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Anti-citrullinated protein/peptide antibodies (ACPA) are the principal autoantibody system
associated with rheumatoid arthritis (RA), with diagnostic sensitivity of 70% and specificity of
95%. Current testing for ACPA uses the anti-cyclic citrullinated peptide assay (anti-CCP)
which measures a generalized reactivity with citrulline-containing peptides, thus giving no
insight into reactivity to specific RA antigens. Of these, the best characterized are, o-enolase,
fibrinogen/fibrin, vimentin, Type 2 collagen and filaggrin, antibodies to each of which are
found in approximately 30-60% of RA cases. Given reports of cross-reactivity between
citrullinated antigens, we discuss whether or not measuring these specific antibodies could
aid: clinical diagnosis, identification of clinical subsets and drug responses, or provide insight
into pathogenic mechanisms or etiology of RA.
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Antibodies to citrullinated peptides were first
described only 15 years ago when it was dis-
covered that the previously described anti-
perinuclear factor assay, known to be diagnos-
tically specific for rheumatoid arthritis (RA),
was detecting antibodies to filaggrin that had
undergone the post-translational modification
of citrullination (or deimination) [1.2]; the con-
version of an arginine residue to a citrulline
residue by peptidylarginine deiminase (PAD)
enzymes. Although not a true auto-antigen
due to lack of presence in the joint, filaggrin
was found to be an effective capture antigen
for ACPA due to high numbers of arginine
residues and thus citrulline residues after cit-
rullination. However, cross-reactivity between
citrullinated filaggrin and fibrinogen peptides
indicates filaggrin could still be of pathological
significance in RA through epitope spreading,
as well as giving an early indication of the
potential for cross-reactivity between ACPA.
Using peptides spanning the filaggrin mole-
cule, reactivity of serum antibodies occurred
only with citrullinated variants of the peptides
and not with their arginine-containing con-
trols. So citrulline-specific was this response,
many commentators have used the term ‘ant-
citrulline autoimmunity’ to describe the auto-
antibody response in RA. However, it is clear

that a citrulline residue alone is insufficient to
determine antibody binding to a peptide,
because not all citrulline-containing sequences
act as epitopes for autoantibodies. As can be
seen in Tase 1, the immunodominant epitope
in citrullinated filaggrin (cit-filaggrin) has cit-
rulline residues immediately flanked by gly-
cine, serine or threonine. Interestingly, on the
immunodominant epitope of citrullinated eno-
lase (CEP-1), the citrulline at position 15 is
flanked by glycine and serine [3], however,
other epitopes on enolase, and the major epit-
opes on citrullinated fibrinogen (cit-fibrino-
gen), vimentin (cit-vimentin) and collagen
(cit-collagen) are seemingly flanked by an
almost random assortment of amino acids,
though there does seem to be a preference for
small and relatively neutral amino acids, with
glycine or serine in particular, being common
neighbors of the citrulline residues. Therefore,
it can be concluded that the mere presence of
citrulline is not enough to determine an
ACPA response: there is also some dependence
on the flanking amino acids.

The question then arises: in the context of
the whole protein, can these epitopes be
described as truly antigen-specific? In favor of
such specificity are the numerous studies which
show that ACPA react with only a tiny
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Table 1. Well-characterized citrullinated autoantigens in rheumatoid

arthritis.

not express conformational epitopes on
naturally occurring proteins, and the fact
that monoclonal antibodies may not
be representative of serum antibodies.
Nevertheless, there does appear to be an

a-enolase Yes 50% ;CEP"]’ ” (3] emerging consensus that antibodies to
Albp Bl P specific citrullinated antigens do indeed
32ANPKXIAKAVNEKSCNCLL3*! pectt 5
exist in RA, though they appear to be
Flibr‘inogen/ Yes 66% gcs-chain c (7] much more cross-reactive than the auto-
fibrin 171GPXVVEXHQSACK12§ antibodies found in other autoimmune
VDIDIKIXSCXGSCS diseases
2015 GIGTLDGFXHXHPD?'® )
521X GHAKSXPVXGIHTS®3® L . .
B-chain Clinical diagnosis
60y pPAPPPISGGGYXAX4 Prior to the discovery of the relevance of
Vimentin Yes 40% 59VY ATXSSAVXLXSSVP”* o ACPA to RA d(fgnofl“cs’ an“b(’dfy ::St'
1STXSVSSSSYXXMFGG1G lng V\{as restricted to the PrCSenCC O. I C.LI—
s 260 matoid factor (RF): auto-antibodies
Collagen Yes 40% AXGLTGXPGDA (701 reactive for the Fc region of native IgG
ipe 2 class antibodies. Although useful in diag-
Filaggrin No 28% 3066 HQESTXGXSRGRSGRSG>2* [1]  nostics with sensitivity of 60-80%, the

Peptide sequences in bold: immunodominant; peptide sequences not in bold: reactive; X: Citrulline residue.

proportion of the citrullinated proteins found in the synovial
membrane or in citrullinated cell extracts [4,5]. Other studies have
pointed out how there is a distinct pattern of autoantibody spe-
cificity for each serum examined (reviewed in [6]).

However, against the concept of distinct antigen specificity are
the numerous demonstrations of cross-reactivity. As well as the
cross-reactivity initially observed between cit-filaggrin and cit-
fibrinogen (78], Amara ez al. showed that a number of monoclo-
nal ACPA from the joints of RA patients had cross-reactivity
between CEP-1 and cit-vimentin peptides, and a smaller number
between CEP-1 and cit-fibrinogen peptides [9]. van de Stadt ez al.
also demonstrated cross-reactivity between CEP-1 and citrulli-
nated fibrinogen using two monoclonal anti-citrullinated fibrino-
gen antibodies isolated from RA sera [10). Snir er al. however
found a low level of cross-reactivity between CEP-1 and cit-
fibrinogen in a limited number of sera using absorption experi-
ments, indicating some patients had non-cross-reactive antibod-
ies [11]. In addition, other antigens, including the cit-collagen
peptide and CEP-1 showed no cross-reactivity. Other studies
with ACPA have also demonstrated heterogeneous and non-
overlapping reactivities [12,13].

Although cross-reactive ACPA have been shown to bind
these secondary substrates with lower avidity than their primary
substrates, the lower avidity of ACPA binding seen in general
when compared with recall antigens does question if primary
reactivities exist or if indeed there is an as yet unknown pro-
genitor antigen (14]. There is also potential for crossreactivity
between ACPA and a newly characterized group of autoant-
bodies in RA: anti-carbamylated protein antibodies (anti-CarP)
in light of similarity between homocitrulline residues found in
carbamylated proteins and citrulline [15].

All of these studies of cross-reaction can be criticized on a
number of grounds, including the use of peptides, which may

presence of RF in other autoimmune dis-
eases, systemic lupus erythematosus (SLE)
and Sj'rgen’s syndrome reduces diagnostic specificity. Testing
for ACPA (ACPA*/ACPA") is useful in both classification of
RA and in predicting progression of undifferentiated arthritis
or arthralgia. It has been shown that ACPA" arthralgia patients
are more likely to develop RA than ACPA™ patients and van de
Stadt er al. included ACPA status in a 9-point prediction rule
for development of RA [16]. Studies have also shown a large
range of ACPA specificities increases this risk of disease
progression [17-19], with one study comparing ACPA" RA
patients with ACPA" non-RA controls finding 82% of RA
patients had more than 2 ACPA, compared with only 4.8% of
controls [20].

Defining ACPA positivity typically uses a generic test such
as the second- or third-generation anti-CCP assays (anti-CCP2/
CCP3). However, there are others which efficiently capture the
majority of ACPA, such as the anti-mutated citrullinated
vimentin (anti-MCV) ELISA [21]. Although the anti-MCV test
uses recombinant vimentin, the amino acid mutations intro-
duced to capture more ACPA reactivity than citrullinated
vimentin alone make the anti-MCV a generic test for ACPA
rather than a specific antigen assay. A number of studies have
compared anti-MCV and anti-CCP, in general finding they are
similar in sensitivity and specificity both in diagnosis and pre-
diction of RA [22]. Moreover, the two assays overlap consider-
ably, and using the two assays in combination confers only a
marginal increase of sensitivity and predictive value [23].

Given the considerable overlap between different generic
tests for ACPA, it is questionable whether testing for specific
antigens would improve diagnostic sensitivity or specificity. An
analysis of 291 RA sera tested for antibodies to whole citrulli-
nated fibrinogen, cit-vimentin, cit-collagen and CEP-1 showed
almost all of the antibodies to the specific peptides fell within
the anti-CCP positive population and that each test on its own
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had a much lower diagnostic sensitivity than anti-CCP and
thus would be of limited use in diagnosing established RA [11).
Antibodies to the same specific peptides in patients with very
early and undifferentiated arthritis showed no increase in pre-
dictive value over anti-CCP testing alone [24]. Studies which
use larger numbers of peptides pick up a proportionally larger
number of patients who are anti-CCP negative [25], but the
small increase in overall diagnostic sensitivity does not really
justify their use in routine diagnosis.

Clinical subsets & response to treatment

Of those diagnosed with RA, ACPA status effectively divides
patients into two large subsets which differ in severity and clin-
ical outcome [26]. ACPA" RA is associated with a more severe
phenotype measured by 28-joint Disease Activity Score
(DAS28), Visual Analog Scale (VAS) and radiographic scores
of joint damage [27-29] as well as an increased risk of secondary
disorders of the cardiovascular system [3031]. However, it could
be argued that, at over 70% of RA patients, the ACPA™ popu-
lation is hardly a ‘subset’ and therefore the subgroups within
this population, as defined by antibodies to specific peptides,
are likely to be of more interest. One study of 661 RA patients
examined antibodies to citrullinated whole myelin basic pro-
tein, and a number of citrullinated peptides including CEP-1,
cit-vimentin and cit-fibrinogen [26]. None of the antibody
assays showed any association with standard clinical characteris-
tics, such as swollen joint count, length of morning stiffness,
erythrocyte sedimentation rate (ESR) or C-reactive protein
CRP, suggesting that measurements of fine specificity were not
identifying clinical subsets. However, the study over time was
limited to the examination of subsets defined by joint disease
severity. Therefore, if fine specificities are linked to disease sub-
sets it is likely to be extra-articular, such as lung disease or eye
involvement, and much more work and more complete docu-
mentation of the clinical phenotype is required to identify such
links. In a recent study by Harlow ef al., citrullinated proteins
were immunoprecipitated from cell extracts using sera from RA
patients with interstitial lung disease (ILD) [32]. This identified
two citrullinated autoantigens potentially associated with RA-
ILD, heat shock protein 90 o and B (Hsp90 oo Hsp90 B).
ELISA assays using these proteins and non-citrullinated con-
trols, found antibodies against citrullinated Hsp90 o and
Hsp90 B were largely restricted to RA-ILD patients compared
with RA non-ILD patients. While this suggests that clinical
subsets associated with specific ACPA may indeed exist, these
findings need to be confirmed in other cohorts.

Some studies have suggested that the whole ACPA" RA pop-
ulation may have a poorer response to and-TNF-o therapy
when compared with ACPA™ [33-35]. However, we were unable
to further define this association by subdividing the ACPA"
group according to the presence of antibodies to CEP-1 and
peptides from cit-fibrinogen and  cit-
of 450 anti-TNF-o-treated RA
patients [36]. Conversely, ACPA" RA patients have been found
to respond better to treatment with methotrexate than ACPA

immunodominant

vimentin in a cohort

patients, although these beneficial therapeutic effects may be
reduced in patients with a high yield of ACPA [3738]. However,
this has not been studied in relation to ACPA fine specificity.

An important limiting factor of studies which fail to iden-
tify worse clinical outcomes associated with specific ACPA
subsets is that these are usually not corrected for number and
dose of disease-modifying anti-rheumatic drugs (DMARD:),
both of which may be varied according to disease
severity [27].

Pathogenic mechanisms
ACPA have been found in RA patient sera years before disease
onset, and studies have shown that ACPA specificities, isotypes
and titer increase during the pre-clinical phase before stabilizing
after disease onset [173940]. This broadening of ACPA profile
pre-onset is hypothesized to occur through a process of epitope
spreading. In the context of ACPA™ RA, this could suggest an
explanation for the variation in ACPA" patients in early RA
(50%) and developed RA (70%), indicating a number of early
RA patients have a titer or range of ACPA not yet caught by
conventional testing (Ficure 1). While this observation may also
reflect a bias in cohorts of established RA toward more severe
disease, it is of interest that the largest study of pre-RA ACPA
fine specificity to date observed different clusters of peptide
specificities [41. One antibody pattern (anti-Fibo591 and
Vim60-75) was observed early with fluorescence intensity only
increasing modestly prior to disease onset, suggesting a role in
the earliest phases of ACPA autoimmunity. Two other patterns
increased markedly before symptom onset, and may be
involved in the initiation of clinical disease. It is also relevant
to note that avidity maturation of ACPA occurs before disease
onset, again confirming ACPA development pre-disease [42]. All
these data indicate the presence of ACPA is integral to disease
development, wherein the antibody range and titer increase
until pathology can no longer be contained by immunoregula-
tory systems and disease ensues. ACPA contribute to the patho-
of RA
containing citrullinated fibrinogen and vimentin have been
identified in the peripheral blood and synovial fluid of patients
with RA [4344), with experimental evidence showing these can
stimulate cells of the monocyte/macrophage lineage which play
a central role in the pathogenesis of RA [45]. It has also been
shown that citrullination of fibrinogen increases its ability to
bind to Toll-like receptor 4 (TLR4), allowing ACPA contain-
ing immune complexes to enhance macrophage TNF-ot pro-
duction through co-ligation of Fcy-receptor and TLR4 [44].
ACPA can also form immune complexes with RF, with the
preferentdial binding of RF to hypoglycosylated peptides making
hypoglycosylated ACPA an ideal substrate [46], and can activate
complement via both classical and alternative complement
pathways [47).

Recent data suggest that antibodies to citrullinated vimentin

genesis in numerous ways. Immune complexes

may have a part to play in the bone loss associated with RA.
Noting that high levels of ACPA were associated with raised
markers of bone turnover, Harre ez 4l affinity-purified ACPA
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Figure 1. The formation and development of anti-citrullinated protein antibodies prior to rheumatoid arthritis onset. Breach
of tolerance occurs to constitutively expressed citrullinated proteins. Integral to this are genetic rheumatoid arthritis susceptibility alleles with
probable involvement of environmental factors such as periodontitis infection and smoking. 2) An antibody response occurs to native citrulli-
nated proteins, forming ACPA. 3) Epitope spreading of citrullinated protein epitopes leads to an 4) increase in ACPA titer and range of specif-
icities pre-rheumatoid arthritis. 5) Clinical disease occurs as ACPA begin to mediate inflammation and damage in the joint.

ACPA: Anti-citrullinated protein antibodies.

using anti-MCV [48]. They observed that osteoclasts expressed
increasing levels of cell-surface citrullinated vimentin during
differentiation, and that addition of anti-MCV antibodies
enhanced osteoclastogenesis and bone resorption both in vitro
and 77 vivo using lymphocyte-deficient mice. The mechanism
appeared to depend on production of TNF-o by osteoclast pre-
cursors. While this encourages further study of specific ACPA
in relation to pathogenesis, it should be noted that the possibil-
ity of cross-reactivity was not fully excluded and would seem
likely given the MCV-based purification. Thus, the possibility
remains that stimulation of other citrullinated cell-surface mole-
cules may have enhanced TNF-o production [49]. While these
observations may challenge the conclusions from the more
comprehensive studies of ACPA-fine specificity and clinical
outcomes referred to above, these have significant limitations as
observed and have not investigated systemic osteoporosis.
Clearly this is an area that warrants further research and,
importantly, the development of specific ACPA reagents
including monoclonal antibodies, will significantly aid investi-
gation into pathogenic mechanisms.

Etiology

Smoking has been an established risk factor for RA since
1987, but more recently has been shown to have a stronger,
dose-dependent association with ACPA™ RA [s50] proposed to
be due to increased levels of citrullination in the lungs of
smokers [s1]. Although our group has recently shown no sig-
nificant difference in the levels of citrullination in the lungs
of smokers and non-smokers [Unvususien Datal, this study and
others have shown the potential for the lung to act as a pri-
ming site for ACPA" RA due to the presence of RA-
associated citrullinated proteins and the citrullinating enzyme
peptidylarginine deiminase 2 (PAD2) (51, which is also
found in the RA synovium. Smoking is also linked to
another risk factor for RA: periodontitis (PD). As well as the
characteristic bone loss and inflimmation in both condi-
tions [52], RA patients have an increased incidence of PD (s3]
and an overlapping antibody response, with ACPA found in
PD sera and gingival crevicular fluid [54). Interestingly, the
presence of IgA ACPA in saliva would be compatible with a
mucosal trigger [55].
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Porphyromonas  gingivalis, an important causative agent of
PD, also carries the only known prokaryotic PAD enzyme
(PPAD) and is therefore capable of creating novel citrullinated
antigens [56]. We and others have also demonstrated that PPAD
is capable of autocitrullination (57]. We also found a more fre-
quent antibody response to P. gingivalis PPAD protein in RA
and PD patients (25 and 11%, respectively) compared with
non-RA non-PD controls (5%) [571. However, a citrulline-
dependent antibody response to PPAD was confined to the RA
group, being found in 38% compared with 2% of PD. This
suggests another potental role for P. gingivalis in RA develop-
ment, whereby an antibody response to auto-citrullinated
PPAD could induce an antibody response to native citrulli-
nated peptides through epitope spreading.

de Pablo ez al. investigated associations with specific ACPA
reactivities and periodontitis in a study of 194 patients (96 PD
and 98 non-PD) [s8). PD patients had a significantly higher fre-
quency of CEP-1 antibody positivity than non-PD patients
(12 and 3%, respectively) while there was no significant differ-
ence in levels of antibodies to cit-vimentin or cit-fibrinogen.
This study also noted a significantly increased antibody
response to the non-citrullinated variant of the CEP-1 peptide
in PD patients, which might indicate a role for non-
citrullinated peptides in tolerance breakdown. While these data
suggest that periodontitis may confer a higher risk toward anti-
CEP-1-positive RA, potendally due to the cross-reactivity
between human and P. gingivalis o-enolase [3], this would need
to be confirmed in longitudinal studies.

Potential mechanisms for tolerance breakdown have also been
investigated 7 vivo using transgenic mice expressing the RA-
associated risk allele HLA-DRB1*0401 (DR4-IE-Tg). In one
study, Kinloch ez al. found that both citrullinated and non-
citrullinated forms of recombinant P. gingivalis and human o-
enolase induced a rapid onset of arthritis in DR4-IE-Tg mice
but not in wild-type controls [59]. Notably, immunization with
the uncitrullinated protein resulted in an antibody response to
both uncitrullinated and citrullinated o-enolase, again suggest-
ing a role for uncitrullinated proteins in tolerance breakdown.
Immunization with citrullinated human fibrinogen also leads to
arthritis in DR4-IE-Tg mice, although with a lower incidence
(35%) [60]. Interestingly in this model, the transgenic mice were
not distinguishable from controls by the presence of antibodies
to citrullinated fibrinogen, but rather by antibodies recognizing
citrullinated vimentin, suggesting a role for epitope spreading,
influenced by HLA risk alleles, in the onset of arthritis [61].
However, these results are yet to be reproduced.

Genetic factors are integral to the development of RA (reviewed
in [62], the most prominent of which are the HLA-DRBI ‘shared
epitope’ (SE) allele and the PTPN22 R620W gene variant. The
SE includes RA-associated HLA-DRBI alleles with a similar
amino acid sequence at the P4 pocket of the peptide-binding
region. It is thought that SE alleles allow preferential binding
and presentation of citrullinated peptides  [63],
PTPN22 mutations may affect B- or T-cell tolerance [64. To
date, the HLA-DRBI1 SE alleles have shown to be significantly

whereas

associated with cit-vimentin [65], CEP-1 [25] and cit-collagen II [11]
antibodies in RA, whereas contradictory results have been seen for
cit-fibrinogen peptides and whole fibrinogen [1163].

In an extensive study of 1985 RA patients (63% ACPA") and
2252 age- and sex-matched controls, Lundberg ez al. [25] investi-
gated the association of antibodies to CEP-1, cit-vimentin, cit-
fibrinogen and cit-collagen II with the SE, PTPN22 variant and
smoking. The combination of SE, PTPN22 and smoking was
strongly associated with CEP-1 and cit-vimentin antibody posi-
tive subsets, and most strongly with the subset positive for both
antibodies. Fisher et al. [66] carried out a similar study in a Korean
cohort, finding the strongest association of the SE and smoking
combination to be with cit-vimentin, however the PTPN22 gene
variant was not investigated. Fisher ez 4/ also found a gene-
dosing effect of SE alleles on the number and levels of specific
ACPA. Similarly in a study of 521 RA patients, Montes ez /.
demonstrated that 71% of anti-CCP" patients with antibodies to
citvimentin had HLA-DRB1 SE alleles compared with 58% of
the CCP"cit-vimentin-negative group, with a particularly strong
association of cit-vimentin antibodies and the presence of two SE
alleles being noted [67]. From what is known so far about genetic
associations with ACPA specificity, the strongest correlations are
seen between the SE and antibodies to CEP-1 and cit-vimentin
antibodies. These associations become stronger in the presence of
two SE alleles, and the addition of the PTPN22 R620W gene
variant and smoking. These data indicate that genetic factors
confer a greater risk for developing an antibody response to cer-
tain citrullinated autoantigens.

In summary, the data presented encourage further study of
specific ACPA as this is likely to shed further light on the etiol-
ogy and also the pathogenesis of RA.

Expert commentary & five-year view

There is little evidence to date that measurement of individual
ACPA fine specificities adds much to the diagnosis of RA, or
the prediction of disease severity and clinical outcomes. The
further development of multiplex assays such as that described
by Hansson ez al. [68] may help the prediction of disease onset
in those at risk of RA, as well as reducing false positive results
by simultaneously testing control peptides. However, it is
unknown whether the incremental gain may be enough to jus-
tify the additional cost. In the next 5 years, we may begin to
see specific ACPA linked to different extra-articular manifesta-
tions of RA. The greatest advances though are likely to be seen
in the further elucidation of etiology and pathogenesis in RA,
with the potential for developing novel treatment strategies
based on these specific pathways.
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Key issues

Anti-citrullinated protein/peptide antibodies (ACPA*) rheumatoid arthritis (RA) patients make up 70% of RA cases, with ACPA positivity
being defined by generic tests such as anti-cyclic citrullinated peptide assay (anti-CCP).

A number of specific, well-defined citrullinated autoantigens have been described.
Cross-reactivity is observed to some degree between specific ACPA, however distinct patterns of reactivity and non-cross-reactive anti-

bodies are also seen.

Measurement of specific ACPA adds little benefit over generic ACPA tests in the diagnosis of RA or prediction of disease severity, but
higher numbers of specific ACPA may predict RA in those at risk.
No conclusive evidence yet links individual specific ACPA with any particular extra-articular manifestation.

ACPA may be involved in unique pathogenic mechanisms; citrullination of fibrinogen induces increased TNF-o. production from macro-

phage/monocytes and antibodies to citrullinated vimentin increase osteoclast differentiation.

Immunodominant citrullinate enolase peptide and immunodominant citrullinated vimentin peptide ACPA are most strongly associated
with the combination of HLA-DRB1 SE allele, PTPN22 gene and smoking.
Non-citrullinated variants of citrullinated autoantigens may be involved in breach of tolerance mechanisms.
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