
https://doi.org/10.1371/journal.pone.0177140
https://orbit.dtu.dk/en/publications/e60abbee-d515-4cec-8480-f63e12d5f1d9
https://doi.org/10.1371/journal.pone.0177140




DRB1�01:01) and contributes to the P4 peptide-binding pocket. The presence of SE is the sin-
gle most significant genetic risk factor for RA [3]. It has been shown that 65–85% of RA
patients carry at least one MHC class II risk allele (i.e., SE+) [4–7], as opposed to protective
alleles (SE-), such as HLA-DRB1�04:02 [3, 8]. The SE not only confers a higher risk for RA,
but also increases the likelihood of developing a more severe form of the disease [9]. SE-coding
HLA-DRB1 alleles are associated with earlier onset of arthritis and more severe bone erosion
[10]. Furthermore, there is evidence of a gene-dose effect, in which the severity of bone
destruction in RA correlates positively with the number of SE-coding HLA-DRB1 alleles
[7, 11].

Over the past decade, a central role has been recognized for post-translational modifica-
tions, with particular emphasis on citrullination, in the pathogenesis of RA [12, 13]. Citrullina-
tion is a post-translational modification of arginine by peptidylarginine deiminase (PAD)
enzymes and is increased in response to stress/inflammation. This modification results in a
loss of net positive charge, and has been proposed to increase the peptide binding affinity of
citrullinated peptides to SE+ alleles [14]. In the context of autoimmune disease, citrullination
may thus promote generation of high-affinity citrullinated (and not arginine-containing) neo-
autoantigens, triggering activation of autoreactive T and B cells and inducing an autoimmune
response. By contrast, protective HLA molecules may be able to bind both arginine and citrul-
line, leading to negative selection of the recognizing T cells, thereby preserving tolerance to
these autoantigens. Supporting this hypothesis, it has been shown that (i) citrullinated fibrino-
gen could induce arthritis in DRB1�04:01 transgenic mice [15], (ii) proinflammatory cytokines
were produced by CD4+ T cells in SE+ individuals in response to citrullinated self-epitopes
[16], (ii) citrulline-specific Th1 and Th17 cells are increased in HLA-DRB1�04:01+ RA patients
[17, 18], and (iii) RA patients display Th17 cells responding to arthritogenic citrullinated
aggrecan [19]. Furthermore, Anti-Citrullinated Protein Antibodies (ACPA) recognizing vari-
ous citrullinated antigens such as fibrinogen, vimentin or collagen type II, are highly specific
for RA and are detected in approximately 70% of RA patient sera [20–23]. ACPA-positive indi-
viduals have the highest risk of RA [24–27]. Indeed, ACPA-positivity was found to be associ-
ated with a 10-fold increased risk overall, and a 33-fold increased risk of RA onset within 5
years [28]. Moreover, the presence of ACPA is also predictive of a more severe disease course
[29–31] and it has been further shown that passive transfer of ACPA in mice with existing
minimal joint disease exacerbates disease [32] and promotes bone destruction [33]. In addi-
tion, the individuals harboring both risk HLA-DR SE-positive alleles and any ACPA have the
highest risk for RA and more severe progression of the disease [31]. Importantly, ACPAs
emerge before onset of disease (up to 14 years prior to disease) and show a marked increase
about 2 years prior to RA diagnosis [28, 34]. This offers an opportunity for early interception
in a stratified patient subset (SE+, ACPA+ asymptomatic “patients”) and underlines the need
to better understand the impact of citrullination on autoimmune responses.

It has been hypothesized that RA-predisposing HLA-DR SE+ alleles bind arthritogenic pep-
tides whose affinity is increased by posttranslational modification (e.g., citrullination) [14].
Studies by Scally �� ��. [35] and others [14] proposed that while both predisposing and protec-
tive alleles bind citrullinated peptides, only the protective alleles bind the native peptide. It has
also been hypothesized that autoimmune epitopes are associated with unique binding proper-
ties and lower affinities or different patterns of specificity [36], and that citrullination might
impart unique binding properties to modified peptides, underlying the development of auto-
antigen specific T cell responses.

To experimentally address these points, we measured binding affinities of native and citrulli-
nated versions of several arthritogenic peptides using an �� ����	 assay and a panel of 28 widely
expressed HLA class II purified molecules, with a particular focus on SE- vs SE+ HLA-DR
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alleles. We also tested a large panel citrulline modified (cit) peptides derived from vimentin and
collagen II, and their corresponding WT version, for their capacity to bind the SE+ alleles
DRB1�01:01 and DRB1�04:01. Together, these studies revealed that in general the effect of
citrullination on binding is minor, with the vast majority of cases resulting in little positive or
negative difference in binding affinity. Further, after determining the specific frames in which
each peptide bound the SE+ DRB1�01:01 and DRB1�04:01 alleles, we found that increases in
binding could more often be attributed to modification of non-anchor residues. Finally, we
demonstrate that the use of HLA class II binding algorithms representing citrullinated amino
acids as wildtype (“X”), when combined with �� ����	 binding assays, are an efficient means to
predict and identify potential citrullinated epitopes.

Methods

MHC purification and peptide binding studies
Purification of HLA class II MHC molecules by affinity chromatography, and the performance
of assays based on the inhibition of binding of a high affinity radiolabeled peptide to quantita-
tively measure peptide binding, were performed essentially as detailed elsewhere [37]. Briefly,
EBV transformed homozygous cell lines were used as sources of MHC molecules. A high affin-
ity radiolabeled peptide (0.1–1 nM) was co-incubated at room temperature or 37˚C with puri-
fied MHC in the presence of a cocktail of protease inhibitors. Following a two-day incubation,
MHC bound radioactivity was determined by capturing MHC/peptide complexes on mAb
(HLA-DR: L243; HLA-DQ: SPVL3; HLA-DP: B7/21) coated Lumitrac 600 plates (Greiner Bio-
one, Frickenhausen, Germany), and measuring bound cpm using the TopCount (Packard
Instrument Co., Meriden, CT) microscintillation counter. The concentration of peptide
yielding 50% inhibition of the binding of the radiolabeled peptide was calculated. Under the
conditions utilized, where [label]<[MHC] and IC50� [MHC], the measured IC50 values are
reasonable approximations of the true Kd values [38, 39]. Each competitor peptide was tested
at six different concentrations covering a 100,000-fold range, and in three or more indepen-
dent experiments. As a positive control, the unlabeled version of the radiolabeled probe was
also tested in each experiment. Peptides were purchased from Mimotopes (Victoria, Australia)
and/or A and A (San Diego) as crude material on a 1 mg scale, or purified (>95%) by reverse
phase HPLC. Binding predictions, and prediction of peptide binding cores, were performed
using the NetMHCIIpan-3.1 algorithm (www.cbs.dtu.dk) [40].

Selection of a panel of 28 common class HLA II molecules
For HLA-peptide binding studies, we selected a panel of HLA class II molecules (S1 Table)
representing common specificities in the general population [41], as well as a range of SE/non-
SE associated motifs [42]. The panel included several HLA-DRB1 “protective alleles” associ-
ated with non-SE motifs, and found to have Odds Ratio (OR) values less than 1 (see [42]).
These protective alleles included 3 HLA-DRB1 alleles (�0402, �1302 and �1501) associated with
the S1 motif (ARAA or ERAA; OR = 0.39) and 3 (�1101, 1201 and 1602) with the S3D motif
(DRRAA; OR = 0.37). We further included four “neutral” HLA-DRB1 alleles (�0301, �0701,
�0802 and �0901) that do not have a specific SE motif, and that are associated with OR = 1.00.
Finally, we selected 5 HLA “predisposing” alleles, to include four (�0101, �0404, �0405 and
�1001) with the S3P motif (Q/R RRAA; OR = 1.61), and one (�0401) with the S2 motif (KRAA;
OR = 3.21). Four to five allelic variants each were also selected to represent the HLA-DRB3/4/
5, HLA-DQ and HLA-DP loci. These molecules are not particularly associated with RA or SE,
but are nevertheless expressed alongside HLA-DRB1 alleles. The phenotypic frequency at
which each molecule is expressed in the general population is also shown in S1 Table.
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Population coverage was calculated as previously described [41, 43]. Gene frequencies (gf) for
each HLA allele were calculated from population frequencies obtained from DbMHC (NCBI;
[44]). Phenotypic frequencies (pf) were calculated utilizing the binomial distribution formula:
pf = 1 � (1 � �gf)2, assuming no linkage disequilibrium.

Results

HLA binding affinity and specificity of RA-associated epitopes
To investigate the effects of citrullination on HLA class II binding, we first selected a panel of
T cell epitopes previously described as potentially arthritogenic when citrullinated (Table 1),
including fibrinogen 78–91 [15, 16], aggrecan 84–103 [16, 19, 45, 46], vimentin 66–78 [17, 18]
and collagen II 1236–1249 [16]. For each, we tested both the wild-type (WT) and citrullinated
(cit) versions for their capacity to bind a panel of 28 common HLA class II [41], including a
range of SE/non-SE associated variants [42] (see S1 Table). To benchmark affinity and speci-
ficity measures, we also tested the promiscuous influenza HA 307–319 T cell epitope [47, 48].

Confirming previous reports, HA 307–319 bound 15/19 HLA-DR alleles tested (but only 1/9
non-DR HLA class II) with an IC50 <1000 nM (Table 1), including all 5 SE+ alleles and 5/6 SE-
alleles. Also shown in Table 1, the citrullinated version of fibrinogen 78–91 bound only one of
the 28 alleles, and the unmodified WT version bound just two. Thus, citrullination has little
effect on binding of this non-promiscuous HLA class II binding epitope. Aggrecan 84–103 [16,
19, 49], on the other hand, was relatively promiscuous, binding a total of 15/28 HLA tested
including all 5 SE+, and 3/6 SE-, alleles. By contrast, the citrullinated version bound only 9
alleles and lost binding to 4 alleles, including 2 SE+ alleles (DRB1�01:01 and DRB1�10:01).
Thus, citrullination has an indiscriminate negative effect on this promiscuous binder.

Vimentin 66–78, in both WT and citrullinated forms, has been described as
DRB1�04:01-restricted [17]. The WT peptide bound only 5/28 HLA tested (Table 1), while the
citrullinated version bound of 12/28 alleles, including all 5 predisposing alleles and 3/6 protec-
tive alleles. Increases in binding with citrullination were in most cases over 20-fold, and in sev-
eral cases >100-fold. Thus, citrullination of the vimentin epitope increased binding capacity,
in particular for RA predisposing specificities. By contrast, both the WT and citrullinated ver-
sions of collagen II 1236–1249, which is associated with T cell responses of undefined restric-
tion [16] bound 11 of the 28 HLA tested, including 4/5 SE+ alleles and 1/6 SE- alleles, with
almost identical affinities.

Taken together, this data shows that RA-associated epitopes in their WT and citrullinated
forms have variable binding patterns to HLA class II alleles, and a consistent impact of citrulli-
nation is not apparent. That is, some citrullinated peptides bind better, some bind the same,
and others bind worse, than their cognate wild-type sequence.

Position of citrullination and influence on binding capacity of known
epitopes
Previous studies have suggested that citrullination has an impact when it occurs at an anchor
position, and in particular P4. This observation, along with the data above, suggests that citrul-
lination may generate novel epitopes in two ways. First, a new epitope may be generated
through substantially increased MHC class II binding capacity by modification at an MHC
contact residue (i.e., an anchor residue). Alternatively, a new epitope by be generated through
modification at a non-anchor residue that would be available for contact with a specific TCR.

To see if these patterns might be reflected in the above data, we utilized the NetMHCIIpan
3.1 tool (version 3.1, as hosted at www.cbs.dtu.dk) [40] to predict the peptide-binding core for
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