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Abstract

It has been hypothesized that HLA class Il alleles associated with rheumatoid arthritis (RA)
preferentially present self-antigens altered by post-translational modification, such as citrulli-
nation. To understand the role of citrullination we tested four RA-associated citrullinated epi-
topes and their corresponding wild-type version for binding to 28 common HLA class II.
Binding patterns were variable, and no consistent impact of citrullination was identified.
Indeed, in one case citrullination significantly increased binding compared to the WT pep-
tide, in another citrullination was associated with a reduction in promiscuity by 40%. For a
more comprehensive analysis, we tested over 200 citrullinated peptides derived from
vimentin and collagen Il for their capacity to bind the RA-associated shared epitope alleles
DRB1*01:01 and DRB1*04:01. The overall effect of citrullination on binding was found to
be relatively minor, and only rarely associated with 3-fold increases or decreases in affinity.
Previous studies have suggested that citrullination of MHC anchor residues, in particular
P4, is associated with generation of novel RA-associated epitopes. However, analysis of the
predicted MHC-binding cores of all peptides tested found that in modified peptides with
increased binding affinity the citrullinated residue was predicted to occupy an anchor posi-
tion in only a minority of cases. Finally, we also show that identification of citrullinated pep-
tide binders could be facilitated by using the NetMHClIpan 3.1 algorithm, representing
citrullination as a wildcard. Our studies identify a total of 117 citrullinated peptides that
bound RA-associated alleles with an affinity of 1000 nM or better.

Introduction

The HLA-DRBI locus is associated with rheumatoid arthritis (RA) in most racial groups and
accounts for approximately one-third of the genetic susceptibility to RA [1, 2]. The Shared Epi-
tope (SE) is a conserved amino acid sequence at positions 70-74 in the third hypervariable
region of the DRBI chain shared between RA-associated alleles (e.g., DRB1¥04:01 and
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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-DRBI 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-DRBI 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 et al. [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 in vitro 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 in vitro 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 ICs, > [MHC], the measured ICs, 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 NetMHClIpan-3.1 algorithm (www.cbs.dtu.dk) [40].

Selection of a panel of 28 common class HLA |l 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-DRBI 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-DRBI 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-DRBI 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 - 3gf)? 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 ICs, <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 IT 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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Table 1. HLA class Il binding of RA-associated epitopes’.

Group Allele HA 307-319
wT?
SE+ DRB1%*01:01 4.2
DRB1*04:01 33
DRB1*04:04 751
DRB1*04:05 59
DRB1*10:01 206
SE- DRB1%*04:02 12
DRB1*11:01 126
DRB1*%12:01 1233
DRB1*13:02 45
DRB1*15:01 797
DRB1%16:02 350
Other DR DRB1*03:01 4257
DRB1*07:01 385
DRB1*08:02 1082
DRB1%*09:01 824
DRB3*01:01 4309
DRB3*02:02 456
DRB4*01:01 462
DRB5*01:01 75
DP DPB1*02:01 24753
DPB1*04:01 39067
DPB1*04:02 1900
DPB1*05:01 15236
DQ DQB1*02:01 4786
DQB1*03:01 19944
DQB1*03:02 -
DQB1*05:01 37206
DQB1*06:02 389
Alleles bound SE+ 5
SE- 5
Other DR 5
DP 0
DQ 1
Total 16

Fibrinogen 78-91

N o oo o

Cit
15655
12878
2323
11260
8484

- OO0 =+ OO

Aggrecan 84-103

WT
155
713
565
183
643
501
520
1048
268
1007
20460
530
3034
3959
730
8464
245
955
16
14833
26153
2143
7043
2542
229
2444
2641
630

N O o w o,

-
[¢)]

Cit
3863
827
854
47
2416
4264
29652
11024
552
7600
22841
11145
8475
16957
28476
18930
51
2341
740
2768
16155
13264
19539
783
382
4122
7117
513

© W o N = |w

Vimentin 66-78

WT
3256
13109
206
3957
5167
927
11831
15874
11442
4.1
1080
12207

Cit
9.5
1.8
9.0

Collagen Il 1236—

WT
81
9.7
102
1766
375
118
9855

3915
1457
23114
159
29581
1037
315
68
262
80
8880

413
12781

1342

- ol =

11

1249

Cit
232
13
216
7343
432
211

8288
15165

72

2148
276
63
481
7.3
10187

198
4118

10320
1525

oo =

1- Epitopes sequences, where X indicates the position of citrullinated arginine: HA 307-319, PKYVKQNTLKLAT; Fibrinogen 78-91, NQDFTNXINKLKNS;
Aggrecan 84—103, VVLLVATEGXVRVNSAYQDK; Vimentin 66-78, SAVRLXSSVPGVR; Collagen Il 1236-1249, LQYMXADQAAGGLR.
2-Binding expressed as IC50 nM, and a binder (highlighted with bold font) is defined as IC50 <1000 nM. A dash (-) indicates IC50 >30,000 nM.

https://doi.org/10.1371/journal.pone.0177140.t001

each of the four T cell epitopes tested above. For the present analysis, we focused on the 15
DRBI alleles, for which a canonical P1-P4-P6-P9 anchor spacing has been generally described
[50, 51]. For each epitope and allele, we predicted the core for each WT epitope, and deter-

mined the relative position of citrullination.

As shown in Table 2, in only 11 of 60 cases (18.3%) did citrullination result in a 3-fold or

greater increase in binding capacity. In 35/60 (58.3%) cases the effect of citrullination on
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Table 2. Predicted HLA DR binding cores of four known citrullinated RA-associated epitopes.

Epitope Sequence Pos of cit Allele Effect of cit on binding’ Predicted WT core
Sequence Pos of cit
Fibrinogen 78-91 NQDFTNRINKLKNS 7 DRB1%*01:01 Neutral FTNRINKLK 4
DRB1*04:01 Neutral FTNRINKLK 4
DRB1*04:04 Neutral FTNRINKLK 4
DRB1*04:05 Neutral FTNRINKLK 4
DRB1*10:01 Neutral FTNRINKLK 4
DRB1*04:02 Neutral DFTNRINKL 5
DRB1%*11:01 Neutral FTNRINKLK 4
DRB1%*12:01 Neutral FTNRINKLK 4
DRB1#13:02 Neutral DFTNRINKL 5
DRB1%*15:01 Neutral FTNRINKLK 4
DRB1#*16:02 Neutral FTNRINKLK 4
DRB1*03:01 Neutral DFTNRINKL 4
DRB1*07:01 Neutral FTNRINKLK 4
DRB1*08:02 Decreased FTNRINKLK 4
DRB1%*09:01 Neutral FTNRINKLK 4
Aggrecan 84—-103 VVLLVATEGRVRVNSAYQDK 10 DRB1*01:01 Decreased LVATEGRVR 7
DRB1%*04:01 Neutral LVATEGRVR 6
DRB1%*04:04 Neutral VLLVATEGR 9
DRB1*04:05 Increased VLLVATEGR 8
DRB1*10:01 Decreased LVATEGRVR 6
DRB1%*04:02 Decreased VRVNSAYQD -1
DRB1%*11:01 Decreased LVATEGRVR 6
DRB1*12:01 Decreased LLVATEGRV 7
DRB1%*13:02 Neutral VRVNSAYQD -1
DRB1%*15:01 Decreased LVATEGRVR 7
DRB1*16:02 Neutral LVATEGRVR 7
DRB1*03:01 Decreased VATEGRVRV 5
DRB1*07:01 Neutral LVATEGRVR 7
DRB1*08:02 Decreased LVATEGRVR 6
DRB1%*09:01 Decreased LVATEGRVR 6
Vimentin 66-78 SAVRLRSSVPGVR 6 DRB1*01:01 Increased VRLRSSVPG 4
DRB1*04:01 Increased VRLRSSVPG 4
DRB1*04:04 Increased VRLRSSVPG 4
DRB1*04:05 Increased VRLRSSVPG 4
DRB1*10:01 Increased VRLRSSVPG 4
DRB1*04:02 Increased VRLRSSVPG 4
DRB1%*11:01 Neutral VRLRSSVPG 4
DRB1*12:01 Increased VRLRSSVPG 4
DRB1%*13:02 Neutral LRSSVPGVR 1
DRB1%*15:01 Neutral VRLRSSVPG 4
DRB1*16:02 Increased VRLRSSVPG 4
DRB1*03:01 Neutral LRSSVPGVR 2
DRB1*07:01 Increased LRSSVPGVR 1
DRB1*08:02 Decreased VRLRSSVPG 4
DRB1*09:01 Increased LRSSVPGVR 1
(Continued)
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Table 2. (Continued)

Epitope

Collagen Il 1236-1249

Sequence Pos of cit Allele Effect of cit on binding’ Predicted WT core
Sequence Pos of cit

LQYMRADQAAGGLR 5 DRB1%*01:01 Neutral YMRADQAAG 2
DRB1*04:01 Neutral MRADQAAGG 2

DRB1*04:04 Neutral MRADQAAGG 2

DRB1*04:05 Decreased YMRADQAAG 3

DRB1*10:01 Neutral YMRADQAAG 2

DRB1*04:02 Neutral MRADQAAGG 2

DRB1%*11:01 Decreased YMRADQAAG 3

DRB1*12:01 Neutral YMRADQAAG 2

DRB1*13:02 Neutral MRADQAAGG 2

DRB1*15:01 Decreased YMRADQAAG 2

DRB1*16:02 Neutral YMRADQAAG 3

DRB1*03:01 Neutral MRADQAAGG 2

DRB1*07:01 Neutral YMRADQAAG 3

DRB1*08:02 Neutral YMRADQAAG 3

DRB1%*09:01 Neutral YMRADQAAG 3

1- When the binding capacity of both the WT and cit versions were >10,000 nM, effect on binding was considered neutral.

https://doi.org/10.1371/journal.pone.0177140.t002

binding was considered neutral, and in the remaining 14 (23.3%) negative. Citrullination was
predicted to be in P4 in 24/60 cases (40%), and P4 citrullination accounts for 8 of the 11 cases
(72.7%) where binding was increased. However, examining the data on an epitope-by-epitope
basis revealed that the vimentin 66-78 epitope accounts for 10 of the 11 cases where improved
binding was associated with citrullination of the P4 residue. For fibrinogen, by contrast, where
for 14/15 alleles examined citrullination did not result in improved binding, the citrullination
was also predicted to be in P4. At the same time, for collagen II, where the binding of the WT
and citrullinated peptides were largely identical, in all cases the citrullination of the non-
anchor P2 and P3 residues was predicted. Finally, for aggrecan, where citrullination has a dele-
terious influence on binding for 8 DRB1 alleles, in 4 cases the citrullination was in the P6
anchor position, but deleterious influences were also noted for citrullination at the P5 and N-1
non-anchor positions, and the P7 secondary anchor [50].

The analyses in this section confirm previous observations that citrullination at the P4 posi-
tion may generate peptides with much improved HLA DRB1 MHC class II binding capacity,
but it is also evident that in other cases citrullination at P4 has no effect. Citrullination at other
positions, both anchor and non-anchor, has a largely neutral or, less often, deleterious effect
on binding capacity. These observations support the suggestion that generation of citrullinated
epitopes may be the result of either increased MHC class II binding or TCR recognition.

Effect of citrullination on binding affinity to two SE+ alleles is generally
minor

Next, we sought to extend the analysis to a larger set of unbiased peptides. Accordingly, we
generated a set of 15-mer peptides, overlapping by 10 residues, to span the entire protein
sequence of vimentin (acc. No. P08670). Each of the 76 peptides containing an endogenous
R residue was synthesized as well as analog peptides representing R to citrulline substitu-
tions. In cases where the native peptide contained multiple R residues, multiple analogs
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Fig 1. Comparison of binding affinity of wild-type and citrullinated versions of vimentin peptides. Each data point indicates the DRB1*01:01 (left
panel) or DRB1*04:01 (right panel) binding capacity of WT vimentin peptides with the corresponding citrullinated version. Effects greater or less than
3-fold are demarcated by the diagonal dashed red lines and highlighted by red fill. Points to the lower right indicate instances where the citrullinated
peptide binds with higher affinity that the WT peptide, and vice versa.

https://doi.org/10.1371/journal.pone.0177140.g001

were made, each representing a single unique citrulline substitution; a total of 127 citrulli-
nated analogs were synthesized. The entire panel of 203 modified and unmodified peptides
was then tested for binding to purified HLA-DRB1*01:01 and HLA-DRB1*04:01. We
focused on these two alleles because both are SE+, and their binding specificities have been
well characterized in the literature. The binding data for each peptide tested is summarized
in S2 Table.

Fig 1 shows the HLA-DRB1*01:01 and HLA-DRB1*04:01 binding capacity of unmodified
wild type (WT) peptides versus the corresponding citrullinated analogs. In only 7 (5.5%) of the
127 cases for HLA-DRB1*01:01, and 8 (6.3%) for HLA-DRB1*04:01, did a citrullinated analog
bind with 3-fold or higher affinity than the corresponding WT peptide. Similarly, in only 13
(10.2%) cases for HLA-DRB1*01:01, and 3 (2.4%) for HLA-DRB1*04:01, did a citrullinated
analog bind with at least 3-fold lower affinity than the corresponding WT peptide. Considered
together, in 223 (87.8%) of the 254 cases considered binding capacity of the citrullinated pep-
tide was similar to that of the corresponding wildtype peptide.

Thus, as was the case with the known epitopes, in the majority of cases in an unbiased set of
peptides the effect of citrullination on HLA class II binding are minor (neutral). The analysis
also identified citrullinated vimentin peptides that bound with an affinity of at least 1000 nM
(a threshold previously associated with immunogenicity [50, 52, 53]) to either DRB1*01:01
(65 different epitopes), or DRB1*04:01 (22 epitopes). Of these, only 5 (7.7%) in the case of
DRB1*01:01, and 4 (18.2%) in the case of DRB1%04:01, bound with 3-fold or higher affinity
than the corresponding wildtype peptide.
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Predicting citrullinated binders

Based on these results, showing relatively rare and minor differences between the citrullinated
and WT versions, we reasoned that existing predictive algorithms might be effectively
employed to predict citrullinated binders, and hence candidate epitopes. To test this hypothe-
sis, we predicted the HLA-DRB1*01:01 and HLA-DRB1*04:01 binding capacity of each WT
vimentin peptides tested above using the stand-alone version (v3.1) of the NetMHClIIpan algo-
rithm (as hosted at www.cbs.dtu.dk). For both alleles, the NetMHCIIpan algorithm was rea-
sonably efficient at predicting binding of the citrullinated peptide based on scores for the WT
peptide. For HLA-DRB1*01:01 a Spearman’s rank correlation (SCC) of 0.78, and an AUC
(area-under-the-curve) value of 0.90, was calculated using the binding classification threshold
of 1000 nM, and for HLA-DRB1*04:01 the SCC and AUC performance metrics were 0.67 and
0.83, respectively (data not shown).

To see if improved predictions could be obtained, we next employed a feature of the
NetMHClIpan algorithm (version 3.1) that allows making predictions for peptides containing
wildcard amino acids (represented as an “X”). Using this property, we evaluated the predictive
performance by comparing the resulting predicted binding of the citrullinated peptides with
measured binding values (Fig 2). Doing this, we found improved and relatively high perfor-
mance values, with SCC = 0.84/0.70 and AUC = 0.91/0.82 for DRB1*01:01 and DRB1*04:01,
respectively.

Combination of HLA binding predictions for wild-type peptides and HLA
binding assays of citrullinated analogs identifies novel citrullinated
binders from collagen

To further evaluate the effectiveness of utilizing the NetMHCIIpan-3.1-based approach allow-
ing representation of citrullinated amino acids as wildcards to predict citrullinated analogs
that bind with high affinity, we examined an independent set of peptides. Accordingly, we
scored all R containing 15-mer peptides in collagen using NetMHCIIpan-3.1, single substitut-
ing native R residues with X. All citrullinated peptides predicted to bind HLA-DRB1*01:01
and/or HLA-DRB1*04:01 at the 1000 nM threshold [50, 52, 53]) were selected for synthesis; in
each case the corresponding WT peptide was also selected. As a result, 36 citrullinated peptides
and 29 corresponding WT versions were selected for HLA-DRB1*01:01, and 13 citrullinated
and 10 corresponding WT peptides were selected for HLA-DRB1*04:01. (All peptides pre-
dicted to bind DRB1*04:01 were also predicted to bind DRB1*01:01, a result that comports
with previous observations regarding the broad repertoire of DRB1*01:01 [41, 54, 55]). We
also selected a control set of 43 citrullinated peptides (and the corresponding 32 WT peptides)
predicted to be HLA-DRB1*01:01 and HLA-DRB1*04:01 non-binders (i.e., predicted affinity
>1000 nM).

These 140 collagen peptides (79 citrullinated, 61 WT) were tested for their capacity to bind
HLA-DRB1*01:01 and HLA-DRB1*04:01 (S2 Table). In the case of HLA-DRB1*01:01, 35 of
the 36 (97.2%) predicted citrullinated binders had an affinity of 1000 nM, or stronger. Seven
of 36 citrullinated peptides also bound with an affinity at least 3-fold stronger than the corre-
sponding WT peptide. By contrast, only 9/43 (20.9%) of the predicted non-binders bound
DRB1%01:01 at the same level (8/9 had predicted affinities in the 1000-5000 nM range). For
HLA-DRB1*04:01, 9 of the 13 (69.2%) of the predicted citrullinated binders had an affinity of
1000 nM or better, and 3 also bound with at least 3-fold stronger affinity than the correspond-
ing WT peptide. For the control peptides, 4/43 (9.4%) bound DRB1*04:01 at the 1000 nM level
(all 4 had predicted affinities in the 1000-2000 nM range).
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Finally, we again utilized the NetMHCIIpan tool (version 3.1) [40] to predict the MHC
binding cores of all of the citrullinated vimentin and collagen peptides tested, and the location
of the corresponding citrullination was determined (see S2 Table). As above, anchor positions
were defined as P1, P4, P6, P7 and P9. In 17 of the 206 (8.3%) cases for DRB1*01:01, and 13/
206 (6.3%) for DRB1*04:01 (S3 Table), citrullination resulted in an increase in binding. In just
4 of the 17 (23.5%) cases improved binding for DRB1*01:01, and 4/13 (30.8%) for DRB1*0401,
citrullination was predicted to be an anchor position. We also considered the possibility that
with citrullination the binding core shifts frame, and as a result situates the citrullinated resi-
due in a more optimal position (e.g., P4); this possibility is suggested as with the WT core-
based predictions none, or few, peptides are predicted to have the cit in the P1, P4 or P6
anchor positions. Accordingly, we also predicted the cores for each peptide/allele utilizing
NetMHCIIpan substituting native R residues with X. When this was done, only a slight change
in attribution was observed, with 6/17 increases for DRB1*01:01, and 6/13 for DRB1*04:01,
associated with citrullination of an anchor residue; in the majority of cases, increase in binding
were predicted to be with citrullination of a non-anchor residue. Fig 3 summarizes increases
in binding affinity as a function of the position of citrullination in the predicted peptide core
for binding DRB1*01:01 and DRB1*04:01, as evaluated by both approaches.

Together these results confirm in large set of peptides that the effect of citrullination on
peptide binding to two SE+ alleles associated with RA is, in general, minimal. They also reveal
that in the majority of instances of increased binding citrullination is predicted at a non-
anchor residue. Further, the analysis, which resulted in the identification of 45 citrullinated
peptides derived from collagen (highlighted with bold font in S2 Table) that bind HLA-
DRB1*01:01 and/or HLA-DRB1*04:01 with an affinity better than the 1000 nM threshold, and
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thus represent potential targets for additional study, confirms that binding affinity predictions,
at least for two SE+ DRBI alleles, can accurately be approximated using NetMHClIIpan-3.1
using a wildcard representation of citrullinated amino acids.

Discussion

We report the first comprehensive survey of the effect of citrullination on HLA class II bind-
ing, with particular emphasis on two SE-associated alleles. Using four different RA-associated
epitopes and a panel of common HLA class II MHC we found that the effects of citrullination
on HLA binding are not generalizable, but rather peptide-dependent. In side-by-side experi-
ments with purified HLA, we demonstrate that in some cases citrullinated peptides bind well,
but in others they do not. Similarly, compared to the wild-type peptide, in some cases citrulli-
nation is detrimental, in others beneficial, and yet in others has no effect.

Binding of citrullinated peptides to HLA-DRB1*01:01 and HLA-DRB1*04:01 was further
examined using panels of peptides derived from vimentin and collagen. HLA-DRB1*01:01 and
HLA-DRB1*04:01 were chosen because they are represented with high frequency in the gen-
eral population, are associated with RA, and considered as prototypical SE+ alleles. Further-
more, most in vivo studies are performed using HLA-DRB1*01:01 and HLA-DRB1*04:01
transgenic mice, further highlighting the interest of in-depth study of these two alleles. With
these peptide panels, representing over 200 citrullinated peptide data points for each allele, no
consistent pattern could be associated with citrullination. As with the small set of known epi-
topes, in some cases, compared to the wild-type peptide, citrullination is detrimental, and in
others beneficial, but in the vast majority of cases citrullination has little effect on binding
capacity.
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Our data support the notion that citrullinated residues at P4 may be beneficial for binding
to HLA-DRB1*04:01. Indeed, taken together, increases in DRB1*04:01 and DRB1*01:01 bind-
ing with citrullination were more likely to be associated with P4 than other anchor positions.
However, it is also apparent that citrullination of P4 did not always lead to increased binding
capacity. In some cases the absence of increased binding may be the result of the presence of
sub-optimal residues at other main anchors, or deleterious residues at secondary positions,
leading to overall low affinity. Thus, it is possible to speculate that fibrinogen 78-91 is a
poor SE+ binder, despite the presence of F at the canonical P1 main anchor, because of the
presence of residues in other positions (e.g., D at N-1, or N at P3 and P6) that have deleterious
effects on binding capacity, thereby mitigating any potential benefit from citrullination. Mean-
while, citrullination of P4 of the vimentin epitope can result in increased DRB1*01:01 and
DRB1%04:01 binding because residues in the canonical anchor positions (i.e. V in P1, S in P6
and V in P9) are very well tolerated.

But, our results also challenge the classical view that citrullinated residues are only accom-
modated within the P4 pockets of HLA-DRB1*01:01 and HLA-DRB1*04:01 by showing that
citrullination may be “tolerated” or even beneficial at different positions. In agreement with
this data, James et al [56] have described that HLA-DRB1*10:01 presents RA-associated citrul-
linated peptides by accepting citrulline in three of its binding pockets. Similarly, a recent study
by Kampstra et al. showed for several HLA-DQ molecules enhanced affinities for citrulline
compared to arginine residues in multiple peptide-binding pockets, including pockets 4, 6, 7,
and 9 of HLA-DQ2 and pockets 1, 6, and 9 of HLA-DQ?7 and HLA-DQ8 [57]. Further, Roark
and co-workers [58], studying the binding of RA associated epitopes, including collagen II
258-272 and vimentin 66-78, for their capacity to bind DRB1*01 subtypes with differential
associations with RA susceptibility, identified a role for the MHC B chain residue in position
86, associated with the P1 anchor, in disease susceptibility.

A recent study by Gerstner et al. [59] examined the capacity of native and citrullinated ver-
sions of alpha-enolase derived epitopes to bind DRB1*04:01, DRB1*04:04 and DRB1*01:01.
Interestingly, in six of the eight cases both versions of the same epitope bound all 3 alleles with
similar affinity (i.e., within 3-fold); for one epitope, the citrullinated peptide bound substan-
tially better to two alleles, and for another epitope the citrullinated peptide bound one allele
with higher affinity. This overall rate of improved binding (3/24, 12.5%) is not entirely dissimi-
lar from that observed in our analysis. Also in agreement with our results, Gerstner and co-
workers found that the citrullinated residues are in various positions, including the canonical
P4, P6 and P7 anchors, but also non-anchor positions, to include P-2, P2, P10 and P11; how-
ever, in two of the three cases of improved binding citrullination was in P4. Using crystal struc-
tures, the same study was able to determine, in the case of one DRB1*04:01 epitope, that T cell
specificity was for the citrullinated residue.

Our data also show that citrullination of different positions within the canonical 9-mer
MHC binding core does not have a consistent effect on binding capacity. While citrullination at
an HLA anchor residue could increase binding capacity in some cases, in the majority of cases
of increased binding citrullination was associated with a non-anchor residue. But also, our data
show that in the vast majority of cases citrullination, whether at an anchor or non-anchor posi-
tion, has little effect of binding capacity. Thus, the present results suggest that while novel RA-
associated epitopes may result from generation of epitopes with increased binding, it is also
likely that a large number of citrullinated epitopes are the result of novel TCR interactions.
Together, these data reinforce the need and use of a refined methodology for identifying citrul-
linated peptide binding beyond the P4 pocket. Using mass spec analyses of peptides eluted from
the RA-associated DRB1*01:01, DRB1*04:01 and DRB1*10:01 alleles, as well as non-RA associ-
ated alleles, Scholz et al. [60] found some sequence patterns common to peptides bound to the
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RA-associated alleles, but not present in the non-RA-associated repertoire. However, overall,
the degree of repertoire overlap between the alleles studied was found to be a low.

Accordingly, we demonstrated that combination of existing predictive algorithms and in vitro
testing can identify citrullinated peptides that bind HLA-DRB1*01:01 and HLA-DRB1*04:01
with high affinity, and therefore represent potential epitopes. The performance of this approach
was validated using human collagen and vimentin as test cases, and demonstrated that binding
of citrullinated peptides could be very accurately predicted using NetMHCIIpan version 3.1 rep-
resenting citrullinated amino acids as wildcard (“X”).

In this context, our study has identified 117 citrullinated peptides that bind HLA-DRB1*01:01
and/or HLA-DRB1*04:01 with an affinity <1000 nM, a threshold previously identified with the
vast majority of HLA class II restricted epitopes [50, 52, 53]. Whether with improved binding or
not, compared to the wild-type peptide, these epitopes could be perceived as a new non-self
entity by the immune system and thus trigger autoimmune reactions. This study thus represents
a large increase in knowledge regarding potential citrullinated epitopes associated with RA.
When we examined the citrullinated 1000 nM binders identified herein we found that only 10
overlapped (or were nested with) vimentin and collagen citrullinated epitopes previously
described in the literature, as judged by a query of the IEDB on October 2016 [61].

The present study also has potential implications in terms of our understanding of the
impact of citrullination on recognition of epitopes in the context of SE alleles. Most studies
have focused on modulation of HLA binding, while our study shows that in most cases the
effect on binding is rather minor. This suggests that citrullination may be more likely to
influence T cell recognition rather than HLA binding. Indeed, it has also been shown that
citrullination, depending upon the position it is located, could create a new HLA-DR-
restricted functional T cell epitope. In this respect, Chemin et al. have shown that the
HLA-DRB1*10:01-restricted citrullinated-CII 311-325 epitope is a neo T cell epitope where
citrulline is in position P2, where it would affect T cell recognition [62]; Gerstner et al. [59]
have also made similar observations in the context of an alpha-enolase T cell epitope restricted
by DRB1%04:01. Thus, the second potential effect of converting arginine to citrulline in a pep-
tide is that it generates a novel TCR interaction site on the peptide when it is bound and pre-
sented by the SE+ HLA-DR molecule.

Additional studies will aim at correlating the epitope prediction with the T cell reactivity
towards these predicted epitopes in HLA-DRB1*01:01 and/or HLA-DRB1*04:01 RA patients.
The determination of the frequencies of predicted citrullinated peptide-specific CD4+ T cells
in RA patients (ideally with different disease severity scores versus healthy controls) using
MHCIII tetramers along with the characterization of the phenotypic (i.e., memory, naive, Treg
CD4+ T cells) and functional (i.e., cytokine profile produced upon antigen stimulation) nature
of the responding T cell repertoire will help to further highlight the relevance of this methodol-
ogy in regard to RA pathogenesis [16-18, 35].

Supporting information

S1 Table. Panel of HLA class II alleles studied.
(PDF)

$2 Table. Vimentin and collagen MHC-peptide binding data and predicted cores.
(XLSX)

$3 Table. Effect on binding capacity as a function of the predicted position of citrullination
in relationship to the MHC-binding core.
(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0177140 May 8, 2017 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177140.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177140.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177140.s003
https://doi.org/10.1371/journal.pone.0177140

@° PLOS | ONE

Effect of citrullination on HLA class |l binding

Acknowledgments

We'd like to acknowledge Anish Suri and Nathan Felix for their valuable discussion and
insights into the present work.

Author Contributions

Conceptualization: JS SB MZ KD TR NR MN BP AS.

Data curation: JS SB ML ECM ELM MN.

Formal analysis: JS SB MN.

Funding acquisition: SB MZ KD TR NR BP AS.

Investigation: JS SB MZ KD ML ECM ELM MN.

Methodology: JS SB MZ KD TR NR MN BP AS.

Project administration: JS SB AS.

Resources: SB MZ KD TR NR MN BP AS.

Software: MN BP.

Supervision: SB MZ AS.

Validation: JS SB MN AS.

Visualization: JS SB MN AS.

Writing - original draft: ]S SB MN AS.

Writing - review & editing: ]S SB MZ KD ML ECM ELM TR NR MN BP AS.

References

1.

Deighton CM, Walker DJ, Griffiths ID, Roberts DF. The contribution of HLA to rheumatoid arthritis. Clini-
cal genetics. 1989; 36(3):178-82. PMID: 2676268

Wordsworth BP, Stedeford J, Rosenberg WM, Bell JI. Limited heterogeneity of the HLA class Il contri-
bution to susceptibility to rheumatoid arthritis is suggested by positive associations with HLA-DR4, DR1
and DRw10. British journal of rheumatology. 1991; 30(3):178-80. PMID: 2049576

Raychaudhuri S, Sandor C, Stahl EA, Freudenberg J, Lee HS, Jia X, et al. Five amino acids in three
HLA proteins explain most of the association between MHC and seropositive rheumatoid arthritis.
Nature genetics. 2012; 44(3):291-6. https://doi.org/10.1038/ng.1076 PMID: 22286218

Griffiths B, Situnayake RD, Clark B, Tennant A, Salmon M, Emery P. Racial origin and its effect on dis-
ease expression and HLA-DRB1 types in patients with rheumatoid arthritis: a matched cross-sectional
study. Rheumatology. 2000; 39(8):857—64. Epub 2000/08/22. PMID: 10952739

Fries JF, Wolfe F, Apple R, Erlich H, Bugawan T, Holmes T, et al. HLA-DRB1 genotype associations in
793 white patients from a rheumatoid arthritis inception cohort: frequency, severity, and treatment bias.
Arthritis and rheumatism. 2002; 46(9):2320-9. Epub 2002/10/02. https://doi.org/10.1002/art.10485
PMID: 12355479

Lundstrom E, Kallberg H, Smolnikova M, Ding B, Ronnelid J, Alfredsson L, et al. Opposing effects of
HLA-DRB1*13 alleles on the risk of developing anti-citrullinated protein antibody-positive and anti-citrul-
linated protein antibody-negative rheumatoid arthritis. Arthritis and rheumatism. 2009; 60(4):924-30.
https://doi.org/10.1002/art.24410 PMID: 19333936

Balandraud N, Picard C, Reviron D, Landais C, Toussirot E, Lambert N, et al. HLA-DRB1 genotypes
and the risk of developing anti citrullinated protein antibody (ACPA) positive rheumatoid arthritis. PLoS
One. 2013; 8(5):e64108. Epub 2013/06/06. https://doi.org/10.1371/journal.pone.0064108 PMID:
23737967

Reviron D, Perdriger A, Toussirot E, Wendling D, Balandraud N, Guis S, et al. Influence of shared epi-
tope-negative HLA-DRB1 alleles on genetic susceptibility to rheumatoid arthritis. Arthritis and

PLOS ONE | https://doi.org/10.1371/journal.pone.0177140 May 8, 2017 14/17


http://www.ncbi.nlm.nih.gov/pubmed/2676268
http://www.ncbi.nlm.nih.gov/pubmed/2049576
https://doi.org/10.1038/ng.1076
http://www.ncbi.nlm.nih.gov/pubmed/22286218
http://www.ncbi.nlm.nih.gov/pubmed/10952739
https://doi.org/10.1002/art.10485
http://www.ncbi.nlm.nih.gov/pubmed/12355479
https://doi.org/10.1002/art.24410
http://www.ncbi.nlm.nih.gov/pubmed/19333936
https://doi.org/10.1371/journal.pone.0064108
http://www.ncbi.nlm.nih.gov/pubmed/23737967
https://doi.org/10.1371/journal.pone.0177140

@° PLOS | ONE

Effect of citrullination on HLA class Il binding

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

rheumatism. 2001; 44(3):535—40. Epub 2001/03/27. https://doi.org/10.1002/1529-0131(200103)
44:3<535::AID-ANR101>3.0.CO;2-Z PMID: 11263767

Turesson C, Schaid DJ, Weyand CM, Jacobsson LT, Goronzy JJ, Petersson IF, et al. The impact of
HLA-DRB1 genes on extra-articular disease manifestations in rheumatoid arthritis. Arthritis research &
therapy. 2005; 7(6):R1386—93. Epub 2005/11/10.

Moreno |, Valenzuela A, Garcia A, Yelamos J, Sanchez B, Hernanz W. Association of the shared epi-
tope with radiological severity of rheumatoid arthritis. The Journal of rheumatology. 1996; 23(1):6-9.
Epub 1996/01/01. PMID: 8838501

Gonzalez-Gay MA, Garcia-Porrua C, Hajeer AH. Influence of human leukocyte antigen-DRB1 on the
susceptibility and severity of rheumatoid arthritis. Seminars in arthritis and rheumatism. 2002; 31
(6):355—-60. Epub 2002/06/22. PMID: 12077707

Valesini G, Gerardi MC, lannuccelli C, Pacucci VA, Pendolino M, Shoenfeld Y. Citrullination and autoim-
munity. Autoimmunity reviews. 2015; 14(6):490—7. Epub 2015/02/01. https://doi.org/10.1016/j.autrev.
2015.01.013 PMID: 25636595

Sakkas LI, Bogdanos DP, Katsiari C, Platsoucas CD. Anti-citrullinated peptides as autoantigens in rheu-
matoid arthritis-relevance to treatment. Autoimmunity reviews. 2014; 13(11):1114-20. Epub 2014/09/
04. https://doi.org/10.1016/j.autrev.2014.08.012 PMID: 25182207

Hill JA, Southwood S, Sette A, Jevnikar AM, Bell DA, Cairns E. Cutting edge: the conversion of arginine
to citrulline allows for a high-affinity peptide interaction with the rheumatoid arthritis-associated HLA-
DRB1#*0401 MHC class Il molecule. J Immunol. 2003; 171(2):538—-41. PMID: 12847215

Hill JA, Bell DA, Brintnell W, Yue D, Wehrli B, Jevnikar AM, et al. Arthritis induced by posttranslationally
modified (citrullinated) fibrinogen in DR4-IE transgenic mice. The Journal of experimental medicine.
2008; 205(4):967-79. https://doi.org/10.1084/jem.20072051 PMID: 18391064

Law SC, Street S, Yu CH, Capini C, Ramnoruth S, Nel HJ, et al. T-cell autoreactivity to citrullinated auto-
antigenic peptides in rheumatoid arthritis patients carrying HLA-DRB1 shared epitope alleles. Arthritis
research & therapy. 2012; 14(3):R118.

James EA, Rieck M, Pieper J, Gebe JA, Yue BB, Tatum M, et al. Citrulline-specific Th1 cells are
increased in rheumatoid arthritis and their frequency is influenced by disease duration and therapy.
Arthritis & rheumatology. 2014; 66(7):1712-22.

Snir O, Rieck M, Gebe JA, Yue BB, Rawlings CA, Nepom G, et al. Identification and functional charac-
terization of T cells reactive to citrullinated vimentin in HLA-DRB1*0401-positive humanized mice and

rheumatoid arthritis patients. Arthritis and rheumatism. 2011; 63(10):2873-83. https://doi.org/10.1002/
art.30445 PMID: 21567378

von Delwig A, Locke J, Robinson JH, Ng WF. Response of Th17 cells to a citrullinated arthritogenic
aggrecan peptide in patients with rheumatoid arthritis. Arthritis and rheumatism. 2010; 62(1):143-9.
https://doi.org/10.1002/art.25064 PMID: 20039419

Meyer O, Nicaise-Roland P, Santos MD, Labarre C, Dougados M, Goupille P, et al. Serial determination
of cyclic citrullinated peptide autoantibodies predicted five-year radiological outcomes in a prospective
cohort of patients with early rheumatoid arthritis. Arthritis research & therapy. 2006; 8(2):R40. Epub
2006/02/14.

Avouac J, Gossec L, Dougados M. Diagnostic and predictive value of anti-cyclic citrullinated protein
antibodies in rheumatoid arthritis: a systematic literature review. Annals of the rheumatic diseases.
2006; 65(7):845-51. Epub 2006/04/12. https://doi.org/10.1136/ard.2006.051391 PMID: 16606649

Schellekens GA, de Jong BA, van den Hoogen FH, van de Putte LB, van Venrooij WJ. Citrulline is an
essential constituent of antigenic determinants recognized by rheumatoid arthritis-specific autoantibod-
ies. The Journal of clinical investigation. 1998; 101(1):273-81. Epub 1998/02/14. https://doi.org/10.
1172/JCI1316 PMID: 9421490

Schellekens GA, Visser H, de Jong BA, van den Hoogen FH, Hazes JM, Breedveld FC, et al. The diag-
nostic properties of rheumatoid arthritis antibodies recognizing a cyclic citrullinated peptide. Arthritis
and rheumatism. 2000; 43(1):155-63. Epub 2000/01/22. https://doi.org/10.1002/1529-0131(200001)
43:1<155::AID-ANR20>3.0.CO;2-3 PMID: 10643712

Klareskog L, Catrina Al, Paget S. Rheumatoid arthritis. Lancet. 2009; 373(9664):659—72. https://doi.
org/10.1016/S0140-6736(09)60008-8 PMID: 19157532

Ding B, Padyukov L, Lundstrom E, Seielstad M, Plenge RM, Oksenberg JR, et al. Different patterns of
associations with anti-citrullinated protein antibody-positive and anti-citrullinated protein antibody-nega-
tive rheumatoid arthritis in the extended major histocompatibility complex region. Arthritis and rheuma-
tism. 2009; 60(1):30-8. https://doi.org/10.1002/art.24135 PMID: 19116921

van der Woude D, Houwing-Duistermaat JJ, Toes RE, Huizinga TW, Thomson W, Worthington J, et al.
Quantitative heritability of anti-citrullinated protein antibody-positive and anti-citrullinated protein

PLOS ONE | https://doi.org/10.1371/journal.pone.0177140 May 8, 2017 15/17


https://doi.org/10.1002/1529-0131(200103)44:3<535::AID-ANR101>3.0.CO;2-Z
https://doi.org/10.1002/1529-0131(200103)44:3<535::AID-ANR101>3.0.CO;2-Z
http://www.ncbi.nlm.nih.gov/pubmed/11263767
http://www.ncbi.nlm.nih.gov/pubmed/8838501
http://www.ncbi.nlm.nih.gov/pubmed/12077707
https://doi.org/10.1016/j.autrev.2015.01.013
https://doi.org/10.1016/j.autrev.2015.01.013
http://www.ncbi.nlm.nih.gov/pubmed/25636595
https://doi.org/10.1016/j.autrev.2014.08.012
http://www.ncbi.nlm.nih.gov/pubmed/25182207
http://www.ncbi.nlm.nih.gov/pubmed/12847215
https://doi.org/10.1084/jem.20072051
http://www.ncbi.nlm.nih.gov/pubmed/18391064
https://doi.org/10.1002/art.30445
https://doi.org/10.1002/art.30445
http://www.ncbi.nlm.nih.gov/pubmed/21567378
https://doi.org/10.1002/art.25064
http://www.ncbi.nlm.nih.gov/pubmed/20039419
https://doi.org/10.1136/ard.2006.051391
http://www.ncbi.nlm.nih.gov/pubmed/16606649
https://doi.org/10.1172/JCI1316
https://doi.org/10.1172/JCI1316
http://www.ncbi.nlm.nih.gov/pubmed/9421490
https://doi.org/10.1002/1529-0131(200001)43:1<155::AID-ANR20>3.0.CO;2-3
https://doi.org/10.1002/1529-0131(200001)43:1<155::AID-ANR20>3.0.CO;2-3
http://www.ncbi.nlm.nih.gov/pubmed/10643712
https://doi.org/10.1016/S0140-6736(09)60008-8
https://doi.org/10.1016/S0140-6736(09)60008-8
http://www.ncbi.nlm.nih.gov/pubmed/19157532
https://doi.org/10.1002/art.24135
http://www.ncbi.nlm.nih.gov/pubmed/19116921
https://doi.org/10.1371/journal.pone.0177140

@° PLOS | ONE

Effect of citrullination on HLA class Il binding

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

antibody-negative rheumatoid arthritis. Arthritis and rheumatism. 2009; 60(4):916-23. https://doi.org/
10.1002/art.24385 PMID: 19333951

van Gaalen FA, Linn-Rasker SP, van Venrooij WJ, de Jong BA, Breedveld FC, Verweij CL, et al. Auto-
antibodies to cyclic citrullinated peptides predict progression to rheumatoid arthritis in patients with
undifferentiated arthritis: a prospective cohort study. Arthritis and rheumatism. 2004; 50(3):709-15.
Epub 2004/03/17. https://doi.org/10.1002/art.20044 PMID: 15022309

Arkema EV, Goldstein BL, Robinson W, Sokolove J, Wagner CA, Malspeis S, et al. Anti-citrullinated
peptide autoantibodies, human leukocyte antigen shared epitope and risk of future rheumatoid arthritis:
a nested case-control study. Arthritis research & therapy. 2013; 15(5):R159.

van der Helm-van Mil AH, Verpoort KN, Breedveld FC, Toes RE, Huizinga TW. Antibodies to citrulli-
nated proteins and differences in clinical progression of rheumatoid arthritis. Arthritis research & ther-
apy. 2005; 7(5):R949-58. Epub 2005/10/07.

Nishimura K, Sugiyama D, Kogata Y, Tsuji G, Nakazawa T, Kawano S, et al. Meta-analysis: diagnostic
accuracy of anti-cyclic citrullinated peptide antibody and rheumatoid factor for rheumatoid arthritis.
Annals of internal medicine. 2007; 146(11):797-808. Epub 2007/06/06. PMID: 17548411

van Gaalen FA, van Aken J, Huizinga TW, Schreuder GM, Breedveld FC, Zanelli E, et al. Association
between HLA class Il genes and autoantibodies to cyclic citrullinated peptides (CCPs) influences the
severity of rheumatoid arthritis. Arthritis and rheumatism. 2004; 50(7):2113-21. Epub 2004/07/13.
https://doi.org/10.1002/art.20316 PMID: 15248208

Kuhn KA, Kulik L, Tomooka B, Braschler KJ, Arend WP, Robinson WH, et al. Antibodies against citrulli-
nated proteins enhance tissue injury in experimental autoimmune arthritis. The Journal of clinical inves-
tigation. 2006; 116(4):961-73. Epub 2006/04/06. https://doi.org/10.1172/JCI25422 PMID: 16585962

Harre U, Georgess D, Bang H, Bozec A, Axmann R, Ossipova E, et al. Induction of osteoclastogenesis
and bone loss by human autoantibodies against citrullinated vimentin. The Journal of clinical investiga-
tion. 2012; 122(5):1791-802. Epub 2012/04/17. https://doi.org/10.1172/JCI160975 PMID: 22505457

Nielen MM, van Schaardenburg D, Reesink HW, van de Stadt RJ, van der Horst-Bruinsma IE, de Kon-
ing MH, et al. Specific autoantibodies precede the symptoms of rheumatoid arthritis: a study of serial
measurements in blood donors. Arthritis and rheumatism. 2004; 50(2):380-6. https://doi.org/10.1002/
art.20018 PMID: 14872479

Scally SW, Petersen J, Law SC, Dudek NL, Nel HJ, Loh KL, et al. A molecular basis for the association
of the HLA-DRBH1 locus, citrullination, and rheumatoid arthritis. The Journal of experimental medicine.
2013; 210(12):2569-82. https://doi.org/10.1084/jem.20131241 PMID: 24190431

Smilek DE, Wraith DC, Hodgkinson S, Dwivedy S, Steinman L, McDevitt HO. A single amino acid
change in a myelin basic protein peptide confers the capacity to prevent rather than induce experimental
autoimmune encephalomyelitis. Proc Natl Acad Sci U S A. 1991; 88(21):9633-7. PMID: 1719536

Sidney J, Southwood S, Moore C, Oseroff C, Pinilla C, Grey HM, et al. Measurement of MHC/peptide
interactions by gel filtration or monoclonal antibody capture. Curr Protoc Immunol. 2013; Chapter 18:
Unit 18 3. Epub 2013/02/09. https://doi.org/10.1002/0471142735.im1803s100 PMID: 23392640

Gulukota K, Sidney J, Sette A, DeLisi C. Two complementary methods for predicting peptides binding
major histocompatibility complex molecules. J Mol Biol. 1997; 267(5):1258—67. https://doi.org/10.1006/
jmbi.1997.0937 PMID: 9150410

Cheng Y, Prusoff WH. Relationship between the inhibition constant (K1) and the concentration of inhibi-
tor which causes 50 per cent inhibition (150) of an enzymatic reaction. Biochem Pharmacol. 1973; 22
(23):3099-108. PMID: 4202581

Andreatta M, Karosiene E, Rasmussen M, Stryhn A, Buus S, Nielsen M. Accurate pan-specific predic-
tion of peptide-MHC class Il binding affinity with improved binding core identification. Immunogenetics.
2015; 67(11-12):641-50. https://doi.org/10.1007/s00251-015-0873-y PMID: 26416257

Greenbaum J, Sidney J, Chung J, Brander C, Peters B, Sette A. Functional classification of class Il
human leukocyte antigen (HLA) molecules reveals seven different supertypes and a surprising degree
of repertoire sharing across supertypes. Immunogenetics. 2011; 63(6):325-35. Epub 2011/02/10.
https://doi.org/10.1007/s00251-011-0513-0 PMID: 21305276

Gourraud PA, Dieude P, Boyer JF, Nogueira L, Cambon-Thomsen A, Mazieres B, et al. A new classifi-
cation of HLA-DRB1 alleles differentiates predisposing and protective alleles for autoantibody produc-
tion in rheumatoid arthritis. Arthritis research & therapy. 2007; 9(2):R27.

Sidney J, Grey HM, Southwood S, Celis E, Wentworth PA, del Guercio MF, et al. Definition of an HLA-
A3-like supermotif demonstrates the overlapping peptide-binding repertoires of common HLA mole-
cules. Human immunology. 1996; 45(2):79-93. PMID: 8882405

Meyer D, Singe RM, Mack SJ, Lancaster A, Nelson MP, Erlich H, et al. Single Locus Polymorphism of
Classical HLA Genes. In: Hansen J, editor. Immunobiology of the Human MHC: Proceedings of the

PLOS ONE | https://doi.org/10.1371/journal.pone.0177140 May 8, 2017 16/17


https://doi.org/10.1002/art.24385
https://doi.org/10.1002/art.24385
http://www.ncbi.nlm.nih.gov/pubmed/19333951
https://doi.org/10.1002/art.20044
http://www.ncbi.nlm.nih.gov/pubmed/15022309
http://www.ncbi.nlm.nih.gov/pubmed/17548411
https://doi.org/10.1002/art.20316
http://www.ncbi.nlm.nih.gov/pubmed/15248208
https://doi.org/10.1172/JCI25422
http://www.ncbi.nlm.nih.gov/pubmed/16585962
https://doi.org/10.1172/JCI60975
http://www.ncbi.nlm.nih.gov/pubmed/22505457
https://doi.org/10.1002/art.20018
https://doi.org/10.1002/art.20018
http://www.ncbi.nlm.nih.gov/pubmed/14872479
https://doi.org/10.1084/jem.20131241
http://www.ncbi.nlm.nih.gov/pubmed/24190431
http://www.ncbi.nlm.nih.gov/pubmed/1719536
https://doi.org/10.1002/0471142735.im1803s100
http://www.ncbi.nlm.nih.gov/pubmed/23392640
https://doi.org/10.1006/jmbi.1997.0937
https://doi.org/10.1006/jmbi.1997.0937
http://www.ncbi.nlm.nih.gov/pubmed/9150410
http://www.ncbi.nlm.nih.gov/pubmed/4202581
https://doi.org/10.1007/s00251-015-0873-y
http://www.ncbi.nlm.nih.gov/pubmed/26416257
https://doi.org/10.1007/s00251-011-0513-0
http://www.ncbi.nlm.nih.gov/pubmed/21305276
http://www.ncbi.nlm.nih.gov/pubmed/8882405
https://doi.org/10.1371/journal.pone.0177140

@° PLOS | ONE

Effect of citrullination on HLA class Il binding

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

13th International Histocompatibility Workshop and Conference. 1. Seattle: IHWG Press; 2007. p. 653—
704,

Zou J, Zhang Y, Thiel A, Rudwaleit M, Shi SL, Radbruch A, et al. Predominant cellular immune
response to the cartilage autoantigenic G1 aggrecan in ankylosing spondylitis and rheumatoid arthritis.
Rheumatology. 2003; 42(7):846-55. https://doi.org/10.1093/rheumatology/keg230 PMID: 12730543

Zou J, Appel H, Rudwaleit M, Thiel A, Sieper J. Analysis of the CD8+ T cell response to the G1 domain
of aggrecan in ankylosing spondylitis. Annals of the rheumatic diseases. 2005; 64(5):722-9. https://doi.
org/10.1136/ard.2004.024455 PMID: 15539415

Alexander J, Sidney J, Southwood S, Ruppert J, Oseroff C, Maewal A, et al. Development of high
potency universal DR-restricted helper epitopes by modification of high affinity DR-blocking peptides.
Immunity. 1994; 1(9):751-61. PMID: 7895164

Roche PA, Cresswell P. High-affinity binding of an influenza hemagglutinin-derived peptide to purified
HLA-DR. J Immunol. 1990; 144(5):1849-56. PMID: 2307844

Benham H, Nel HJ, Law SC, Mehdi AM, Street S, Ramnoruth N, et al. Citrullinated peptide dendritic cell
immunotherapy in HLA risk genotype-positive rheumatoid arthritis patients. Science translational medi-
cine. 2015; 7(290):290ra87. https://doi.org/10.1126/scitransimed.aaa9301 PMID: 26041704

Southwood S, Sidney J, Kondo A, del Guercio M, Appella E, Hoffman S, et al. Several common HLA-
DR types share largely overlapping peptide binding repertoires. J Immunol. 1998; 160:3363-73. PMID:
9531296

Rammensee H, Bachmann J, Emmerich NP, Bachor OA, Stevanovic S. SYFPEITHI: database for
MHC ligands and peptide motifs. Immunogenetics. 1999; 50(3—4):213-9. PMID: 10602881

Sidney J, Steen A, Moore C, Ngo S, Chung J, Peters B, et al. Five HLA-DP molecules frequently
expressed in the worldwide human population share a common HLA supertypic binding specificity. J
Immunol. 2010; 184(5):2492-503. Epub 2010/02/09. https://doi.org/10.4049/jimmunol.0903655 PMID:
20139279

Sidney J, Steen A, Moore C, Ngo S, Chung J, Peters B, et al. Divergent motifs but overlapping binding
repertoires of six HLA-DQ molecules frequently expressed in the worldwide human population. J Immu-
nol. 2010; 185(7):4189-98. Epub 2010/09/03. https://doi.org/10.4049/jimmunol.1001006 PMID:
20810981

Kotturi M, Botten J, Maybeno M, Sidney J, Glenn J, Bui H-H, et al. Polyfunctional CD4+ T cell responses
to a set of pathogenic arenaviruses provide broad population coverage. Immunome Research. 2010; 6
(1):4.

Calvo-Calle JM, Strug |, Nastke MD, Baker SP, Stern LJ. Human CD4+ T cell epitopes from vaccinia
virus induced by vaccination or infection. PLoS pathogens. 2007; 3(10):1511-29. Epub 2007/10/17.
https://doi.org/10.1371/journal.ppat.0030144 PMID: 17937498

James EA, Moustakas AK, Bui J, Papadopoulos GK, Bondinas G, Buckner JH, et al. HLA-DR1001
presents "altered-self" peptides derived from joint-associated proteins by accepting citrulline in three of
its binding pockets. Arthritis and rheumatism. 2010; 62(10):2909—-18. https://doi.org/10.1002/art.27594
PMID: 20533291

Kampstra AS, van Heemst J, Moustakas AK, Papadopoulos GK, Huizinga TW, Toes RE. The increased
ability to present citrullinated peptides is not unique to HLA-SE molecules: arginine-to-citrulline conver-
sion also enhances peptide affinity for HLA-DQ molecules. Arthritis research & therapy. 2016; 18
(1):254. Epub 2016/11/05.

Roark CL, Anderson KM, Aubrey MT, Rosloniec EF, Freed BM. Arthritogenic peptide binding to
DRB1*01 alleles correlates with susceptibility to rheumatoid arthritis. Journal of autoimmunity. 2016;
72:25-32. hitps://doi.org/10.1016/j.jaut.2016.04.006 PMID: 27143337

Gerstner C, Dubnovitsky A, Sandin C, Kozhukh G, Uchtenhagen H, James EA, et al. Functional and
Structural Characterization of a Novel HLA-DRB1*04:01-Restricted alpha-Enolase T Cell Epitope in
Rheumatoid Arthritis. Frontiers in immunology. 2016; 7:494. https://doi.org/10.3389/fimmu.2016.00494
PMID: 27895642

Scholz E, Mestre-Ferrer A, Daura X, Garcia-Medel N, Carrascal M, James EA, et al. A Comparative
Analysis of the Peptide Repertoires of HLA-DR Molecules Differentially Associated With Rheumatoid
Arthritis. Arthritis & rheumatology. 2016; 68(10):2412-21.

Vita R, Zarebski L, Greenbaum JA, Emami H, Hoof |, Salimi N, et al. The immune epitope database 2.0.
Nucleic acids research. 2009; 38(Database issue):D854—62. Epub 2009/11/13. https://doi.org/10.1093/
nar/gkp1004 PMID: 19906713

Chemin K, Pollastro S, James E, Ge C, Albrecht |, Herrath J, et al. A Novel HLA-DRB1*10:01-
Restricted T Cell Epitope From Citrullinated Type Il Collagen Relevant to Rheumatoid Arthritis. Arthritis
& rheumatology. 2016; 68(5):1124-35.

PLOS ONE | https://doi.org/10.1371/journal.pone.0177140 May 8, 2017 17/17


https://doi.org/10.1093/rheumatology/keg230
http://www.ncbi.nlm.nih.gov/pubmed/12730543
https://doi.org/10.1136/ard.2004.024455
https://doi.org/10.1136/ard.2004.024455
http://www.ncbi.nlm.nih.gov/pubmed/15539415
http://www.ncbi.nlm.nih.gov/pubmed/7895164
http://www.ncbi.nlm.nih.gov/pubmed/2307844
https://doi.org/10.1126/scitranslmed.aaa9301
http://www.ncbi.nlm.nih.gov/pubmed/26041704
http://www.ncbi.nlm.nih.gov/pubmed/9531296
http://www.ncbi.nlm.nih.gov/pubmed/10602881
https://doi.org/10.4049/jimmunol.0903655
http://www.ncbi.nlm.nih.gov/pubmed/20139279
https://doi.org/10.4049/jimmunol.1001006
http://www.ncbi.nlm.nih.gov/pubmed/20810981
https://doi.org/10.1371/journal.ppat.0030144
http://www.ncbi.nlm.nih.gov/pubmed/17937498
https://doi.org/10.1002/art.27594
http://www.ncbi.nlm.nih.gov/pubmed/20533291
https://doi.org/10.1016/j.jaut.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27143337
https://doi.org/10.3389/fimmu.2016.00494
http://www.ncbi.nlm.nih.gov/pubmed/27895642
https://doi.org/10.1093/nar/gkp1004
https://doi.org/10.1093/nar/gkp1004
http://www.ncbi.nlm.nih.gov/pubmed/19906713
https://doi.org/10.1371/journal.pone.0177140

