut microbiota. Germ-free mice col-
onised with microbiota from conventionally reared 
mouse donors exhibited a dramatically different 
pattern of lysine acetylation after colonization.35 
The links between the oral and gut flora and the 
disease status in RA are increasingly coming to 
light and it is tempting to speculate that microbi-
ota-associated lysine acetylation represents one of 
the mechanisms establishing that link.36,37

Of note, the most prevalent AAPA reactivity was 
directed to ac-ornithine in our study, as well as in 
previous studies.10,32 Ornithine-like citrulline is 
an unusual amino acid that is not encoded in the 
genome but created by non-enzymatic post-trans-
lational modification as described by several 
authors.38,39 Interestingly however, this does not 
appear sufficient to create a neo-epitope since 
only the peptide carrying acetylated ornithine was 
targeted by autoantibodies. Thus, it would be 
tempting to speculate that ac-ornithine contain-
ing neo-epitopes generated by aberrant 

post-translational modification form one of the 
primary targets of the AAPA response, which 
then may partially cross-react with ac-lysine con-
taining epitopes but also with citrullinated or car-
bamylated epitopes.34,40,41 It is also not clear 
which, among the plethora of acetylated, citrulli-
nated, or carbamylated proteins, is the primary 
target of this autoimmune response – a question 
currently under scrupulous investigation.

Due to the relatively small number of seronegative 
patients, we could not yet investigate whether 
AAPA positive patients shows a clinical picture 
similar to seropositive RA in terms of disease pro-
gression and outcome. We expect that at least 
patients with multiple reactivities may be similar to 
seropositive patients, also because AAPA titers 
were significantly higher than in single-positive RA 
patients or single-positive controls. In line with this 
assumption, RF/anti-CCP2 seronegative RA 
patients showing multiple reactivities against vari-
ous citrullinated peptides were found to be clini-
cally similar to seropositive patients.42–44 Also, the 
very high predictive value for RA of detecting RF/
ACPA/anti-CarP triple positivity in early arthritis 
patients fits in well into this picture.45 Therefore, 
measuring AAPA could be used to confirm the 
diagnosis of RA in the absence of RF and ACPA, 
reducing the serological gap of seronegativity and/
or to improve classification of RA as suggested 
recently by Rodriguez-Martinez et  al.33 Once 
assays for AAPA and other AMPAs become gener-
ally available, preferably multiparameter assays 

Figure 5. Venn diagram, outlining the overlap between AAPA, RF and ACPA in patients with early RA, indicating the percentages of 
patients testing positive for the three antibodies and combinations thereof. The accompanying cross-table outlines the correlations 
between AAPA and RF/ACPA status; 24.6% of early RA patients show neither AAPA nor RF nor ACPA.
AAPA, anti-acetylated peptide antibodies; ACPA, anti-citrullinated-peptide antibodies; eRA, early RA; RA, rheumatoid arthritis; RF, rheumatoid factor.
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measuring multiple antibodies by array or Luminex 
technology, these issues could be further investi-
gated. Prospective longitudinal studies could then 
be performed, which may open new avenues for 
personalized medicine decision making.

Acknowledgements
We are indebted to Marion Skobek for her efforts 
in data acquisition and proof reading.

Conflict of interest statement
Paul Studenic reports grants from Abbvie, out-
side the submitted work.

Alessia Alunno has nothing to disclose.

Daniela Sieghart has nothing to disclose

Holger Bang is employee of Orgentec.

Daniel Aletaha reports grants and speaker/con-
sultancy fees from Abbvie, Amgen, Novartis, 
Roche, grants from SOBI and Sanofi; and 
speaker/consultancy fees from Lilly, Merck, 
Pfizer, and Sandoz, outside the submitted work.

Stephan Blüml has nothing to disclose.

Helmuth Haslacher has nothing to disclose.

Josef S Smolen received grants to his institution 
from Abbvie, AstraZeneca, Janssen, Lilly, Merck 
Sharpe & Dohme, Pfizer, and Roche and pro-
vided expert advice for, or had symposia speaking 
engagements with, AbbVie, Amgen, AstraZeneca, 
Astro, Bristol-Myers Squibb, Celgene, Celltrion, 
Chugai, Gilead, ILTOO Pharma, Janssen, Lilly, 
Merck Sharp & Dohme, Novartis-Sandoz, Pfizer, 
Roche, Samsung, Sanofi, and UCB outside the 
submitted work.

Roberto Gerli has nothing to disclose.

Günter Steiner has nothing to disclose.

Funding
The authors disclosed receipt of the following 
financial support for the research, authorship, 
and/or publication of this article: This study was 
supported through Coordination Theme 1 
(Health) of the European Community’s FP7; 
FP7 HEALTH programme under the grant 
agreement FP7-HEALTH-F2-2012-305549 
(EuroTEAM) and by the Innovative Medicines 
Initiative Joint Undertaking under grant agree-
ment no 777357 (RTCure). This is a publication 
of the Joint and Bone Center for Diagnosis, 
Research and Therapy of Musculoskeletal 
Disorders of the Medical University of Vienna.

ORCID iD
Paul Studenic  https://orcid.org/0000-0002- 
8895-6941

References
 1. Smolen JS, Aletaha D, Barton A, et al. 

Rheumatoid arthritis. Nat Rev Dis Primers 2018; 
4: 18001.

 2. Myasoedova E, Davis J, Matteson EL, et al. Is the 
epidemiology of rheumatoid arthritis changing? 
Results from a population-based incidence study, 
1985–2014. Ann Rheum Dis 2020; 79: 440–444.

 3. Welsing PMJ, Van Gestel AM, Swinkels HL, 
et al. The relationship between disease activity, 
joint destruction, and functional capacity over the 
course of rheumatoid arthritis. Arthritis Rheum 
2001; 44: 2009–2017.

 4. Sutton B, Corper A, Bonagura V, et al. The 
structure and origin of rheumatoid factors. 
Immunol Today 2000; 21: 177–183.

 5. Nell VPK, Machold KP, Stamm TA, et al. 
Autoantibody profiling as early diagnostic and 
prognostic tool for rheumatoid arthritis. Ann 
Rheum Dis 2005; 64: 1731–1736.

 6. Aletaha D, Neogi T, Silman AJ, et al. 2010 
rheumatoid arthritis classification criteria: an 
American College of Rheumatology/European 
League against rheumatism collaborative 
initiative. Arthritis Rheum 2010; 69: 1580–1588.

 7. Ajeganova S and Huizinga TWJ. Rheumatoid 
arthritis: seronegative and seropositive RA: alike 
but different? Nat Rev Rheumatol. Epub ahead 
of print 18 November 2014. DOI: 10.1038/
nrrheum.2014.194.

 8. Catrina AI, Svensson CI, Malmstrom V, et al. 
Mechanisms leading from systemic autoimmunity 
to joint-specific disease in rheumatoid arthritis. 
Nat Rev Rheumatol 2017; 13: 79–86.

 9. Boer AC, Boonen A and van der Helm van Mil 
AHM. Is anti-citrullinated protein antibody-
positive rheumatoid arthritis still a more severe 
disease than anti-citrullinated protein antibody-
negative rheumatoid arthritis? A longitudinal 
cohort study in rheumatoid arthritis patients 
diagnosed from 2000 onward. Arthritis Care Res 
(Hoboken) 2018; 70: 987–996.

 10. Figueiredo CP, Bang H, Cobra JF, et al. 
Antimodified protein antibody response pattern 
influences the risk for disease relapse in patients 
with rheumatoid arthritis tapering disease 
modifying antirheumatic drugs. Ann Rheum 
Dis. Epub ahead of print 20 June 2016. DOI: 
10.1136/annrheumdis-2016-209297.

https://journals.sagepub.com/home/tab


Therapeutic Advances in Musculoskeletal Disease 13

14 journals.sagepub.com/home/tab

 11. Aletaha D and Bluml S. Therapeutic implications 
of autoantibodies in rheumatoid arthritis. RMD 
Open 2016; 2: e000009.

 12. Kirino Y and Remmers EF. Genetic architectures 
of seropositive and seronegative rheumatic 
diseases. Nat Rev Rheumatol 2015; 11: 401–414.

 13. Giacomelli R, Afeltra A, Alunno A, et al. 
Guidelines for biomarkers in autoimmune 
rheumatic diseases – evidence based analysis. 
Autoimmun Rev. Epub ahead of print 5 November 
2018. DOI: 10.1016/j.autrev.2018.08.003.

 14. Paalanen K, Rannio K, Rannio T, et al. 
Prevalence of calcium pyrophosphate deposition 
disease in a cohort of patients diagnosed with 
seronegative rheumatoid arthritis. Clin Exp 
Rheumatol 2020; 38: 99–106.

 15. Merola JF, Espinoza LR and Fleischmann R. 
Distinguishing rheumatoid arthritis from psoriatic 
arthritis. RMD Open 2018; 4: e000656.

 16. Paalanen K, Rannio K, Rannio T, et al. 
Does early seronegative arthritis develop into 
rheumatoid arthritis? A 10-year observational 
study. Clin Exp Rheumatol 2019; 37: 37–43.

 17. Shi J, Knevel R, Suwannalai P, et al. 
Autoantibodies recognizing carbamylated proteins 
are present in sera of patients with rheumatoid 
arthritis and predict joint damage. Proc Natl Acad 
Sci U S A 2011; 108: 17372–17377.

 18. Juarez M, Bang H, Hammar F, et al. 
Identification of novel antiacetylated vimentin 
antibodies in patients with early inflammatory 
arthritis. Ann Rheum Dis 2016; 75: 1099–1107.

 19. Trouw LA and Mahler M. Closing the serological 
gap: promising novel biomarkers for the early 
diagnosis of rheumatoid arthritis. Autoimmun Rev 
2012; 12: 318–322.

 20. Baeza J, Smallegan MJ and Denu JM. Site-
specific reactivity of nonenzymatic lysine 
acetylation. ACS Chem Biol 2015; 10:  
122–128.

 21. Weinert BT, Iesmantavicius V, Wagner SA, et al. 
Acetyl-phosphate is a critical determinant of 
lysine acetylation in E. coli. Mol Cell 2013; 51: 
265–272.

 22. Trouw LA, Rispens T and Toes REM. Beyond 
citrullination: other post-translational protein 
modifications in rheumatoid arthritis. Nat Rev 
Rheumatol 2017; 13: 331.

 23. Ajeganova S, van Steenbergen HW, Verheul MK, 
et al. The association between anti-carbamylated 
protein (anti-CarP) antibodies and radiographic 
progression in early rheumatoid arthritis: a 
study exploring replication and the added value 

to ACPA and rheumatoid factor. Ann Rheum 
Dis. Epub ahead of print 26 April 2016. DOI: 
10.1136/annrheumdis-2015-208870.

 24. Haslacher H, Gerner M, Hofer P, et al. Usage 
data and scientific impact of the prospectively 
established fluid bioresources at the hospital-
based MedUni Wien Biobank. Biopreserv 
Biobank. Epub ahead of print 18 October 2018. 
DOI: 10.1089/bio.2018.0032.

 25. Aletaha D and Smolen JS. Effectiveness profiles 
and dose dependent retention of traditional 
disease modifying antirheumatic drugs for 
rheumatoid arthritis. An observational study.  
J Rheumatol 2002; 29: 1631–1638.

 26. Arnett FC, Edworthy SM, Bloch DA, et al. The 
American rheumatism association 1987 revised 
criteria for the classification of rheumatoid 
arthritis. Arthritis Rheum 1988; 31: 315–324.

 27. Smolen JS, Breedveld FC, Schiff MH, et al. A 
simplified disease activity index for rheumatoid 
arthritis for use in clinical practice. Rheumatology 
(Oxford) 2003; 42: 244–257.

 28. Aletaha D and Smolen JS. The rheumatoid 
arthritis patient in the clinic: comparing more 
than 1,300 consecutive DMARD courses. 
Rheumatology (Oxford) 2002; 41: 1367–1374.

 29. Aletaha D and Smolen JS. Laboratory testing 
in rheumatoid arthritis patients taking disease-
modifying antirheumatic drugs: clinical 
evaluation and cost analysis. Arthritis Rheum 
2002; 47: 181–188.

 30. Aletaha D, Bécède M and Smolen JS. 
Information technology concerning SDAI and 
CDAI. Clin Exp Rheumatol 2016; 34: 45–48.

 31. Bang H, Egerer K, Gauliard A, et al. Mutation 
and citrullination modifies vimentin to a novel 
autoantigen for rheumatoid arthritis. Arthritis 
Rheum 2007; 56: 2503–2511.

 32. Volkov M, van Schie KA and van der Woude 
D. Autoantibodies and B cells: the ABC of 
rheumatoid arthritis pathophysiology. Immunol 
Rev 2020; 294: 148–163.

 33. Rodriguez-Martínez L, Bang H, Regueiro C, 
et al. Improved classification of rheumatoid 
arthritis with a score including anti-acetylated 
ornithine antibodies. Sci Rep 2020; 10: 19263.

 34. Kampstra ASB, Dekkers JS, Volkov M, et al. 
Different classes of anti-modified protein 
antibodies are induced on exposure to antigens 
expressing only one type of modification. Ann 
Rheum Dis 2019; 78: 908–916.

 35. Simon GM, Cheng J and Gordon JI. Quantitative 
assessment of the impact of the gut microbiota on 

https://journals.sagepub.com/home/tab


P Studenic, A Alunno et al.

journals.sagepub.com/home/tab 15

lysine epsilon-acetylation of host proteins using 
gnotobiotic mice. Proc Natl Acad Sci U S A 2012; 
109: 11133–11138.

 36. Zhang X, Zhang D, Jia H, et al. The oral and 
gut microbiomes are perturbed in rheumatoid 
arthritis and partly normalized after treatment. 
Nat Med 2015; 21: 895–905.

 37. Scher JU and Abramson SB. The microbiome 
and rheumatoid arthritis. Nat Rev Rheumatol 
2011; 7: 569–578.

 38. Stevens LA, Levine RL, Gochuico BR, et al. 
ADP-ribosylation of human defensin HNP-1 
results in the replacement of the modified arginine 
with the noncoded amino acid ornithine. Proc Natl 
Acad Sci U S A 2009; 106: 19796–19800.

 39. Stevens LA, Barbieri JT, Piszczek G, et al. 
Nonenzymatic conversion of ADP-ribosylated 
arginines to ornithine alters the biological 
activities of human neutrophil peptide-1.  
J Immunol 2014; 193: 6144–6151.

 40. Lloyd KA, Wigerblad G, Sahlström P, et al. 
Differential ACPA binding to nuclear antigens 
reveals a PAD-independent pathway and a 
distinct subset of acetylation cross-reactive 
autoantibodies in rheumatoid arthritis. Front 
Immunol 2018; 9: 3033.

 41. Sahlström P, Hansson M, Steen J, et al. Different 
hierarchies of anti-modified protein autoantibody 

reactivities in rheumatoid arthritis. Arthritis 
Rheumatol 2020; 72: 1643–1657.

 42. Sohrabian A, Mathsson-Alm L, Hansson M, 
et al. Number of individual ACPA reactivities in 
synovial fluid immune complexes, but not serum 
anti-CCP2 levels, associate with inflammation 
and joint destruction in rheumatoid arthritis. Ann 
Rheum Dis 2018; 77: 1345–1353.

 43. Boman A, Brink M, Lundquist A, et al. 
Antibodies against citrullinated peptides are 
associated with clinical and radiological outcomes 
in patients with early rheumatoid arthritis: a 
prospective longitudinal inception cohort study. 
RMD Open 2019; 5: e000946.

 44. Rönnelid J, Hansson M, Mathsson-Alm L, 
et al. Anticitrullinated protein/peptide antibody 
multiplexing defines an extended group of 
ACPA-positive rheumatoid arthritis patients 
with distinct genetic and environmental 
determinants. Ann Rheum Dis 2018; 77:  
203–211.

 45. Verheul MK, Böhringer S, van Delft MAM, 
et al. Triple positivity for anti-citrullinated 
protein autoantibodies, rheumatoid factor, and 
anti-carbamylated protein antibodies conferring 
high specificity for rheumatoid arthritis: 
implications for very early identification of 
at-risk individuals. Arthritis Rheumatol 2018; 70: 
1721–1731.

Visit SAGE journals online 
journals.sagepub.com/
home/tab

SAGE journals

https://journals.sagepub.com/home/tab
https://journals.sagepub.com/home/tab
https://journals.sagepub.com/home/tab



