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Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune dis-
ease affecting about 0-5-1% of the world’s population. It is

Summary

Anti-citrullinated peptide/protein antibodies (ACPAs) are highly sensitive
and specific markers of rheumatoid arthritis (RA). Identification of peptide
epitopes that may detect different subgroups of RA patients might have
diagnostic and prognostic significance. We have investigated citrulline- and
arginine-containing peptide pairs derived from filaggrin, collagen or vimen-
tin, and compared this citrulline-peptide panel with the serological assays
conventionally used to detect ACPAs. Furthermore, we studied if the same
citrulline-peptides identify antibody-secreting cells in in vitro cultures of
RA B cells. Recognition of citrulline- and arginine-containing filaggrin, vi-
mentin and collagen peptide epitopes were tested by Multipin ELISA sys-
tem, by indirect ELISA and by a peptide-specific microarray. B cells were
purified from blood by negative selection; antibody-producing cells were
enumerated by ELISPOT assay. The panel composed of citrulline-peptide
epitopes of filaggrin, collagen and vimentin was recognized by RA sera with
a sensitivity and specificity comparable with the currently used tests. More-
over, the combined citrulline-peptide panel including the new short epitope
peptide of filaggrin, fil311-315, also identified nearly one-third of RA cases
that were negative for antibodies against cyclic citrullinated peptides,
mutated citrullinated vimentin or for rheumatoid factor. The results with
the peptide-specific microarray have shown that although most ACPAs rec-
ognizing the four citrulline peptides are IgG, some of them specifically rec-
ognizing citrulline-containing filaggrin peptides (fil311-315 and fi1306-326)
are IgM, and so may be produced either by newly formed activated B cells
or by unswitched B memory cells. Furthermore, the citrulline-peptides of
filaggrin and vimentin detect ACPA-producing cells, and so could also be
applied to study the B cells of RA patients.

Keywords: anti-citrullinated peptide antibodies; B cell; citrulline-peptide;
diagnosis; rheumatoid arthritis.

distinguished by chronic inflammation of synovial joints,
which often results in progressive joint destruction and dis-
ability. Several autoantigens have been identified in RA,
including collagen, filaggrin, vimentin and fibrinogen.'

Abbreviations: ACPA, anti-citrullinated protein antibodies; AUC, area under curve; BSA, bovine serum albumin; CCP, citrulline-
containing protein/peptide; CII, type II collagen; Fmoc, fluorenylmethoxycarbonyl; LC-biotin, biotinyl-6-aminohexanoic acid
(long-chain biotin); MCV, mutated citrullinated vimentin; RA, Rheumatoid arthritis; RF, rheumatoid factor; ROC, receiver
operating characteristic; TNF-o, tumour necrosis factor-o; ‘Bu, terc-butiloxicarbonyl; Ttds, 4,7,10-trioxa-1,13-tridecanediamino

succinic acid
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The heterogeneity of disease manifestations, clinical course
and treatment responses suggests that subtypes of RA exist.
The presence or absence of antibodies to citrullinated pro-
tein/peptide antigens (ACPAs) has been suggested to be an
informative biomarker for subdivision of RA.* ACPAs are
considered as highly specific markers of RA (94-99%),
but only about 70% of RA patients appear to be ACPA-
positive. ACPAs recognize proteins or peptides with
arginine residues converted to citrulline by the enzyme
peptidylarginine deiminase."” The high RA specificity of
ACPAs appears to be a result of an abnormal antibody
response to citrullinated proteins, and most probably
depends on the patient’s genetic background and environ-
mental risk factors®® Citrullinated proteins and ACPAs
may form immune complexes in vivo that may have an
important pro-inflammatory role in the pathogenesis of
RA. In addition, a direct link between the ACPA and osteo-
clast differentiation was recently described.”

Citrullinated proteins that may trigger ACPA produc-
tion could be used as diagnostic tools for RA.'>'" Filag-
grin extracted from human epidermis'> and in vitro
citrullinated recombinant filaggrin'> were primarily used
as antigens in ELISA, but these proteins did not provide
adequate standardization because of their structural heter-
ogeneity. Schellekens et al. designed a synthetic cyclic cit-
rullinated peptide (CCP) based on a sequence from
filaggrin, and used it as a new antigenic substrate in anti-
CCP1 ELISA to detect ACPAs."*

Vimentin is a member of the intermediate filament
family of proteins, and is present in the joint both intra-
and extracellularly. Vimentin is a target of various post-
translational ~ modifications  including citrullination.
Tumour necrosis factor o (TNF-a) induces the secretion
of citrullinated vimentin from activated macrophages in
the synovium.»" Citrullinated vimentin appears to be
one of the synovial deiminated autoantigens generated
during apoptosis.'® The anti-mutated citrullinated vimen-
tin (anti-MCV) ELISA has been developed to improve
detection of the antibody against citrullinated vimentin.'”

Antibodies against collagen type II (CII) are present in
about 30% of RA patients and they all have HLA-DR4.'®
Further, anti-ClII-producing B cells were shown to be
present in the joints of the majority of these patients.'”
However, it is not clear whether the occurrence of anti-
collagen autoantibodies plays a role in the pathogenesis
of RA. In contrast to fibrinogen, x-enolase and vimentin,
reactivity to CII apparently is not restricted to the citrulli-
nated form.»'' An evolutionary conserved, triple helical
conformational epitope of CII (between 359 and 369
amino acids) was found be recognized by antibodies of
RA patients’ sera as well as the pathogenic antibodies in
the murine model, collagen-induced arthritis.°

Our aim was to develop new molecular tools for the
detection of ACPA in sera and to investigate ACPA-pro-
ducing B cells of RA patients. We have synthesized pep-
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tide pairs corresponding to citrulline/arginine-containing
short sequences derived from filaggrin (fil306-326 and
fil311-315), vimentin (vim65-77) and CII (coll359-369)
and compared the reactivity of RA and healthy sera sam-
ples by using ELISA and peptide microarray methods. We
have found that this citrulline-peptide panel identifies
approximately one-third of RA sera that were ACPA neg-
ative by the conventional diagnostic tests, furthermore,
filaggrin and vimentin peptides can be applied to detect
ACPA-producing B cells.

Materials and methods

Patients

For this cross-sectional study, sera samples were collected
from 263 RA patients with established disease, 46 CCP-
negative, non-RA patients with other autoimmune dis-
eases, 18 patients with systemic lupus erythematosus and
152 age-matched healthy controls. Sera from the healthy
group were obtained from the 3rd Department of Medi-
cine Semmelweis University, the samples were kindly pro-
vided by Dr Zoltan Prohdszka.

The diagnosis of the disease was established on the basis
of the revised ACR/EULAR classification criteria.*' Blood
samples were taken with ethical permission and after the
patients had signed a written consent. The baseline data of
RA patients were as follows: 32 men/176 women; age:
58-4 £ 14-3 years; rheumatoid factor (RF) +/— 127/30;
CCP2 +/—: 157/27; MCV +/— 164/25; disease duration:
9-8 £ 9-4 years.

Antibodies

Goat anti-human IgG + IgM (H+L) horseradish peroxi-
dase conjugate was from Jackson Immuno Research Europe
Ltd (Suffolk, UK). Rabbit anti-human IgG horseradish
peroxidase conjugate was purchased from Dako Agilent
Technologies Company (Glostrup, Denmark).

Peptide synthesis

First, we used conventional solid-phase peptide synthesis,
carried out on Multipin NCP non-cleavable kit (Mimo-
topes Pty Ltd, Clayton, Australia). Citrulline-containing
epitope peptides of filaggrin ***SHQESTXGXSXGRSGRS
Gs™¢, ''TXGRS*?, *"'"TXGXS’"® and *''TRGXS®'%; vi-
mentin °SAVRAXSSVPGVR’’; and collagen **?AXGLTG
XPGDA** (where X stands for citrulline), as well as the
respective unmodified counterparts, were synthesized on
the pins.”*> The N-terminus of peptides was acetylated.
Selected peptides were also synthesized manually by solid-
phase peptide synthesis, according to Fmoc/'Bu strategy.
The C-terminally biotinylated forms were made using
biotinyl-6-amino-hexanoic acid (LC-biotin) and 4,7,10-

© 2013 John Wiley & Sons Ltd, Immunology, 141, 181-191



trioxa-1,13-tridecanediamino succinic acid linker (Ttds)
and biotin.*> Lysine was built into the C-terminus of the
peptide to conjugate the biotin derivatives to its side
chain (¢-amino group). The crude products were purified
by HPLC. The structure of the peptides was proved by
ESI mass spectrometry. The list of synthesized peptides is
shown in Table 1.

CCP2 assay

Sera of patients were tested for anti-CCP positivity using
an Immunoscan CCPlus® kit (Euro-Diagnostica, Malmé,
Sweden)'* according to the manufacturer’s instructions.
Samples with results < 25 U/ml are defined as negative;
samples with results > 25 U/ml are defined as positive.

MCYV assay

Autoantibodies recognizing mutated citrullinated vimen-
tin were measured using the Orgentec anti-MCV ELISA
kit (ORGENTEC Diagnostika GmbH, Mainz, Germany.).
Cut-off value was 20 U/ml.

Multipin ELISA

To detect peptide-specific antibodies, pins were blocked
(2% BSA, 0,1% Tween in PBS) for an hour. Serum sam-
ples were diluted 1 : 1000 in the same buffer and pins
were incubated in the diluted sera overnight, rinsed, then
incubated with goat anti-human IgG + IgM conjugated
to horseradish peroxidase for an hour, rinsed again, and
the signal was developed by tetramethyl benzidine. Absor-
bance was measured at 450 nm. ELISA ratios were calcu-
lated [optical density (OD) with citrulline-containing/OD
with arginine-containing peptide] and compared between
groups. We have used ELISA ratios because these values
are not influenced by the individual variations between
plates prepared at different time-points. In the case of
arginine-peptides the range of OD values varied from

New citrulline-peptide-specific antibodies in RA

0-02 (minimum value) to 1-3 (maximum value), whereas
in the case of citrulline-peptides these were between 0-02
and 2-9.

ELISA

Biotinylated peptides (1 pg/ml in PBS) were bound to a
NeutrAvidin (5 pg/ml in PBS) pre-coated plate. Plates
were blocked (150 mm NaCl, 2% BSA in PBS), then sera
samples were added (1 : 100). After overnight incubation
and rinsing the plate, rabbit anti-human IgG conjugated
to horseradish peroxidase was added for 1 hr, and the
signal was developed as above. The ELISA reaction was
stopped in its linear phase and ELISA ratio was calculated
as described above. Cut-off values for each peptide pair
were calculated from ELISA ratios of 138 healthy samples
(the means of ELISA ratios + 2*SD). These were for
fil311-315: 1-352, for coll359-369: 1-377, for fil306-326:
1-253, and for vim65-77 peptide: 1-6. All sera that have
shown a higher ELISA ratio than these values were con-
sidered to be positive for the given peptide.

Microarray production and measurements

Biotinylated citrulline and arginine-containing peptides
were mixed with Neutravidin (Thermo Scientific,
Rockford, IL) at different ratios that were initially set
between 2 : 1 and 8 : 1 for each peptide to minimize the
presence of unbound peptides or empty neutravidin-
binding sites. Complexes were printed in triplicates onto
16-pad nitrocellulose-covered FAST Slides (Whatman)
using the BioOdyssey Calligrapher miniarrayer (BioRad,
Hercules, CA). Arrays were developed as described previ-
ously.** Briefly, arrays were treated with sera diluted
1 : 100, washed and then reacted with anti-human IgG-
DyL649 (Jackson, diluted 1 : 2500) and anti-human IgM-
Cy3 (Jackson, diluted 1 :3500). Microarrays were
scanned with the Axon GenePix 4300A (Molecular
Devices, Sunnyvale, CA) equipped with GENeP1x Pro 7-0.

Table 1. Summary of specificity and sensitivity values obtained with biotin conjugated peptide epitopes’

Per definition

Optimalized

Peptides Specificity (%) Sensitivity (%) Specificity (%) Sensitivity (%)
Filaggrin®®®** SHQESTXGXSXGRSGRSGS 97 56 95 62

19mer C-terminal LC- biotin

Filaggrin®'' 3" 98 36 95 40

TXGRS C-terminal LC- biotin

Filaggrin®'' " 98 58 95 60

TXGRS C-terminal Ttds-biotin

Vimentin®~’7 SAVRAXSSVPGVR C-terminal LC-biotin 96 39 95 44

Collagen® % AXGLTGXPGDA C-terminal LC-biotin 98 38 95 41

'Sensitivity: percentages of rheumatoid arthritis (RA) patients giving an ELISA ratio higher than the cut-off value, compared with the total

number of patients; specificity: percentages of healthy samples having an ELISA ratio below cut-off compared with total number of samples.
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Fluorescence intensity was calculated for each spot as the
median fluorescence of the feature minus the fluorescence
of the local background.

B-cell purification and ELISPOT

B cells were isolated from the blood of healthy donors
and RA patients by negative selection by using RosetteSep
antibody cocktail (Stem Cell Techologies, Vancouver, BC,
Canada), according to the manufacturer’s instructions.
The purity of the resulting B-cell population was
80-85%. Between 2 x 10° and 5 x 10° cells/ml were cul-
tured in RPMI-1640 containing 10% fetal calf serum in
the presence of 10 ng/ml recombinant human interleu-
kin-2 and 1 ug/ml R848 polyclonal activator provided
with the ELISpot kit (Mabtech, Stockholm, Sweden). The
cells were harvested at the 3rd day, and transferred into
the wells of ELISpot plates pre-coated with neutravidin
and the biotinylated citrulline- or arginine-containing
peptides, and with anti-IgG, respectively. The spots were
developed after 18 hr. The frequency of total and pep-
tide-specific IgG-producing cells was determined using a
C.T.L. Immunospot analyzer (CTL-Europe Gmbh, Bonn,
Germany).

Statistics

The ELISA ratio indicates the strength of the sample OD
compared with that of a negative control on the same
ELISA plate (OD citrulline/OD arginine control). To ana-
lyse the results, ELISA ratios were compared between var-
ious groups using Kruskal-Wallis test. Cut-off values
were obtained from ELISA ratios of 138 healthy samples
(mean + 2 SD). To compare the peptides data with clini-
cal parameters, Spearman correlation was used. Dunn’s
multiple comparison test was used to compare antibody
levels between groups. We used GrapHPAD Prism 4 soft-
ware for statistical analysis (GraphPad Software, La Jolla,
CA). In all tests the P-values < 0-05 were considered sig-
nificant.

Results

Comparison of citrulline-peptide epitopes of filaggrin,
collagen or vimentin by Multipin ELISA

To find the optimal combination of peptide epitopes
detecting most RA patients, we compared the reactivity of
sera samples against various epitopes of filaggrin, vimentin
and collagen. Based on an arginine-rich sequence of
human filaggrin'* a set of filaggrin peptides, fil306-326,
containing three citrulline residues (**°*SHQESTXGX
SXGRSGRSGS?*, X stands for citrulline), its partial
sequence fil311-315 (*''TXGRS’'®), and the respective
arginine counterparts, were synthesized using a parallel
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solid phase strategy. In the first set of experiments the rec-
ognition of these pin-attached oligopeptides by sera of RA
patients (n = 53), patients with other autoimmune dis-
eases, (n = 46) and healthy volunteers (n = 45) was inves-
tigated. There was a significant difference in the
recognition of both the fil306-326 and the fil311-315 epi-
topes (TXGRS), when RA, CCP-negative non-RA patients
and healthy sera samples were compared. RA sera recog-
nized the fil306-326 peptide with 42% sensitivity at 100%
specificity, and the fil311-315 peptide with 72% sensitivity
at 82% specificity; that significantly differed (P < 0.001)
from the CCP-negative non-RA patients and the healthy
group (Fig. 1a).

In the next set of pins we compared the fil306-326
with the fil311-315 peptides containing two citrulline res-
idues (TXGXS) and with the one containing citrulline
residue only at position 314 (TRGXS). We also included
in this set of experiments previously identified epitopes of
collagen (coll359-369, AXGLTGXPGDA) and vimentin
(vim65-77, SAVRAXSSVPGVR) together with the corre-
sponding arginine-containing counterparts (Fig. 1b).
A significantly higher number of RA sera recognized the
citrulline-containing peptides, compared with the healthy
controls.

Validation of the multipin ELISA results using
conventional ELISA

Selected pin-bound peptides were tested also by conven-
tional ELISA. As the peptides were attached to the pin at
their C-terminal amino acid residue, we supposed that
biotinylation of a pin-free peptide at the C-terminal end
will not influence markedly the antibody binding, hence
epitope recognition. Therefore, citrulline- as well as argi-
nine-containing peptides (fil311-315 TXGRS and the
fil306-326), and also the vim65-77 and coll359-369 pep-
tides were produced with biotin at the C-terminal end,
using spacers with different length (biotinhexanoyl- or
Ttds-biotin derivatives), then tested in solution by con-
ventional ELISA on neutravidin-coated plates (Fig. 1c—f).
We have compared the reactivity of sera from 198 RA
patients, 18 CCP-negative systemic lupus erythematosus
patients and 138 normal healthy donors on the peptide
panel. We could verify the earlier findings obtained with
the multipin ELISA system and determined the specificity
and sensitivity values of the assays. At a 95% specificity
level RA sera recognized the peptides fil311-315 TXGRS-
K-(Ttds-biotin), TXGRS-K-(LC-biotin) and fil306-326
SHQESTXGXSXGRSGRSGS-K-(LC-biotin)  with  60%,
40% and 62% sensitivity, while the citrulline-containing
vimentin and collagen epitopes were recognized with 44%
and 41% sensitivity, respectively. Table 1 summarizes the
sensitivity and specificity values of the test.

When the sensitivity of the assay was calculated from
the cumulated data derived from the four individual

© 2013 John Wiley & Sons Ltd, Immunology, 141, 181-191
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Figure 1. Recognition of citrulline-containing peptide (CCP) epitopes by Anti-citrullinated peptide/protein antibodies (ACPA) as detected by
multipin and conventional ELISA. (a), (b) Multipin ELISA. (a) Reactivity of 53 sera from rheumatoid arthritis (RA) patients (black triangle), 46
sera from CCP-negative non-RA patients patients (white triangle) and 45 sera from healthy volunteers (circle) with the fil306-326 (upper panel)
and the fil >""TXGRS*"® (lower panel) epitopes synthethized on the pin. The calculated area under the curve of ROC (AUC) was 0-7748 for the
fil306-326, and 0-8034 for the 5-mer peptide, respectively. (b) Comparison of RA (n = 33) and healthy (n = 16) sera’s reactivity against the
fil306-326 epitope (upper left), the double citrulline-containing fil311-315 (upper right), vimé65-77 (lower left) and coll359-369 (lower right).
Differences between RA and healthy groups were significant, P < 0-0002, P < 0-0001, P < 0-0258, and P < 0-001, respectively. (c—f) Conventional
ELISA. Reactivities of RA (n = 198), CCP-negative systemic lupus erythematosus patients (n = 18) or healthy (n = 138) sera samples with:
(c) C-terminally biotinylated fil306-326, (d) fil SUTXGRS with Ttds linker, (e) vim65-77, and (f) coll359-369 peptides bound to neutravidin
pre-coated plates. The sensitivity values were 62%, 60%, 44% and 41%, respectively. ROC curve analysis has shown AUC values 0-7991 for
fil306-326, 0-7593 for fil311-315-Ttds-biotin, 0-787 for vim65-77, and 0-6258 for coll359—-369.

peptides: the fil306-326 with three citrulline residues, the was present in the assay in soluble form, it significantly
five-mer filaggrin peptide TXGRS-K(Ttds-biotin), the reduced binding of serum antibodies to the same pep-
vim65-77 and coll359-369 epitope peptides, the sensitivity tide coat, whereas the recognition of the vimentin pep-
of the assay was 81%, comparable with the conventional tide remained the same. Vice versa, the presence of
anti-CCP2 test. vimentin peptide in solution did not inhibit the bind-

ing of ACPA to the fil311-315, but significantly
reduced the recognition of the vimentin peptide coat
(Fig. 2). We have seen a 20-80% reduction in all indi-

Investigation of cross-reactivity of anti-citrullinated
peptide antibodies by competitive ELISA

Next we tested whether the fil311-315 (TXGRS-K(Ttds- vidual cases, when peptide pre-treated and untreated
biotin)) and the citrulline-containing vimentin peptide samples were compared using the coat-identical pep-
could compete for ACPAs. When the filaggrin peptide tides for competition.

© 2013 John Wiley & Sons Ltd, Immunology, 141, 181-191 185
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Figure 2. Filaggrin and vimentin peptide-specific anti-citrullinated peptide/protein antibodies (ACPAs) are not cross-reactive. Cross-reactivity

between sera that recognized both vim65-77 and the fil311-315 epitopes was tested by ELISA. OD values obtained on citrulline (X) versus argi-

nine (R) -containing peptide coats are compared. Sera were pre-incubated with soluble fil311-315 or with vim65-77 epitopes or left untreated,

and tested on vim65-77 and fil311-315 peptide-coated plates, respectively. Mean values of eight patients are shown.

Association between the recognition of citrulline-
peptide panel and the clinical data

To test whether the recognition of these citrulline epi-
topes by RA sera show any association with the anti-CCP
and anti-MCV titres obtained with commercially available
tests, the titres were compared with the number of pep-
tides specifically recognized by any individual sera. The
number of recognized epitopes significantly increased
with the titres, RA sera reacting with all four citrulline-
peptides had the highest anti-CCP and anti-MCV titres
(Fig. 3a). However, we did not find an association
between the number of peptide epitopes recognized and
the CRP values or the DAS28 index of the patients (data
not shown). Furthermore, we have seen an association
trend between duration of disease and number of pep-
tides reacted with individual sera; the duration of the dis-
ease was significantly longer (P < 0-05) in the group
recognizing four citrulline peptides compared with the
group recognizing none (Fig. 3a).

When individual citrulline peptides were tested with
RA sera, we calculated the Spearman correlation between
the strength of binding (ELISA ratio) and the anti-CCP2
and anti-MCV titres. The recognition of filaggrin or col-
lagen epitopes and the anti-CCP2 titre has shown a weak
but significant correlation (r = 0-34, P < 0-0001), whereas
a stronger and significant correlation (r = 0-45,
P < 0-0001) between peptide recognition and the MCV
titres was observed.

The distribution of fine specificities of sera recognizing
one, two or three peptides was analysed on a group of 184
diagnosed RA patients, and the results are shown on
Fig. 3(b). Within the first group recognizing only one pep-
tide 50% of sera reacted with the vimentin epitope, 18%
bound to fil306-326 and 14% to fil311-315 peptides, while
18% bound to the collagen epitope. In the group recogniz-
ing two peptides half of the RA sera reacted with the two
filaggrin epitopes, while among the sera binding to three
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peptides half of them reacted with the two filaggrins and
the collagen epitope. Nineteen per cent of RA patients’ sera
did not recognize any of the citrulline peptides.

Most importantly, comparing sera reactivities by Venn
diagrams made it clear that about one-third of CCP-,
MCV- and RF-negative RA sera (triple negatives) were
detected as positives by using the peptide panel. We iden-
tified five of the six MCV single negative, nine of the 12
CCP2 single negative, and nine of the 13 RF seronegative
RA patients by the peptide panel. The percentages of the
single, double and triple negative RA sera exerting a posi-
tive reaction with the individual citrulline-peptides of the
panel are shown in Fig. 3(c). These data indicate that the
combined peptide assay is suitable to detect ACPA-
positive RA cases that appeared to be CCP2-, MCV- and
RF-negative in conventional tests.

Citrulline-peptide specific IgG but not IgM identifies
RA subjects

To examine the nature of the immune response against the
peptides, peptide microarrays with the arginine and citrul-
line forms of the peptides were reacted with serum samples
from non-autoimmune control subjects (n = 93) and RA
subjects (n = 98). Fig. 4. shows IgG reactivity as a function
of IgM reactivity in individual samples. These patterns
indicate that while increased IgM reactivity against both
the arginine and citrulline forms of the peptides is observed
in control subjects, the selective increase in IgG reactivity
against the citrulline forms is specific for RA. Nevertheless,
a few RA samples showed IgM reactivity against the citrul-
line-containing filaggrin peptides (Fig. 4b).

In vitro synthesis of citrulline-peptide-specific IgG
by RA B cells

To detect if B cells triggered in vitro by non-specific stimuli
are able to produce citrulline-peptide-specific antibodies,

© 2013 John Wiley & Sons Ltd, Immunology, 141, 181-191
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Figure 3. Association between citrulline-containing peptide 2 (CCP2) or mutated citrullinated vimentin (MCV) titres of rheumatoid arthritis
(RA) sera and the number of recognized citrulline-peptides; the distribution of peptide specificities. RA sera recognizing more citrulline-contain-
ing peptides had significantly higher anti-CCP2 (Fig. 3a, left) and anti-MCV titres (Fig. 3a, middle) compared with sera recognizing less peptide.
Duration of the disease was significantly longer (P < 0-05) in the group recognizing four citrulline peptides than in the group recognizing none
(Fig. 3a, right). Distribution of fine specificities within subsets of RA sera that recognize one, two or three citrulline-containing peptides (Fig. 3b).
Percentages of single/double/triple-negative RA sera showing positive reaction with the individual peptides of the peptide panel. The absolute
number of CCP, MCV and rheumatoid factor (RF) single-negative patients were 12, 6 and 13, respectively, from those patients nine, five and

nine sera were identified as anti-citrullinated peptide/protein antibody (ACPA) positive by the peptide panel (Fig. 3c).

purified B cells from RA patients and healthy individuals
were stimulated by R848 polyclonal B-cell activator and IL-
2 according to the manufacturers’ instructions (Mabtech).
The frequencies of total and peptide-specific IgG-secreting
cells were determined by ELISpot assay. While a compara-
ble number of B cells synthesized IgG from healthy individ-
uals and RA patients, only B cells from RA patients
(Fig. 5). No
remarkable number of arginine- or citrulline-containing

produced citrulline-peptide-specific 1gG
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peptide-specific IgG-producing B cells was observed in cul-
tures from healthy subjects (spot number did not exceed
10). On the contrary, we detected a significantly higher
frequency of cells producing IgG specific for the citrulline-
containing fil306-326 and for the vimentin epitope com-
pared with their arginine-containing counterparts
(Fig. 5a). In the case of the fil311-315 peptide we observed
a small but not significant elevation in the number of
citrulline-peptide-specific IgG-producing cells compared
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Figure 4. Comparison of peptide reactivity of IgM and IgG in control and rheumatoid arthritis (RA) subjects. Microarrays displaying the native
and citrullinated forms of the peptides were reacted with sera of control and RA subjects, followed by simultaneous detection of bound IgM and

IgG. Scatterplots show individual reactivity patterns for arginine and citrulline (X) -containing peptides (a) and for the X/R ratio (b). Dashed

lines stand for mean + 2SD of X/R ratio of the control group.

with the arginine-peptide-specific control, whereas there
was no difference in the number of cells synthesizing colla-
gen peptide-specific IgG whether or not the peptide con-
tained citrulline (Fig. 5b). A representative picture of the
ELISPOT assay is shown in Fig. 5(c).
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Discussion

Detection of ACPAs is the most specific and most sensi-
tive early laboratory diagnostic test for RA; however,
approximately 30% of patients were found to be ACPA
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negative. Identification of new peptide epitopes is essen-
tial to detect the false-negative cases among this group.
The first cyclic citrullinated peptide used to develop an
ELISA-based diagnostic kit, anti-CCP1, derived from fil-
aggrin.”® The epitope peptide contained the sequence
*%SHQESTXGRSRGRSGRSGS™ (X = citrulline). We
modified this peptide by substituting the arginine residues
with citrulline at positions 314, 316, 318 and identified
the minimal epitope of the fil306-326 peptide, TXGRS,
which is still specifically recognized by RA sera.”® Here
we report our findings on the antibody recognition of
these peptide epitopes in a larger cohort, and compare
their antibody binding with that of other citrulline-
peptide epitopes derived from collagen and vimentin.

First we chemically prepared the citrulline- or arginine-
containing peptides attached at the C-terminal to a solid
support of multiple pins and screened on a cohort of 53
RA patients, 46 CCP-negative non-RA patients (disease
controls) and 45 healthy controls. The data obtained with
the multipin ELISA system indicated that both the fil306—
326 and its minimal epitope, fil311-315 peptide are rec-
ognized by RA sera with 42% and 72% sensitivity and
high specificity. The vimentin and the collagen epitope
peptides were also recognized with high specificity, but
lower sensitivity. Our data indicate that the design for
using multipin ELISA to screen sera reactivity has to con-
sider the position of citrulline and its distance from the
solid surface of the pin.
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To confirm these data we turned to conventional
ELISA. To assure the even binding of various peptides of
different lengths to ELISA plates all peptides were bioti-
nylated and applied on neutravidin-precoated plates. Bio-
tinylation, especially if the peptide has a short sequence,
may alter the availability of the citrulline residues within
the epitope responsible for the specific autoantibody
binding. Therefore we first compared antibody binding to
the short TXGRS peptide biotinylated either at the N-ter-
minal or C-terminal end. Based on these results*” we used
long-chain biotin and labelled the peptides at the C-ter-
minal end. In addition, we used different spacers to
increase the distance between the epitope and the biotin
moiety. Based on previous experiments,” biotin-6-amino
hexanoyl acid derivative as well as a longer spacer (Ttds)
was used in the case of the fil311-315 peptide. The longer
Ttds biotin-labelled TXGRS peptide appeared to be better
recognized (60% sensitivity) compared with the LC-biotin
hexanoyl labelled one with shorter spacer (40% sensitiv-
ity). RA sera recognized the fil306-326, the vimentin and
the collagen epitope peptides with 62%, 44% and 41%
sensitivity, respectively, at 95% specificity. As filaggrin is
not present in synovia, it was suggested that cross-react-
ing auto-antibodies may recognize this protein.”® We
have observed previously cross-reaction of affinity-puri-
fied MCV autoantibodies with the citrulline-containing
fil306-326 peptides of fillaggrin.” To study whether cross-

reactivity exists between fil311-315 and vim65-77
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Figure 5. In vitro activated B cells of rheumatoid arthritis (RA) patients produce IgG specific for citrulline-containing peptide epitopes of filag-

grin and vimentin. Purified B cells (2 x 10° to 5 x 10°/ml) from 11 RA patients and eight healthy individuals were cultured for 3 days with

polyclonal B-cell activators. The frequency of peptide-specific and total IgG-producing cells was determined by ELISpot assay, spot numbers were

normalized to 10° cells. A representative picture of the ELISpot assay is also shown (Fig. 5c).
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peptides, competitive ELISA was used. The results show
that there is competition between the soluble and solid
phase bound peptides if their sequences are identical, but
there is no cross-competition, that is that the citrulline-
containing fil311-315 peptide does not inhibit the recog-
nition of the vim65-77 peptide and vice versa. However,
the competition was not complete, possibly because the
avidity of ACPA is generally considered to be low, higher
avidity ACPA was seen only in patients with symptoms.>
These data suggest that the ACPA response is polyclonal
and that autoantibodies recognizing citrulline-containing
filaggrin peptides might be cross-reactive with some other
citrullinated epitope of vimentin or other protein.

A highly diverse ACPA response was observed by oth-
ers,”** suggesting that several citrullinated proteins can
be targeted by various ACPA clones in patients with estab-
lished RA, and only a limited cross-reactivity is observed.
Lundberg et al.** detected 17 distinct RA subsets based on
the ACPA fine specificity profile, and reported that the
HLA-DRBI shared epitope allele, PTPN22 gene and smok-
ing are associated with the presence of antibodies recogniz-
ing citrullinated «-enolase and vimentin. These data
indicate that specific ACPA reactivity may identify distinct
RA subsets. Others found that the number of epitopes rec-
ognized by RA sera correlates with anti-CCP level but does
not associate with clinical parameters of the patients.’" Epi-
tope spreading in RA has been shown to occur before dis-
ease onset’””” and it is questionable whether recognition of
different epitope patterns is associated with distinct clinical
phenotypes in established disease.

We have analysed the four-peptide panel composed of
citrulline-containing 5-mer and 19-mer sequences of fil-
aggrin, collagen and vimentin for correlation with clinical
parameters of the patients. As different antibody popula-
tions may recognize various peptides, we have combined
the data of multiple tests and calculated the sensitivity
values. The sensitivity of the four-peptide panel in ELISA
appears to be 81% at 95% specificity, which is compara-
ble with commercially available tests. Furthermore, we
found a correlation between the number of epitopes rec-
ognized by RA sera and the anti-CCP or anti-MCV titres.
Distribution of peptide positivity has shown that in the
group of sera recognizing only one peptide, half of the
RA samples reacted with vim65-77, whereas in the group
recognizing two peptides half of them bound to the two
filaggrin peptides, indicating that these might be domi-
nant and non-cross-reactive autoantigen epitopes.

Most importantly, seven out of twelve CCP2-negative,
five out of six MCV-negative sera, two out of the double-
negative sera and also two cases out of the seven
triple-negative sera (CCP2, MCV and RF negatives) were
recognized by the peptide panel, indicating that this
combined assay is able to detect some of the false ACPA-
negative RA samples as well. There are differences in the
pathomechanisms of ACPA-positive and ACPA-negative
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RA,”° and the early detection of all ACPAs has a signifi-
cant advantage from both diagnostic and therapeutic
aspects. Although in line with others®** we observed no
significant correlation between the ACPA fine-specificity
profile and the clinical patient parameters such as CRP
and DAS28, one cannot exclude the possibility that the
detection of peptide-specific distinct ACPA profiles might
be useful to develop individually targeted therapy. We
could not detect a significant correlation between the
number of peptides recognized and the duration of the
disease, though in the group recognizing four citrulline-
peptides the time-span of established disease was signifi-
cantly longer compared with the group that does not
react with any peptides, possibly reflecting epitope
spreading.

ACPAs belonging to different immunoglobulin classes
have been observed.”?”® Although rheumatoid factors
are mainly of the IgM class, ACPAs are dominantly IgG
antibodies. These observations strengthen the possibility
that reactivity against the identified peptide epitopes
develops during the disease and the involved B-cell clones
go through isotype switching. However, results with the
peptide-specific microarray have shown that although
most ACPA recognizing the four citrulline peptides are
IgG, some ACPA specifically recognizing the citrulline-
containing fil1311-315 and fil306-326 epitopes are IgM, so
may be produced either by newly formed activated B cells
as an indication of the ongoing autoimmune response or
by unswitched B memory cells.

Secretion of anti-CCP antibodies by in vitro activated B
cells of RA patients has been reported.’”*" In contrast
with the previous reports, we observed no remarkable cit-
rulline-peptide-specific antibody production in B-cell cul-
tures of healthy individuals. This might be explained by
the different culture conditions and by the different cit-
rulline-peptides we applied. The peptide-specific ELISpot
assays have shown that a significantly higher number of
activated memory B cells from RA patients produce IgG
specific for the citrulline-containing fil306-326 and
vim65-77 peptides as compared to the arginine-contain-
ing counterparts.

Together these data suggest that the citrulline-peptide
panel composed of filaggrin, vimentin and collagen
sequences detects more ACPA-positive RA patients com-
pared with conventional tests, and the individual citrul-
line-peptides are also suitable for the detection and study
of the function of ACPA-producing autoreactive B cells.
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