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ABSTRACT 

Objective 

To examine how anti–citrullinated protein antibody (ACPA) epitope spreading takes 

place prior to the onset of clinical rheumatoid arthritis (RA), and to analyze the 

pattern of autoantigen reactivity at the beginning of the immune response. 

 

Methods 

Multiple consecutive serum samples from 79 RA patients who had donated blood 

before disease onset were available for analysis. Fifty-three patients tested positive 

for ACPAs prior to the onset of clinical RA. For these patients, a median of 6 

(interquartile range 4–9) sequential pre-RA serum samples obtained 1–2 years apart 

were tested. Reactivity to 5 distinct citrullinated peptides was measured by 

enzyme-linked immunosorbent assay. Two peptides were derived from fibrinogen, 

1 from vimentin, 1 from α-enolase, and 1 from filaggrin. 

 

Results 

In 25 of 53 ACPA-positive patients, seroconversion from ACPA absence to ACPA 

presence was observed. In 72% of these patients, the immune response started with 

reactivity to 1 peptide, without preference for a particular peptide. The number of 

peptides recognized increased over time, without a dominant epitope-spreading 

pattern. ACPAs appeared in low levels several years prior to the diagnosis of RA. 

Antibody titers increased markedly a round 2–4 years before diagnosis. 
 

Conclusion 

Our findings indicate that ACPA epitope spreading occurs over several years prior to 

the onset of clinical RA. The initial autoimmune response is mostly directed toward 

only 1 autoantigen, but this is not always the same antigen. The marked increase in 

ACPA titers a few years prior to the diagnosis of RA suggests a second stage in 

disease development, which might be due to a variety of factors. 
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INTRODUCTION 

Rheumatoid arthritis (RA) is an immune disease with unknown etiology. Previous 

research indicates that anti–citrullinated protein antibodies (ACPAs) are implicated 

in the pathogenesis of RA. They are found in ~70% of RA patients and are highly 

specific.1 ACPAs contribute to arthritis in animal models of RA. Immunization with 

citrullinated type II collagen (CII) in the collagen-induced arthritis (CIA) model leads 

to a more severe arthritis than immunization with native CII.2 Administration of 

monoclonal antibodies to citrullinated fibrinogen enhances CIA, whereas 

tolerization prior to disease induction can diminish CIA. Furthermore, immunization 

with CII induces ACPAs, which develop prior to the onset of arthritis.3 

In humans, ACPAs can also be found before the onset of arthritis.4,5 Moreover, we 

have shown that in patients with arthralgia, patients with joint pain without clinical 

signs of arthritis, the presence of ACPAs can predict the development of arthritis.6 

In some arthralgia patients, we detected reactivity to multiple distinct citrullinated 

peptides; not only the presence of ACPAs, but also the number of peptides 

recognized was associated with arthritis development.7 This indicates that epitope 

spreading occurs before the diagnosis of RA and that patients with an extended 

immune response have a higher risk of developing arthritis. A possible explanation 

for this phenomenon is that reactivity directed toward more than 1 epitope could be 

essential for the development of chronic polyarticular disease. In CIA, 

arthritogenicity is substantially higher when a cocktail of monoclonal antibodies 

recognizing different epitopes of collagen is used.8 

Other evidence of epitope spreading is provided by a study by van der Woude et al, 

who found that the number of peptides recognized increased in the years prior to 

RA diagnosis and that the number of peptides was associated with RA development 

in patients with undifferentiated arthritis.9 However, in that study, only 1 sample 

predating the diagnosis of RA was available, and therefore, the pattern of epitope 

spreading could not be investigated. To further elucidate how the ACPA repertoire 

develops prior to the onset of RA, we studied ACPA fine specificity as reactivity to 5 

distinct citrullinated peptides in a cohort of RA patients who frequently donated 

blood before they developed RA. 
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PATIENTS AND METHODS 

Patients 

RA patients who donated blood prior to diagnosis were recruited as previously 

described.5 Briefly, of 5,000 RA patients registered at the Jan van Breemen Institute, 

79 were identified who fulfilled the American College of Rheumatology (ACR) 1987 

criteria for RA10 and for whom serum samples obtained before the diagnosis of RA 

were available at the Sanquin Blood Bank. All patients were of Caucasian origin. The 

time of the start of symptoms and date of the diagnosis of RA according to the ACR 

criteria were retrieved from medical records. Stored serum samples were retrieved, 

and the quality of the samples was assessed as previously described.5 Seventy-nine 

healthy blood donors matched for sex and age were selected. For each patient, the 

last available serum sample before RA diagnosis was identified. A sample from the 

matched healthy donor that was matched according to storage batch and time with 

this patient sample was used as a control sample. 

 

Laboratory investigations 

Antibodies to cyclic citrullinated peptide (CCP) were measured by second-

generation anti-CCP (anti–CCP-2) enzyme-linked immunosorbent assay (ELISA; 

Axis-Shield) in the last serum sample available before RA diagnosis. The cutoff level 

for anti–CCP-2 positivity was set at 5 arbitrary units (AU)/ml, according to the 

manufacturer's instructions. IgM rheumatoid factor (IgM-RF) levels were determined 

by an in-house ELISA as previously described.5 

 

Peptide-specific assays 

Patient sera were tested for antibodies to 5 citrullinated peptides. One was a cyclic 

derivative of filaggrin (CCP-1 [HQCHQESTCitGRSRGRCGRSGS]).11 Two were peptides 

derived from fibrinogen, cFib1 (β-chain amino acids [aa] 36–52 

[NEEGFFSACitGHRPLDKK])12 and cFib3 (α-chain aa 36–50 [GPCitVVECitHQSACKDS]).13 

The fourth was a peptide derived from α-enolase, noncyclic citrullinated α-enolase 

peptide (cEno [KIHACitEIFDSCitGNPTVE]),14,15 and the fifth was a peptide derived 

from vimentin, cVim (VYATCitSSAVCitLCitSSV).12 Sera were also tested by ELISA for 

the 5 corresponding native arginine peptides. Assays were performed as previously 

described.7 Briefly, sera were incubated on streptavidin plates coated with 

biotinylated, citrullinated, or native peptides. Bound antibodies were detected with 

horseradish peroxidase–conjugated monoclonal mouse anti-human IgG and then 
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visualized with 3,3′,5,5′-tetramethylbenzidine. Assay conditions were the same for 

all peptides. 

Reactivity was expressed as difference in optical density (∆OD) between citrullinated 

and native peptides. A pool of 3 sera positive for the different peptides was used as 

a standard and included on each plate. This standard was assigned an antibody titer 

in arbitrary units for each peptide in such a way that ∆OD values for each peptide 

could be translated into antibody titers with the same range for all peptides. 

(supplementary figure 1) For all peptides, cutoff points were set at a minimum 

specificity of 96% according to the reactivity of the control serum samples. This 

resulted in cutoff points for CCP-1, cFib1, cFib3, and cVim of 1.8, 1.6, 1.5, and 1.7 

AU/ml, respectively, which were the detection limits of the ELISAs. The detection 

limits were defined as the mean plus 3 times the SD of the blank of all assays for 

the particular citrullinated peptide, translated into arbitrary units. For cEno, a 

minimum specificity of 96% resulted in a cutoff point of 5 AU/ml. (supplementary 

figure 2) Using these cutoff points, the sensitivity of the assays was measured in an 

independent cohort of 80 patients with arthritis who fulfilled the 1987 ACR criteria 

for RA, 70% of whom were positive for CCP-2. Sensitivity was 58% for CCP-1, 61% 

for cEno, 68% for cFib1, 46% for cFib3, and 59% for cVim. We have previously shown 

that these assays were not affected by IgM-RF.7 

 

Statistical analysis 

Statistical analysis was performed with SPSS software, version 15.0. Data with a 

Gaussian distribution are presented as the mean ± SD, and data with a non-

Gaussian distribution are presented as the median and interquartile range (IQR). For 

each type of ACPA and for IgM-RF, the time from the first positive test result to the 

diagnosis of RA was calculated. For some patients, the first available blood sample 

was positive; in these cases, the time from a positive test result to RA diagnosis is 

therefore underestimated. The mean time from the first positive test result to 

diagnosis of RA for each ACPA was calculated using data for all patients who were 

positive for that ACPA. For IgM-RF, the time from the first positive test result to 

diagnosis was not distributed normally; therefore, the median time was also 

calculated. 

To allow for patients with positive results in the first sample who may have had 

antibodies earlier, Cox regression analysis was used to evaluate the change in the 

proportion of patients with positive antibody status over time. The samples were 

analyzed backward in time. The first appearance of antibody was considered to be 
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the event. Data from patients in which the first available sample was positive were 

treated as censored at the time of this first sample. Results are reported as hazard 

ratios (HRs). An HR >1 indicates that the duration of antibody positivity was longer 

in the analyzed group than in the referent group. Antibody titers over time were 

modeled using generalized estimating equation (GEE) analysis. Time was modeled 

as a continuous variable to analyze overall increase in antibody titers. Time was 

divided into 6 categories to model differences in titer increase over time, using the 

earliest category as a reference. 

The time from the first positive test result for 1, 2, 3, 4, and 5 peptides to the 

diagnosis of RA was determined. To calculate the cumulative percentage of patients 

who tested positive over time, all patients positive for >1 peptide were also 

included in all of the groups positive for lower numbers of peptides. For example, 

patients positive for 5 peptides were included in the groups positive for 5, 4, 3, 2, 

and 1 peptides, and patients positive for 4 peptides were included in the groups 

positive for 4, 3, 2, and 1 peptides. GEE analysis was used to model the number of 

peptides recognized over time. 

 

RESULTS 

Patient characteristics 

The study included 79 patients (62% of whom were women) with a mean ± SD age 

of 53 ± 11 years at diagnosis of RA. The median time between onset of symptoms 

and diagnosis of RA was 12 months (IQR 8–16 months) (table 1). Fifty-three 

patients (67%) were anti–CCP-2 positive or showed reactivity to at least 1 peptide at 

least once before the diagnosis of RA and were further defined as ACPA positive. 

For the 53 ACPA-positive patients, 374 serum samples obtained before the 

diagnosis of RA were selected for analysis of ACPA fine specificity. A median of 6 

(IQR 4–9) sequential sera obtained 1–2 years apart were analyzed per patient for 

reactivity to the 5 citrullinated peptides. Of the 53 patients who were ACPA positive, 

4 did not show reactivity to any of the 5 peptides. These patients all had anti–CCP-

2 titers between 5.0 and 8.0 AU/ml. Six patients had antibodies to ≥1 citrullinated 

peptide, but were anti–CCP-2 negative. In 25 of the ACPA-positive patients, a 

sample negative for all peptides was obtained prior to a positive sample, and thus 

seroconversion from ACPA absence to ACPA presence was observed. In all but 1 

patient, ACPA positivity was observed not only prior to diagnosis of RA but also 

prior to the onset of symptoms. 
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Table 1. Characteristics of the 79 blood donors who developed RA* 

Characteristic 
 

All patients  
(n = 79) 

ACPA-pos  
(n = 53) 

ACPA-neg 
(n = 26)  P† 

No. (%) female 49 (62) 29 (55) 20 (77) 0.06 

Mean ± SD age at diagnosis, years 53 ± 11 51 ± 12 57 ± 9 0.09 

Median (IQR) time between onset 
of symptoms and diagnosis, 
months 

12 (8–16) 11 (7–17) 12 (8–16) 0.60 

No. (%) IgM-RF positive prior to 
diagnosis 

30 (38) 27 (51) 3 (12) <0.001 

No. (%) anti–CCP-2 positive prior 
to diagnosis 

47 (59) 47 (89) 0 NA 

* RA = rheumatoid arthritis; QR = interquartile range; IgM-RF = IgM rheumatoid factor; anti–
CCP-2 = anti–cyclic citrullinated peptide 2; NA = not applicable. 
† Anti–citrullinated protein antibody (ACPA)–positive patients versus ACPA-negative patients, 
by chi-square test, t-test, or Mann-Whitney U test. 

 

 

Table 2. Detection of antibodies to different numbers of citrullinated peptides 

prior to diagnosis of RA in the 53 ACPA-positive patients* 

Number of 
peptides 

Any sample before 

diagnosis (n = 53)† 
First available sample 
(n = 53) 

First positive sample 
after seroconversion (n = 

25)‡ 

0 4 (8) 29 (55) NA 

1 11 (21) 10 (19) 18 (72) 

2 7 (13) 5 (9) 2 (8) 

3 6 (11) 2 (4) 3 (12) 

4 9 (17) 3 (6) 2 (8) 

5 16 (30) 4 (8) 0 (0) 

*Serum samples were tested for antibodies directed to cyclic citrullinated peptide 1, 
citrullinated  α-enolase, citrullinated fibrinogen 1 (cFib1), cFib3, and citrullinated vimentin. 
Values are the number (%) of patients who were positive for the given number of peptides. RA 
= rheumatoid arthritis; NA = not applicable. 
† Number (%) of patients with reactivity to a maximum of the given number of peptides in any 
1 sample before diagnosis (i.e., 11 patients showed reactivity to a maximum of 1 peptide 
before diagnosis, 7 patients showed reactivity to a maximum of 2 peptides before diagnosis, 
etc.). 
‡ Number (%) of patients for whom a negative sample was available before the first anti–
citrullinated protein antibody (ACPA)–positive sample who showed reactivity to the given 
number of peptides in the first positive sample. 

 

Epitope spreading 

For all patients who were ACPA positive before RA diagnosis, the first serum sample 

positive for reactivity to a citrullinated peptide was identified. In 24 patients, this 

sample was also the first available sample and therefore, the time from 

development of ACPAs to RA diagnosis is longer than we could measure. In the 

patients for whom a negative serum sample was available prior to a positive sample 

(n = 25), reactivity to 1 peptide was identified in 18 patients (72%), to 2 peptides in 
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2 patients (8%), to 3 peptides in 3 patients (12%), to 4 peptides in 2 patients (8%), 

and to 5 peptides in 0 patients (0%) (table 2). The number of peptides recognized 

increased toward the time point of RA diagnosis. This increase was modeled with 

GEE analysis to be 0.10 (95% confidence interval [95% CI] 0.01–0.20; P = 0.03) per 

year from 15 years to 4 years before RA diagnosis and 0.37 (95% CI 0.19–0.55; P < 

0.001) per year from 4 years to 0 years before RA diagnosis. Overall, the regression 

coefficient was 0.14 (95% CI 0.05–0.22; P = 0.001). Figure 1A shows the 

cumulative percentage of ACPA-positive patients showing reactivity to different 

numbers of peptides over time, and Figure 1B shows the median number of 

peptides recognized over time. 

 

051015

0%

20%

40%

60%

80%

100%

2

3

4

5

n = 53

1

Years before RA diagnosis

P
o

s
it

iv
e

 p
a

ti
e

n
ts

14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
0

1

2

3

4

n = 2 27 34 36 32 34 38 42 37141310655

Years before RA diagnosis

M
e

d
ia

n
 n

u
m

b
e

r 
o

f 
p

e
p

ti
d

e
s

A

B

 
 

Figure 1. A, Cumulative 
percentage of rheumatoid arthritis 
(RA) patients who showed 
reactivity to different numbers of 
citrullinated peptides. For each 
anti–citrullinated protein antibody 
(ACPA)–positive patient, the first 
sample positive for 1, 2, 3, 4, or 5 
peptides was identified. The 
cumulative percentage of patients 
positive for the different numbers 
of peptides is shown over time. 
Patients positive for >1 peptide 
were also included in all of the 
groups positive for lower numbers 
of peptides. For example, patients 
positive for 5 peptides were 
included in the groups positive for 
5, 4, 3, 2, and 1 peptides, and 
patients positive for 4 peptides 
were included in the groups 
positive for 4, 3, 2, and 1 
peptides. B, Median number of 
peptides recognized by RA 
patients over time. For each year 
prior to diagnosis, the median 
number of peptides recognized for 
all available samples obtained 
from ACPA-positive patients in 
that year is shown. Time point 0 
represents all samples up to 1 
year prior to diagnosis. Time point 
1 represents all samples from 1–2 
years prior to diagnosis, etc. 
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Involvement of different peptides in the immune response 

Reactivity in the first positive sample was most often directed to cFib1, followed by 

cVim, cEno, CCP-1, and cFib3. IgM-RF was absent in the vast majority of these 

samples (table 3). The cumulative percentages of patients who were positive for 

antibodies to the different citrullinated peptides and for IgM-RF are depicted in 

Figure 2A. Thirty-nine patients (74%) showed reactivity at least once to cFib1, 35 

patients (66%) to cVim, 31 patients (58%) to CCP-1, 30 patients (57%) to cEno, and 

24 patients (45%) to cFib3. Twenty-seven patients (51%) became positive for IgM-

RF. For all of the ACPAs, 90–100% of the patients who had a positive test result 

remained positive on subsequent testing. For IgM-RF, 85% of the patients remained 

positive (table 3). 

 

Table 3. Detection of antibodies to different citrullinated peptides and IgM-RF 

prior to diagnosis of RA in the 53 ACPA-positive patients* 

Antibody 

Time from first 
detection to 
diagnosis,  
mean ± SD years 

First positive 

sample† 

Any sample before 

diagnosis‡ 

Stable positive 
results in 
subsequent 

samples§ 

CCP-1 5.2 ± 3.9 17 (32) 31 (58) 31 (58) 

cEno 5.7 ± 3.8 20 (38) 30 (57) 27 (51) 

cFib1 6.3 ± 3.8 30 (57) 39 (74) 36 (68) 

cFib3 5.5 ± 3.6 10 (19) 24 (45) 24 (45) 

cVim 5.9 ± 3.3 21 (40) 35 (66) 33 (62) 

IgM-RF¶ 3.2 ± 3.0 4 (8) 27 (51) 23 (43) 

* RA = rheumatoid arthritis; ACPA = anti–citrullinated protein antibody; CCP-1 = cyclic 
citrullinated peptide 1; cEno = citrullinated α-enolase; cFib1 = citrullinated fibrinogen 1; cVim 
= citrullinated vimentin. 
† Number (%) of patients who were positive for the given antibody in the first sample that was 
positive for any of the antibodies tested. 
‡ Number (%) of patients who were positive for the given antibody in at least 1 sample before 
diagnosis. 
§ Number (%) of patients who remained positive for the given antibody on subsequent testing 
before diagnosis. 
¶ For IgM rheumatoid factor (IgM-RF), the median time from first detection to diagnosis was 
2.2 years (interquartile range 4.5–0.8). 

 

For some of the patients, antibodies were present in the first available serum 

sample and were therefore never undetectable. To allow for patients with positive 

results in the first sample who actually may have been positive for ACPAs earlier, 

Cox regression analysis was used to evaluate the change in the proportion of 

patients with positive antibody status over time. These analyses showed no 

significant differences between the development of reactivity to different peptides, 

except for cFib1 versus cFib3. Development of reactivity to cFib1 preceded 
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development of reactivity to cFib3 (HR 1.7 [95% CI 1.1–2.7]; P = 0.01). IgM-RF 

developed significantly later than antibodies to cFib1 (HR 0.45 [95% CI 0.20–0.70]; P 

< 0.001), cVim (HR 0.60 [95% CI 0.40–0.91]; P = 0.02), cEno (HR 0.63 [95% CI 0.41–

0.96]; P = 0.03), and CCP-1 (HR 0.65 [95% CI 0.43–0.98]; P = 0.04), but not cFib3 

(HR 0.78 [95% CI 0.52–1.20]; P = 0.22). 

Titers of all ACPAs increased prior to RA diagnosis (Figure 2B). While this increase 

was limited in the first years, titer elevations were marked in the 2–4 years prior to 

diagnosis (Figure 2B and supplementary tables) In individual patients, different 

patterns of development of the ACPA repertoire were observed. Figure 3 shows this 

development in some individual patients with distinct ACPA reactivity patterns. 
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Figure 2.  
A, Cumulative percentage of 
patients who showed reactivity to 
different citrullinated peptides 
over the years prior to diagnosis 
of RA. For each ACPA-positive 
patient, the first sample positive 
for cyclic citrullinated peptide 1 
(CCP-1), citrullinated α-enolase 
(cEno), citrullinated fibrinogen 1 
(cFib1), cFib3, or citrullinated 
vimentin (cVim) was identified. B, 
Median antibody titers over time. 
For each year prior to RA 
diagnosis, the median titer of each 
peptide for all available samples 
obtained from ACPA-positive 
patients in that year is shown. 
Time point 0 represents all 
samples up to 1 year prior to 
diagnosis. Time point 1 represents 
all samples from 1–2 years prior to 
diagnosis, etc. IgM-RF = IgM 
rheumatoid factor; AU = arbitrary 
units (see Figure 1 for other 
definitions). 
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Figure 3. Development of the anti–citrullinated protein antibody repertoire prior to diagnosis 
of rheumatoid arthritis (RA) in individual patients. Titers for different peptides in the years 
prior to diagnosis are depicted for 6 patients with different reactivity patterns. Note the 
differently scaled and broken axes. See Figure 2 for other definitions. 

 

 

 

DISCUSSION 

Analysis of the development of the ACPA repertoire in patients with RA prior to 

diagnosis revealed that the ACPA immune response starts in a very restricted 

manner and expands over time before the diagnosis of RA. The immune response 
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did not start with a particular peptide and did not have a dominant pattern, except 

that the development of antibodies to cFib1 preceded the development of 

antibodies to cFib3, suggesting that within fibrinogen, cFib1 contains the dominant 

epitope. 

Previously, we and others have shown that the presence of ACPAs can precede the 

onset of clinical RA.4,5 In the present study, we detected a higher number of patients 

who were positive for anti-CCP prior to RA diagnosis (59% in the present study 

versus 41% in one previous study4 and 34% in another previous study5). This is 

probably due to the increased sensitivity of the second-generation anti-CCP ELISA 

used in this study versus the first-generation anti-CCP ELISA used in our previous 

study.5 Also, in the present study, we analyzed the cumulative number of 

individuals who were positive before the diagnosis of RA, rather than the number of 

patients who were positive 2.5 years before the onset of symptoms.4 

Our analysis of multiple consecutive serum samples confirms that epitope 

spreading antedates the diagnosis of RA.9 Furthermore, we observed epitope 

spreading before disease onset not only in the patient group as a whole, but also in 

individual patients. Because multiple serum samples per patient were available, we 

also studied the pattern of epitope spreading. As reflected by the limited number of 

peptides to which reactivity was found in the first positive serum samples, the ACPA 

immune response started in a very restricted manner and expanded thereafter over 

a course of several months to years, which is compatible with the possibility that a 

single antigen is responsible for the initiation of the immune response. However, 

there was no significant order in which the different ACPAs developed, and thus the 

identity of a first antigen could not be deduced from this study. 

Although the peptides used in this study were previously found to be the most 

sensitive peptides,11-15 reactivity to only 5 different peptides was analyzed, and 

other peptides may exist toward which reactivity might occur earlier. Therefore, the 

results of the present study should be confirmed in further studies with more 

peptides. Platforms other than ELISAs, such as microchip assays, could be 

particularly useful to perform this kind of study. 

Nevertheless, our data provide evidence that ACPA epitope spreading, once begun, 

is a more or less random process, unlike the epitope spreading in systemic lupus 

erythematosus (SLE), which follows a more defined pattern.16 The pattern observed 

in SLE is more comparable to the pattern of development of ACPAs as a group 

versus IgM-RF in RA, in which the former most often precedes the latter. 

Considering the different targets of ACPAs, the important factor in the 
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pathogenesis of the disease might not be the identity of the first targeted antigen, 

but rather the quantity of the antigens targeted subsequently and the titer of the 

resulting antibodies. In different patients, different antigens could be targeted at 

first, but it appears that when a certain threshold is reached, the immune system 

becomes overwhelmed, and clinical arthritis ensues. Although some patients 

progressed to RA recognizing only 1 peptide, the majority (72%) recognized 

multiple peptides before RA diagnosis. 

It is intriguing to observe that although ACPAs can be detected years prior to the 

development of disease, antibody titers show a marked increase ~2 years prior to 

RA diagnosis, suggesting a second event during some stage in the preclinical 

phase. Interestingly, this is also the time at which IgM-RF is usually detected. IgM-

RF has been shown to appear a median of 2 years prior to clinical symptoms, 

around 2 years after the appearance of ACPAs.5 The findings of the present study 

also indicate that the development of different ACPAs precedes the development of 

IgM-RF. The presence of IgM-RF dramatically increases the risk of developing 

arthritis in ACPA-positive patients with arthralgia.6 This might be explained by the 

fact that IgM-RF plays a role in the formation of pathogenic immune complexes, in 

which citrullinated proteins and ACPAs can also be found.17-20 Another process that 

occurs around this time is the hypogalactosylation of IgG, which also takes place 

prior to the diagnosis of RA.21 This hypogalactosylation is associated with IgM-RF–

positive RA,22 and fractions of IgM-RF appear to have increased affinity for 

hypogalactosylated IgG.23,24 

Together with ACPA epitope spreading, an increase in ACPA titers, IgG 

hypogalactosylation, and formation of IgM-RF might thus be secondary processes 

that, via immune complex formation and complement activation, could contribute 

to an increase in inflammation. This inflammation, in turn, could cause tissue 

destruction and peptidylarginine deiminase activation and thereby the formation of 

neoantigens, subsequently creating a platform for further epitope spreading. In this 

way, these secondary processes might contribute to the induction of a vicious circle 

causing chronic disease.25 The trigger starting this circle remains to be found, but 

the necessity of a second event causing the processes that fuel the progression of 

this circle would explain why not all individuals who are positive for ACPAs develop 

arthritis.6 Clinically, this could be relevant because prevention of development of 

arthritis might be easier to achieve in the stage before the second event has 

occurred. 
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Analyzing ACPA epitope spreading using the assays described herein to predict the 

development of RA in the clinic is not feasible, because the assays are, at present, 

not suitable for routine use. However, expanding the peptides tested in addition to 

CCP-2 in clinical assays could improve sensitivity. New assays, such as microchip 

assays, are currently being developed for clinical use. 

In conclusion, our findings indicate that the ACPA immune response starts several 

years prior to the diagnosis of RA in a restricted manner without preference for a 

specific peptide reactivity. The number of peptides recognized increases until the 

time of diagnosis, but there is no specific order to the recognition of different 

peptides, indicating that ACPA epitope spreading occurs in a random manner. ACPA 

titers show a more marked increase a few years prior to diagnosis of RA, suggesting 

a second event in disease development. 
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SUPPLEMENTARY MATERIAL 
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Supplementary figure 1 
Reactivity to different peptides 
of standard serum pool. Three 
sera of RA patients were 
pooled to obtain a standard for 
antibodies to all used 
peptides: CCP1 (grey dots), 
cEno (black squares), cFib1 
(open triangles), cFib3 (black 
triangles) and cVim (grey 
diamonds) was used as a 
standard and included on each 
plate. In panel A ∆OD values 
of different serum dilutions are 
depicted. The standard was 
assigned 1000 AU/ml for 
CCP1, 125 AU/ml for cEno, 
150 AU/ml for cFib1, 175 
AU/ml for cFib3 and 50 AU/ml 
for cVim. D ∆OD values for 
each peptide could thereby be 
translated into titres with the 
same range for all peptides 
(panel B). 
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Supplementary figure 2 
Antibody titres of control sera 
for different peptides. 
Reactivity of 79 control sera 
towards CCP1 (grey dots), cEno 
(black squares), cFib1 (open 
triangles), cFib3 (black  
triangles) and cVim (grey 
diamonds) was analysed. Cut-
off points were set at a 
minimum specificity of 96%. 
For all peptides but cEno 
resulting cut-off points were 
the detection limit of the 
ELISAs. The cut-off point for 
cEno was 5 AU/ml. 
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TABLES 

 

Supplementary  table 1. Titre increase of antibodies to different citrullinated 

peptides over the years prior to RA diagnosis 

 
Interval 
(years pre-RA) 

B 
(AU/ml*year-1) 

95% CI p 
 Lower Upper 

CCP1 15-0 21 6.3 36 0.01 

cEno 15-0 6.9 0.3 14 0.04 

cFib1 15-0 12 -1.0 24 0.07 

cFib3 15-0 3.8 -0.3 7.8 0.07 

cVim 15-0 2.4 0.9 4.0 0.00 

Time was modelled as a continuous variable over the years prior to RA. B: regression 
coefficient, 95% CI: 95% Confidence interval. 
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Supplementary  table 2. Titre increase of antibodies to different citrullinated 

peptides in different time intervals prior to RA diagnosis 

 
Interval 
(years pre-RA) B (AU/yr) 

95% CI p 
 Lower Upper 

CCP1 15-12.5 0    

 12.5-10 -11 -33 11 0.33 

 10-7.5 -80 -205 46 0.21 

 7.5-5 -29 -62 4.1 0.09 

 5-2.5 90 -34 213 0.15 

 2.5-0 126 68 185 0.00 

cEno 15-12.5 0    

 12.5-10 -11 -24 2.8 0.12 

 10-7.5 -30 -56 -3.1 0.03 

 7.5-5 -34 -78 10 0.13 

 5-2.5 6.9 -25 39 0.67 

 2.5-0 79 15 144 0.02 

cFib1 15-12.5 0    

 12.5-10 -6.5 -20 6.9 0.34 

 10-7.5 -50 -91 -10 0.02 

 7.5-5 7.3 -93 107 0.89 

 5-2.5 -15 -67 38 0.58 

 2.5-0 104 23 184 0.01 

cFib3 15-12.5 0    

 12.5-10 2.6 -9.0 14 0.66 

 10-7.5 0.2 -6.9 7.3 0.96 

 7.5-5 1.5 -16 19 0.87 

 5-2.5 14 -19 47 0.39 

 2.5-0 27 -3.3 57 0.08 

cVim 15-12.5 0    

 12.5-10 -2.4 -5.6 0.9 0.15 

 10-7.5 1.4 -4.0 6.7 0.61 

 7.5-5 -3.3 -16 9.3 0.60 

 5-2.5 11 -1.9 24 0.09 
 2.5-0 18 10 27 0.00 

Time prior to RA was modelled as a categorial variable with the 15-12.5 years interval as 
reference category. B: regression coefficient, 95% CI: 95% Confidence interval 
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