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HLA-B*08 ldentified as the Most Prominently

Associated Major Histocompatibility Complex Locus for
Anti-Carbamylated Protein Antibody-Positive/Anti-Cyclic
Citrullinated Peptide-Negative Rheumatoid Arthritis
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Objective. Previously, only the HLA-DRB1 alleles have been assessed in rheumatoid arthritis (RA). The aim of
the present study was to identify the key major histocompatibility complex (MHC) suscepitibility factors showing a
significant association with anti-carbamylated protein antibody-positive (anti-CarP+) RA.

Methods. Analyses were restricted to RA patients who were anti—cyclic citrullinated peptide antibody negative
(anti-CCP-), because the anti-CCP status dominated the results otherwise. Therefore, we studied samples from 1,821
anti-CCP- RA patients and 6,821 population controls from Spain, Sweden, and the Netherlands. The genotypes for
~8,000 MHC biallelic variants were assessed by dense genotyping and imputation. Their association with the anti-
CarP status in RA patients was tested with logistic regression and combined with inverse-variance meta-analysis.
Significance of the associations was assessed according to a study-specific threshold of P < 2.0 x 10™°.

Results. The HLA-B*08 allele and its correlated amino acid variant Asp-9 showed a significant association
with anti-CarP+/anti-CCP— RA (P < 3.78 x 107"; I?> = 0). This association was specific when assessed relative to 3
comparator groups: population controls, anti-CarP—/anti-CCP- RA patients, and anti-CCP- RA patients who were
positive for other anti—citrullinated protein antibodies. Based on these findings, anti-CarP+/anti-CCP- RA patients
could be separated from other antibody-defined subsets of RA patients in whom an association with the HLA-B*08
allele has been previously demonstrated. No other MHC variant remained associated with anti-CarP+/anti-CCP- RA
after accounting for the presence of the HLA-B*08 allele. Specifically, the reported association of HLA-DRB1*03 was
observed at a level comparable to that reported previously, but it was attributable to linkage disequilibrium.

Conclusion. These results identify HLA-B*08 carrying Asp-9 as the MHC locus showing the strongest association
with anti-CarP+/anti-CCP- RA. This knowledge may help clarify the role of the HLA in susceptibility to specific
subsets of RA, by shaping the spectrum of RA autoantibodies.
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INTRODUCTION

The major histocompatibility complex (MHC) accounts for
a large fraction (30-50%) of rheumatoid arthritis (RA) heritabil-
ity (1) (background details are provided in the Supplementary
Overview, available on the Arthritis & Rheumatology website at
http://onlinelibrary.wiley.com/doi/10.1002/art.41630/abstract).
This notable contribution of the MHC involves 5 independent
RA risk loci, HLA-DRB1, HLA-B, HLA-DP, HLA-A, and HLA-
DOA, except in the Han Chinese, in whom a recently discov-
ered risk locus in HLA-DQA1 was found to predominate (2).
The mentioned HLA loci show differential association with RA
phenotypes defined by the presence of specific autoantibodies.
For example, the HLA-DRB1 alleles expressing valine at posi-
tion 11 (Val-11) are strongly associated with anti—-cyclic citrul-
linated peptide antibody—positive (anti-CCP+) RA but not with
anti-CCP- RA (1,3). In contrast, HLA-DRB1 alleles bearing other
amino acid combinations are associated with anti-CCP- RA
(4,5), including HLA-DRB1*03, which expresses serine at posi-
tion 11 (Ser-11). This association could be partly explained by
the presence of anti-carbamylated protein antibodies (anti-CarP)
in anti-CCP- RA patients (6,7). The anti-CarP antibodies are RA
autoantibodies targeting another posttranslational protein modi-
fication and revealing additional aspects of the pathogenesis and
natural history of RA (8).

Another example of differential association concerns the
HLA-B*08 allele, which encodes aspartic acid at position 9 (Asp-
9). HLA-B*08 is the MHC locus showing the second most prom-
inent association with anti-CCP+ RA (3), and is the most strongly
associated with anti-CCP—- RA (4,5). According to a recent study
by Terao et al (9), this complex association could be explained by a
subset of anti—citrullinated protein antibodies (ACPAs). In effect, in
that study (9), analysis of multiple ACPA fine specificities revealed
that ACPAs could be grouped into 2 subsets, the canonical ACPAs
and the noncanonical ACPAs, which were either correlated with
the presence of anti-CCP2 antibodies (canonical ACPAs) or not
correlated with the presence of anti-CCP2 (noncanonical ACPAS).
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The noncanonical ACPAs accounted for the association of HLA-
B*08 within the anti-CCP+ and anti-CCP- RA patient subsets (9).
However, this interpretation is still uncertain, because the distinc-
tion between canonical and noncanonical ACPAs was only made
in the Terao et al study.

As mentioned, the HLA-DRB1*03 allele increases the risk
of anti-CarP+ RA, but this association was identified in studies
addressing only the HLA-DRB1 alleles (6,7). We do not know if
other MHC loci are also associated with anti-CarP+ RA. We there-
fore undertook the present study to analyze the whole MHC in 3
cohorts of RA patients, with the combined use of dense genotyp-
ing and imputation, to elucidate the risk variants for susceptibility
to anti-CarP+ RA.

MATERIALS AND METHODS

Sample collection. We obtained blood samples from RA
patients and population controls from cohorts in Spain, Sweden,
and the Netherlands. Except in a preliminary analysis done with
the samples from Spanish subjects, only the anti-CCP- subset
of RA patients was considered in our analyses. Additional details
and sample sizes are provided in Supplementary Materials and
Methods and Supplementary Table 1, at http://onlineliorary.wiley.
com/doi/10.1002/art.41630/abstract.

Laboratory determinations. The anti-CCP antibody
status was established in each collection of blood samples using
commercial anti-CCP2 kits. The anti-CarP antibody testing was
done with a homemade enzyme-linked immunosorbent assay
against carbamylated fetal calf serum, following an established
protocol (8). Genotype data were obtained from lllumina Inmun-
oChip and a minor contribution from genome-wide arrays. Infor-
mation on the genotypes was enriched by the imputation of a
rich set of 7,893 MHC binary markers comprising classic HLA
alleles, polymorphic amino acids, and single-nucleotide polymor-
phisms (SNPs).
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Statistical analysis. As a first step, we used logistic
regression analysis to test the association between the MHC
binary markers and anti-CarP+/anti-CCP— RA among the samples
from each collection. Summary-level statistics from each data set
were combined using fixed-effects meta-analysis, weighting the
contribution of each population with the inverse variance method.
The random-effects meta-analysis method of DerSimonian and
Laird was selected only when the heterogeneity of the data was
notable (¥ > 60). To control for the SNPs showing the strongest
associations with anti-CarP+/anti-CCP- RA, we performed a
conditional stepwise regression analysis.

Additionally, we performed analyses aimed at determining the
anti-CarP specificity of the associations relative to other RA sub-
groups (4,9). A P value (corrected for multiple testing) of less than
2.03 x 10°° was used as the significance threshold for interpretation.

RESULTS

Preliminary analysis of the Spanish anti-CarP+
RA patients. The previous studies that analyzed HLA-DRB1
alleles showed that the anti-CCP status constitutes an obstacle
for detecting anti-CarP-specific associations (6,7). In the cur-
rent study, a preliminary exploration in samples from Spanish
RA patients showed that the same applied to the entire MHC. In
effect, the same top variant (AA_DRB1_13_HF) was found associ-
ated with anti-CarP+ RA and with anti-CCP+ RA (see Supplemen-
tary Figure 1, available on the Arthritis & Rheumatology website
at http://onlinelibrary.wiley.com/doi/10.1002/art.41630/abstract).
The only difference between the results of the 2 analyses was that
the association of this variant with anti-CarP+ RA had a lower level
of significance (odds ratio [OR] 2.6, 95% confidence interval [95%
Cl] 2.3-2.9, P = 9.0 x 107*? in anti-CarP+ RA patients versus OR
2.8, 95% Cl 2.5-3.0, P = 7.8 x 10°* in anti-CCP+ RA patients).
This pattern was also observed in subsequent conditional anal-
yses (for association with variant AA_DRB1_11_SGL in the first
conditional analysis, P = 1.8 x 107"?in anti-CarP+ RA patients ver-
sus P = 5.1 x 107° in anti-CCP+ RA patients and for association
with SNP rs3130544 in the second conditional analysis, P = 7.5
x 107% in anti-CarP+ RA patients versus P = 8.1 x 107% in anti-
CCP+ RA patients) (Supplementary Figure 1).

These findings suggest that the MHC associations were
specific for anti-CCP+ RA, but not for anti-CarP+ RA. The speci-
ficity of anti-CCP+ RA was demonstrated by analyzing antibody-
discordant patients. These analyses showed that in anti-CarP-/
anti-CCP+ RA patients, a significant association with the top
variant (AA_DRB1_13_HF) was found (OR 2.6, 95% CI 2.3-3.0,
P =2.9 x 10™), whereas in anti-CarP+/anti-CCP- RA patients,
no association was found (OR 1.1, 95% CI 0.8-1.6, P = 0.47)
(see Supplementary Figure 2, at http://onlinelibrary.wiley.com/
doi/10.1002/art.41630/abstract). Therefore, all subsequent anal-
yses were restricted to the anti-CCP- RA patients.

HLA-B*08 or Asp-9 at HLA-B identified by meta-
analysis as the major MHC risk variants in anti-CarP+/
anti-CCP- RA patients. The 3 case—control sample collections
included a total of 1,821 anti-CCP— RA patients, 195 of whom
were anti-CarP+/anti-CCP-, and 6,824 population controls (see
sample sizes in Supplementary Table 1 [http://onlinelibrary.wiley.
com/doi/10.1002/art.41630/abstract]). Most binary markers showed
a low level of heterogeneity between the collections. A total of
165 of those markers showed frequency differences that were
significant at the study-specific threshold (P < 2.03 x 107
(Figure 1A and Supplementary Table 2, at http://onlinelibrary.wiley.
com/doi/10.1002/art.41630/abstract). The HLA-B*08 allele was
the HLA allele showing the strongest association with anti-CarP+/
anti-CCP- RA (P = 3.70 x 107; I” = 0). Only 3 SNPs were ranked
higher (according to P value) than HLA-B*08 (see Supplementary
Table 2). The high ranking of these 3 SNPs was attributed to the
presence of HLA-B*08 because 1) they were in strong linkage
disequilibrium with HLA-B*08 ( = 0.62-0.81), 2) their association
with anti-CarP+/anti-CCP- RA did not reach a higher level of sig-
nificance than that of HLA-B*08 (P = 0.89-0.95 in the pairwise
comparison), and 3) they lack known relevance in RA.

The presence of Asp in the HLA-B amino acid position 9
(Asp-9) showed a very similar level of association with anti-CarP+/
anti-CCP- RA (P = 3.78 x 107"; I> = Q). This similarity is expected
because of the tight correlation between Asp at HLA-B position
9 and the HLA-B*08 allele (* = 0.995 in our subjects). Both the
HLA-B*08 allele and the Asp-9 amino acid were consistently
associated with anti-CarP+/anti-CCP- RA among the patients in
the 3 cohorts, with a summary OR of 2.00 (95% CI 1.53-2.61)
(see Supplementary Figure 3, at http://onlinelibrary.wiley.com/
doi/10.1002/art.41630/abstract). There was no other classic HLA
allele or polymorphic amino acid with a significant association (see
Supplementary Table 2). Furthermore, no other genetic marker
was significantly associated with the subset of anti-CarP+/anti-
CCP- RA in the conditional meta-analysis accounting for the
presence of the HLA-B*08 allele (Figure 1B).

The HLA-DRB1*03 allele, which has previously been iden-
tified as a specific risk factor for anti-CarP+/anti-CCP- RA (6,7),
showed the strongest association among the HLA-DRB1 alleles.
However, this association disappeared after accounting for the
HLA-B*08 allele in the conditional meta-analysis (see Supple-
mentary Table 3, at http://onlinelibrary.wiley.com/doi/10.1002/
art.41630/abstract).

Predominance of the HLA-B*08 association with
anti-CarP+ RA relative to other anti-CCP- RA subsets.
We next wished to distinguish the association of HLA-B*08 (or
Asp-9 at HLA-B) with anti-CarP+/anti-CCP- RA from previously
reported HLA-B*08 associations. Specifically, we assessed the
2 previously described associations of HLA-B*08 in patients with
anti-CCP- RA (4) and in RA patients with noncanonical ACPAs (9).
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Figure 1. Association of major histocompatibility complex (MHC) variants with the risk of anti-carbamylated protein antibody—positive (anti-
CarP+)/anti-cyclic citrullinated peptide antibody negative (anti-CCP-) rheumatoid arthritis (RA). Manhattan plots show the findings from the
meta-analysis of MHC associations in anti-CarP+/anti-CCP- RA patients compared with population controls (A) and from the conditional meta-
analysis accounting for the presence of the HLA-B*08 allele (B). Each diamond represents a variant according to its chromosomal position
(abscises) and —log, (P value) (ordinates). The color gradient indicates the linkage disequilibrium (%) with the top associated marker. The broken
horizontal line represents the study-specific significance threshold (P = 2.03 x 107°).

First, we compared the frequencies of HLA-B*08 (and Asp-9 at
HLA-B) between the anti-CarP+/anti-CCP- RA patients and the
anti-CarP—/anti-CCP- RA patients. This comparison showed that
HLA-B*08 and Asp-9 at HLA-B were significantly more frequent
in the anti-CarP+/anti-CCP- RA patients than in the anti-CarP—/
anti-CCP- RA patients (OR 1.53, 95% Cl 1.15-2.04, P = 0.003 in
the meta-analyses with the 2 binary markers). The relative increase
in frequency of HLA-B*08 and Asp-9 at HLA-B in anti-CarP+/anti-
CCP- RA patients was observed in all 3 cohorts (Figures 2A and B).

We next addressed the HLA-B*08 association with nonca-
nonical ACPA+ RA, using the patients from the Swedish Epide-
miological Investigation of RA cohort, for whom information on
canonical versus noncanonical ACPAs was uniquely available as
part of the original report (9). That report differentiated 18 ACPA
fine specificities into 2 groups: 6 noncanonical ACPAs, which did
not correlate with anti-CCP+ RA nor did they correlate with other
ACPAs, and 12 canonical ACPAs, which were tightly concordant
with the anti-CCP status. Therefore, we stratified the anti-CCP-
RA patients according to the presence of the canonical ACPAs,
noncanonical ACPAs, and anti-CarP antibodies and assessed the
HLA-B*08 association with each of these subsets. The associ-
ations were stronger in the anti-CarP+ subsets than in the anti-
CarP- subsets (Figure 3 and Supplementary Figure 4, at http://
onlinelibrary.wiley.com/doi/10.1002/art.41630/abstract).

These preferential associations were observed in the strata of
patients positive for any ACPA (OR 2.75, 95% Cl 1.63-4.63 in anti-
CarP+ RA versus OR 1.52, 95% CI 1.15-2.01 in anti-CarP- RA),

for canonical ACPAs (OR 2.38, 95% CI 1.32-4.30 in anti-CarP+
RA versus OR 1.38, 95% CI 0.98-1.88 in anti-CarP- RA), or, most
notably, for noncanonical ACPAs (OR 3.14, 95% CI 1.54-6.41 in
anti-CarP+ RA versus OR 1.88, 95% Cl 1.23-2.88 in anti-CarP-
RA). Similar results were obtained in assessing the association
of Asp-9 at HLA-B (data not shown). However, it is important to
note that sample sizes were small in these strata, and none of the
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Figure 2. Analysis of the specificity of the association of HLA-B*08
and Asp-9 at HLA-B with anti-CarP+/anti-CCP- RA. Individual
frequencies of the HLA-B*08 alleles (A) and the 3 possible amino acids
at HLA-B position 9 (B) were plotted in anti-CarP+/anti-CCP- RA
patients, anti-CarP—/anti-CCP- RA patients, and population controls in
each cohort. EIRA = Epidemiological Investigation of RA; D = aspartic
acid; H = histidine; Y = tyrosine (see Figure 1 for other definitions).
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Figure 3. Preferential association of the HLA-B*08 allele with anti-
CarP+/anti-CCP- RA independently of anti—citrullinated protein anti-
bodies (ACPASs), either noncanonical or canonical. The category of “All”
refers to all anti-CCP- RA patients selected from the Epidemiological
Investigation of RA (EIRA) cohort. The remaining groups are subsets
of these patients from the EIRA cohort according to the absence or
presence of ACPAs (not including anti-CCP2). For the ACPA-positive
groups, ACPAs were stratified as any of the 18 analyzed, the 12
canonical ACPAs, or the 6 noncanonical ACPAs. Circles with whiskers
represent the log(odds ratio [OR]) with 95% confidence interval (95%
Cl) for the association of HLA-B*08 with anti-CarP+ RA versus anti-
CarP- RA. The horizontal broken line indicates the null association (OR
of 1). Values below the categories indicate the number/total number of
patients per group. See Figure 1 for other definitions.

differences between anti-CarP+ and anti-CarP— RA patients were
statistically significant.

Confirmation of HLA associations in additional
analyses. We then performed additional analyses to complement
our results, including a meta-analysis of principal components
analysis—adjusted associations, a combined logistic regression
analysis, and an omnibus test of all of the HLA-B polymorphic
amino acid positions. The results of these 3 analyses were fully
consistent with those already described above (see Supplemen-
tary Results, Supplementary Figures 5, 6, and 7, and Supplemen-
tary Tables 4 and 5, at http://onlinelibrary.wiley.com/doi/10.1002/
art.41630/abstract).

DISCUSSION

Our results show that the HLA-B*08 allele and the corre-
sponding amino acid variant Asp-9 are the major susceptibility var-
iants specifically associated with anti-CarP antibodies in patients
with RA. The outcomes observed in this study, the first one to
address the relationship between the entire MHC region and anti-
CarP antibodies, complement our understanding of the role of

the HLA in RA susceptibility. Our data indicate that the HLA-B*08
allele contributes differentially to RA autoantibody phenotypes.
No other MHC variant showed evidence of association with anti-
CarP+/anti-CCP- RA, after accounting for the HLA-B*08 associ-
ation. This finding raises questions about the previously described
association of HLA-DRB1*03 with anti-CarP antibodies (6,7), as
our current results indicate it was attributable to linkage disequi-
librium. Therefore, the susceptibility to anti-CarP+ RA purportedly
conferred by the MHC should be reassigned from HLA-DRB1*03
to HLA-B*08. Moreover, our findings reinforce previous observa-
tions of the predisposing role of the HLA to the various serologic
RA phenotypes.

The strength of the HLA-B*08 association with anti-CarP+/
anti-CCP- RA was remarkable, as shown by the OR of 2.0. This
strength determined the notable level of significance obtained.
Another contributing factor was the absence of heterogeneity in
the HLA-B*08 association. These characteristics indicate that
replication studies would be feasible once more samples with the
required information become available.

We demonstrated the specificity of the HLA-B*08 associ-
ation with anti-CarP+/anti-CCP- RA relative to 3 comparator
groups: population controls, anti-CarP—/anti-CCP— RA patients,
and RA patients with noncanonical ACPAs. Comparison with
anti-CarP—/anti-CCP- RA patients was necessary because
the HLA-B*08 allele has been described as a risk factor for
seronegative RA (4,5). The significant association with anti-
CarP+/anti-CCP- RA observed in this comparison excluded
the possibility of a mere bystander association as part of the
anti-CCP- subgroup of RA patients. The other alternative, that
the associations with anti-CarP+ RA could be attributable to the
concordant presence of noncanonical ACPAs, was also reason-
ably excluded. The noncanonical ACPAs were recently identi-
fied as being specifically associated with the HLA-B*08 allele, in
particular in anti-CCP- RA patients (9). However, the fraction of
our patients bearing noncanonical ACPAs was similar between
the anti-CarP+/anti-CCP- and anti-CarP—/anti-CCP- RA sub-
sets (6.8% versus 5.6%, respectively), making it very unlikely
that antibody concordance accounted for the HLA-B*08 asso-
ciation. The same interpretation was obtained from our observa-
tions of the more marked HLA-B*08 association with anti-CarP+
RA than with anti-CarP— RA independently of the presence or
absence of noncanonical ACPAs. It is important to note that the
same pattern of association was observed in the presence of
any ACPA, making our results immune to changes in the canoni-
cal/noncanonical ACPA classification, which has been described
in only a single study (9). Therefore, it seems more likely that the
HLA-B*08 allele is independently associated with the 2 antibody
types, anti-CarP antibodies and noncanonical ACPAs.

It has been known for some time that the HLA contribu-
tions to anti-CCP+ RA and to anti-CarP+ RA are discordant. The
shared epitope alleles of HLA-DRB1 predisposing to anti-CCP+
RA are not associated with anti-CarP antibodies (6,7). In contrast,
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the HLA-DRB1703 allele has been found to be associated with
anti-CarP antibodies, but not with anti-CCP+ RA (6,7). Accord-
ingly, HLA-DRB1*03 was the HLA-DRB1 allele with the strong-
est association with anti-CarP+/anti-CCP- RA in our patients,
showing an OR similar to that previously reported (6,7). However,
the conditional analysis, which was unavailable in the previous
studies, showed that the HLA-DRB1*03 association was attrib-
utable to linkage disequilibrium in our patients. This result is not
surprising, because the HLA-B*08 and HLA-DRB1*03 alleles are
part of the 8.1 ancestral haplotype. The 8.1 ancestral haplotype
has been historically associated with a variety of autoimmune
diseases. Recently, some of these associations have been dis-
entangled, leading to the identification of the HLA-B"08 allele as
a prominently associated locus in early-onset myasthenia gravis
(10,11), anti-Jo-1—positive myositis (12), and celiac disease
(13), whereas the significant locus within the haplotype is either
another one or still uncertain for other diseases.

The association with celiac disease could be informative,
because gliadin peptides are presented to CD8 T cells on the
HLA-B*08 molecule in patients with celiac disease (14). A similar
antigen-presentation mechanism can be proposed for its involve-
ment in the susceptibility to anti-CarP+ RA. However, this hypoth-
esis is incomplete. A missing element concerns the connection
of peptide presentation on HLA-B*08 to antibody production.
Another is the identity of the endogenous peptides inducing the
anti-CarP reactivity, which may be from carbamylated proteins or
proteins with other posttranslational modifications, as observed
in a recent mouse study (15). This uncertainty about the endog-
enous peptides and the fuzzy boundaries between RA autoanti-
body types could potentially be addressed by understanding the
specific association of HLA-B*08 with anti-CarP+/anti-CCP- RA.
Moreover, the eventual development of antigen-specific therapies
will require the identification of peptides and HLA alleles, as they
increasingly rely on the delivery of peptide-HLA complexes as
being more effective than the peptides on their own.

In summary, our results identify HLA-B*08 carrying Asp-9 as
the major MHC risk factor for anti-CarP+/anti-CCP- RA, instead
of the previously reported HLA-DRB1*03 allele. This knowledge
contributes to clarification of the role of HLA-B*08 in susceptibil-
ity to antibody-defined RA subsets and, more generally, the role
of the HLA in shaping the spectrum of RA autoantibodies.
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