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Abstract

Background—HLA-DRB1 is the strongest susceptibility gene to rheumatoid arthritis (RA). 

HLA-DRB1 alleles showed significant non-additive and interactive effects on susceptibility to RA 

in the European population, but these effects on RA susceptibility should vary between 

populations due to the difference in allelic distribution. Furthermore, non-additive or interactive 

effects on the phenotypes of RA are not fully known. We evaluated the non-additive and 

interactive effects of HLA-DRB1 alleles on RA susceptibility and anticitrullinated protein/peptide 

antibody (ACPA) levels in Japanese patients.

Methods—A total of 5581 ACPA(+) RA and 19 170 controls were genotyped or imputed for 

HLA-DRB1 alleles. Logistic regression analysis was performed for both allelic non-additive 

effects and interactive effects of allelic combinations. The significant levels were set by 

Bonferroni’s correction. A total of 4371 ACPA(+) RA were analysed for ACPA levels.

Results—We obtained evidence of non-additive and interactive effects of HLA-DRB1 on 

ACPA(+) RA susceptibility (p=2.5×10−5 and 1.5×10−17, respectively). Multiple HLA-DRB1 
alleles including HLA-DRB1*04:05, the most common susceptibility allele in the Japanese, 

showed significant non-additive effects (p≤0.0043). We identified multiple allelic combinations 

with significant interactive effects including a common combination with the European population 

as well as novel combinations. Additional variance of ACPA(+) RA susceptibility could be 

explained substantially by heterozygote dominance or interactive effects. We did not find evidence 

of non-additive and interactive effects on levels of ACPA.

Conclusion—HLA allelic non-additive and interactive effects on ACPA(+) RA susceptibility 

were observed in the Japanese population. The allelic non-additive and interactive effects depend 

on allelic distribution in populations.

INTRODUCTION

Rheumatoid arthritis (RA) is the most frequent autoimmune joint-destructive disease with a 

prevalence of 0.5%–1.0% worldwide.12 Anticitrullinated protein/peptide antibody (ACPA) is 
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a highly specific antibody to RA. Previous studies have revealed involvement of 

environmental factors such as smoking and genetic components with the onset and disease 

progression of RA.12

The HLA region is the strongest susceptibility locus to RA, and the HLA-DRB1 region 

shows the strongest susceptibility association in the HLA region.3 ACPA-positive RA and 

ACPA-negative RA have very different association patterns in the HLA region.4–7 Shared 

epitope (SE) is a predefined allelic group having common amino acid sequences at positions 

70–74 in the HLA-DRB1 protein and has been widely accepted to explain the majority of 

the association between the HLA region and ACPA-positive RA.8 Recent analyses taking 

advantages of genome-wide association study (GWAS) combined with imputation revealed 

that the primary association signal in the HLA region was driven by amino acid positions 11, 

71 and 74 in HLA-DRB1 and the remaining associations could be explained by specific 

amino acid positions in HLA-B, DPB1 and A in the European population.59 A following 

study in the Asian population showed similar genetic architectures to the European 

population with an Asian-specific association at amino acid position 57.10 In addition to 

susceptibility to ACPA-positive RA, HLA-DRB1 alleles or amino acid residues are strongly 

associated with RA phenotypes including levels of ACPA and joint destruction, which is 

independent of ACPA positivity.11–14

Previous studies have suggested the effect of HLA-DRB1 allelic interactions on RA 

susceptibility.1516 A recent genetic study revealed that the effects of HLA-DRB1 allelic 

dominance or interactions demonstrate a substantial genetic influence on ACPA-positive RA 

susceptibility in the European population.17 The allelic combinations included DRB1*03:01 

and DRB1*04:01, which are frequent alleles in Europeans but rare or uncommon in Asian 

populations. Since HLA allelic distribution is different between populations, there is a 

possibility that undiscovered HLA allelic interactions confer RA susceptibility in the Asian 

population. While our previous study suggested a non-additive effect of Japanese 

susceptibility alleles,18 detailed interactive analyses have not been conducted to date. 

Furthermore, HLA allelic interactive effects on RA phenotypes are not yet known. While the 

original report used assessment of HLA-DRB1 allelic interaction on RA susceptibility in 

logistic regression model, we can expand this statistical framework into general linear 

regression model to assume interactive effects on quantitative traits.

Here, we analysed HLA allelic interactive associations with ACPA-positive RA and RA 

phenotypes by using a total of 24 751 case–control subjects in the Japanese population.

METHODS

Subjects

A total of 5581 patients with RA who were positive for CCP2 and 19 170 control subjects in 

two data sets were included for ACPA(+) RA susceptibility in the current study. The 

breakdown of the subjects is shown in table 1. All cases fulfilled the 1987 American College 

of Rheumatology (ACR) or the 2010 ACR/European League Against Rheumatism RA 

classification criteria.1920 As for ACPA levels, 4371 subjects whose data were analysed in 

our previous genetic association study for ACPA levels were used.11 Most of the subjects in 
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analyses of ACPA levels were included for ACPA(+) RA susceptibility. We also combined 

data of ACPA(+) RA with that of 931 ACPA(−) RA for analyses of ACPA levels. Written 

informed consent was obtained from each patient. This study was approved by the ethical 

review board in each institution.

HLA-DRB1 genotyping

HLA-DRB1 alleles were imputed for subjects in set 2 for ACPA(+) RA susceptibility based 

on genotypes of single-nucleotide polymorphisms in GWAS by SNP2HLA program21 with 

the use of the Japanese reference panel.22 The details of the subjects were described in the 

previous study.18 SNP2HLA gives us integer values of dosages of each HLA allele. The 

concordance of HLA-DRB1 alleles was 0.972. Since it is not favourable to mix genotyping 

results and imputation results in the same set, we used only imputation results even when 

both genotyping and imputation results were available for a subset of subjects in set 2. As 

for the other subjects, HLA-DRB1 alleles were genotyped by a WAK-flow system or an 

AlleleSEQR HLA-DRB1 typing kit (Abbott).

CCP2 quantification and detection of its levels

We used the MESACUP CCP ELISA kit (Medical and Biological Laboratories) to quantify 

positivity or levels of second-generation ACPAs in the patients with RA, based on the 

manufacturer’s specifications. The details were shown in our previous paper.11

Statistical analysis

Statistical framework to evaluate non-additive effects—The analysis was 

conducted by the same methods described in the paper reporting HLA allelic interactions on 

susceptibility to autoimmune diseases.17 Briefly, a heterozygote effect or a homozygote 

effect of certain HLA-DRB1 allele was assessed in the data set in which we excluded 

homozygote or heterozygote subjects of the allele, respectively, in logistic regression model 

with indicator variable of whether each subject belonged to set 2 as a covariate.

Overall non-additive effects of HLA-DRB1 alleles were evaluated by comparing the 

following two models:

logiti = ∑
k = 1

n
βA, kγk, i + ∑

k = 1

n
βD, kδk, i + β1δ1, i + θ (model 1)

logiti = ∑
k = 1

n
βA, kγk, i + β1δ1, i + θ (model 2)

and the non-additive effect in each HLA-DRB1 allele was evaluated by comparing the 

following two models:

Terao et al. Page 4

J Med Genet. Author manuscript; available in PMC 2019 September 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



logiti = βA, kγk, i + βD, kδk, i + β1δ1, i + θ (model 3)

logiti = βA, kγk, i + β1δ1, i + θ (model 4)

where logiti is logit in the th individual; βA,k and βD,k are additive and dominant effect sizes 

of the kth HLA-DRB1 allele, respectively; γk,i is dosage of the kth HLA-DRB1 allele in the 

th individual; δk J is an indicator variable whether the th individual is heterozygous for the 

kth HLA-DRB1 allele; n is number of HLA-DRB1 alleles in data set; β1 is an effect size of 

set 1 as a covariate; δ1,J is an indicator variable whether the th individual belongs to set 1; 

and θ represents generalised logistic regression intercept. We compared different models 

with the χ2 test by calculating deviance statistics, which follow a χ2 distribution with degree 

of freedom of u, where u is the difference in degree of freedom of the two models. Deviance 

statistics are equal to product of −2 and log likelihood for the model tested.

Interactive effects were evaluated by the following formula:

logiti = ∑
k = 1

n
βA, kγk, i + ∑

k = 1

n − 1
∑

l = k + 1

n
βI, k, lδk, l, i + β1δ1, i + θ (model 5)

where βI,k l is an effect size of a combination of the kth and the th alleles, δk,l,i is an 

indicator variable whether the th individual is heterozygous for the kth and the th alleles.

Since assessment of non-additive effects requires a substantial number of homozygotes of 

the alleles being evaluated and our data included imputation data in which it is not practical 

to expect high imputation accuracy for rare alleles, we adopted HLA alleles with more than 

10 homozygotes in cases as the full data set or HLA alleles with frequencies of more than 

5% in control samples as the common data set. The definition of these two sets was 

according to the European study.17 We used the full data set as a standard data and 

confirmed the results in the common data set. Statistical significance levels were determined 

based on Bonferroni’s method based on numbers of multiple testing in the analyses.

Non-additive effects of amino acid positions—We obtained amino acid sequences of 

HLA-DRB1 alleles from the HLA-IMGT database.23 We applied the abovementioned 

statistical framework on amino acid positions. Considering the strong linkage equilibrium 

between amino acid residues in different positions, it is not practical to analyse interactive 

effects between amino acid residues. Thus, we sequentially analysed non-additive effects of 

all amino acid residues at given positions, which showed strong signals in the additive 

model, namely, amino acid positions 11, 74, 47 and 37 for ACPA(+) RA susceptibility and 

74 and 57 for ACPA levels. In this model, we conditioned on each amino acid position 

sequentially by omnibus test912 to assess non-additive effects of the HLA-DRB1 amino acid 
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residues. For example, when we assessed non-additive effects of amino acid residues at 

position 47 on ACPA(+) susceptibility, we conditioned on amino acid positions 11 and 74.

Variance explained—We calculated variance explained in the full data set by additive, 

dominance (model 1) and interactive (model 5) models, respectively, based on liability 

threshold model. We assume that all subjects have quantitative risk scores to develop RA 

with a mean of 0 and a variance of 1 and that subjects whose risk scores exceed a threshold 

develop RA. We set prevalence of RA as 1%, and based on this, we used OR of HLA 

haplotypes or combinations as approximation of the relative risk of RA to compute 

prevalence in groups based on HLA-DRB1 alleles. Prevalence was inversely mapped to 

normal distribution with a mean of 0 and a variance of 1. Variance explained was defined as 

follows;

Vexp = Vbetween/ Vwithin + Vbetween = Vbetween / 1 + Vbetween

where Vexp, Vbetween and Vwithin are variance explained, variance between groups based on 

HLA-DRB1 alleles and variance within groups which is equal to 1, respectively.

Expansion of statistical framework to quantitative traits—We expanded the 

methods written above to a quantitative trait, namely, the levels of ACPA. We used the levels 

of ACPA as a dependent variable in general linear regression model and the same statistical 

framework was applied.

Others—To confirm imputation accuracy, we compared allele frequencies of control 

subjects between sets 1 and 2 by Spearman’s correlation coefficient. Statistical analyses 

were conducted by R software.

RESULTS

We recruited a total of 5581 RA cases positive for ACPA and 19 171 control subjects in two 

different sets. At first, we assessed allelic frequencies in control samples. The two data sets 

showed a very good correlation of allele frequencies (r=0.99, 1; see online supplementary 

figure 1). We constructed a data set as the full data set in which each subject carried two of 

the following alleles: HLA-DRB1*01:01, HLA-DRB1*04:05, HLA-DRB1*09:01, HLA-
DRB1*15:01, HLA-DRB1*15:02, HLA-DRB1*13:02 and HLA-DRB1*08:03. There were 

more than 10 homozygotes of all these alleles in case subjects. We also constructed a 

common data set, another data set composed of only HLA-DRB1*01:01, HLA-
DRB1*04:05, HLA-DRB1*09:01, HLA-DRB1*15:01 and HLA-DRB1*15:02, all of which 

exceeded allele frequencies over 5% in control subjects in each of the two sets to confirm 

findings in the full data set (for details, see the Methods section). Among alleles in the full 

data set, DRB1*01:01 and DRB1*15:01 were common between the current data set and the 

previous European study.

When we assessed an overall non-additive effect, we found that combination of additive and 

non-additive effects significantly improved fit in comparison with model of additive effects 

only (p=2.5×10−5). This result indicates that HLA-DRB1 alleles show dominance effects on 
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ACPA(+) RA susceptibility as a whole. When we evaluated each allelic non-additive effect, 

HLA-DRB1*04:05 showed a significant result (p=3.8×10−4, table 2), compatible with our 

previous study.18 HLA-DRB1*08:03 and HLA-DRB1*15:02 also showed significant results 

(p=4.3×10−3 and 2.4×10–3, respectively, table 2). While HLA-DRB1*09:01 is the second 

strongest susceptibility allele to RA in the Asian population, it did not show an evidence of 

non-additive effect (p=0.37, table 2). While DRB1*01:01 is a strong susceptibility allele to 

RA especially in Europeans and showed significant non-additive effects in European 

population, its effect was not very apparent in the current study (p=0.39, table 2). The 

common data set confirmed the non-additive effects as a whole (p=4.8×10−7) and in the 

alleles mentioned above (see online supplementary table 1).

Next, we assessed whether the significant non-additive effects were driven by interactive 

effects. We found improvement in model fitting by additive and interactive terms in 

comparison with additive and non-additive terms (p=1.5×10−17). When we assessed 

interactive effect in each combination, we found five allelic combinations showing 

significant interactive effects (p<2.2×10−3, table 3). These combinations include a 

combination of HLA-DRB1*01:01 and HLA-DRB1*15:01, which showed a significant 

interactive effect in the European study. We did not observe a significant interactive effect 

between HLA-DRB1*04:05 and HLA-DRB1*09:01 (p=0.13, table 3), the strongest and the 

second strongest susceptibility allele to ACPA(+) RA in the Asian populations and whose 

interactive effect was previously reported in the Korean population.24 These results were 

confirmed in the common data set (see online supplementary table 2).

We analysed non-additive effects of amino acid residues in the predefined amino acid 

positions in HLA-DRB1 exhibiting significant associations with ACPA(+) RA susceptibility. 

We assessed non-additive effects of amino acid residues at positions 11, the most significant 

amino acid position known for ACPA(+) RA susceptibility. As a result, we found that the 

amino acid at position 11 showed significant non-additive effects (p=2.2×10−4). These non-

additive effects were driven by amino acid residues of valine and serine (p=7.0×10−4 and 

2.9×10–3, respectively), both of which were the main drivers of this position for associations 

with RA. We further sequentially assessed non-additive effects of amino acid positions 74, 

37 and 47, showing the sequential significant associations with ACPA(+) RA susceptibility. 

The full results are shown in online supplementary table 3.

We calculated variance explained by these effects in the full data set. The alleles explained 

5.4% of the variance in the subjects (figure 1). The model including non-additive effects of 

the alleles (dominance model) additionally explained variance by 0.5% (figure 1). The 

additive and interactive terms (interactive model) explained additionally 1.5% of variance 

over the dominance model (figure 1).

Most ACPA(+) patients are known to be positive for rheumatoid factor (RF).25 When we 

conducted the same analyses for ACPA(+) RF(+) subjects, we obtained similar results (data 

not shown).

Next, we applied this statistical framework to the levels of ACPA, a quantitative trait, by 

using generalised linear regression model. As a result, we did not find evidence of 
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improvement in fit brought about by the model including additive and non-additive effects 

(p=0.68). Since there is a possibility that significant results of a subset of alleles are 

cancelled out by non-significant results of the other alleles, we further analysed the non-

additive effects of individual haplotypes. As a result, none of the haplotypes, including 

DRB1*09:01, showing the strongest association with ACPA levels in our previous study, did 

not show evidence of non-additive effects (see online supplementary table 4). When we 

included interactive effects of haplotypes instead of non-additive effects, we did not observe 

strong improvement of fit in this model in comparison with models with additive and non-

additive effects (p=0.18). In fact, none of the allelic combinations showed significant 

associations (table 4). These results were confirmed in the common data set (see online 

supplementary tables 5 and 6). In addition, when we further analysed non-additive effects of 

amino acid positions on ACPA levels, we did not find significant results (see online 

supplementary table 7). Collectively, we did not obtain any evidence of non-additive or 

interactive effects of HLA-DRB1 alleles on the levels of ACPA.

When we expanded the analyses to include a total of 913 ACPA(−) subjects for potential 

increase of statistical power, we obtained similar results (see online supplementary table 8).

DISCUSSION

In the current study, we found substantial evidence of non-additive and interactive effects on 

susceptibility to ACPA(+) RA in the Japanese population. While the presence of non-

additive and interactive effects are in common with European populations, we found 

population-specific haplotypes showing significant non-additive or interactive effects. We 

also identified a lack of evidence for non-additive or interactive effects of HLA-DRB1 
alleles on ACPA levels, a quantitative trait of RA.

We limited HLA-DRB1 alleles analysed in the current study to those with frequencies of 

more than 5% or more than 10 homozygotes in case subjects, which allowed us to limit 

imputation errors and appropriate estimation of non-additive effects. In fact, the alleles in the 

common allele or the full data sets have imputation accuracy of more than 98.8%. Taking 

into account the accuracy of imputation and the strong correlation of allele frequencies 

between the two sets, we concluded that influence of imputation failure on the analyses 

would be minimal. Furthermore, the data using only genotyped data revealed the same 

significant results of non-additive and interactive effects as a whole (p<4.2×10−4, data not 

shown), again indicating that the significant results were not driven by imputation artefact.

Our previous study18 showed preliminary results of the non-additive effects of HLA alleles, 

but it used only GWAS imputation data and did not construct full or common data set.

HLA-DRB1*04:05, the most common susceptibility allele to ACPA(+) RA in the Asian 

population, drove the signal of non-additive effects. On the contrary, HLA-DRB1*09:01, a 

non-SE allele and the second strongest susceptibility allele to ACPA(+) RA in the Asian 

population, did not show a significant signal. Since the previous European study showed that 

SE alleles and non-SE alleles showed non-additive effects to ACPA(+) RA, the non-additive 
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effects seemed different across the alleles. It would be interesting to clarify the common 

features underlying HLA-DRB1 alleles with significant non-additive effects.

While DRB1*01:01 showed a strong non-additive effect in the European study 

(p=1.3×10−8), we did not find such evidence in the current study. This is also true for 

DRB1*15:01 (p=1.2×10−3 in the European population). The difference between the 

populations may be explained by the difference in frequencies of allelic combinations 

between the populations. In fact, the non-additive effect of DRB1*01:01 in the European 

population was driven by interactive effects of DRB1*01:01 and DRB1*15:01, 

DRB1*07:01, DRB1*04:01 or DRB1*03:01, but three out of the four alleles were absent in 

the current data sets. As for DRB1*15:01, the non-additive effect of DRB1*15:01 was 

driven by interactive effects of DRB1*15:01 and DRB1*01:01 or DRB1*04:01. 

DRB1*04:01 was not included in the current data sets. Importantly, the interactive effect 

between DRB1*01:01 and DRB1*15:01 was observed in the current data set, and the 

direction of the interactive effect was shared between the two populations. This result 

indicates common genetic interactive architecture underlying ACPA(+) RA susceptibility.

The non-additive effect of amino acid position 11 was driven by valine and serine residues. 

These interactive effects matched the results of allelic non-additive effects. The non-additive 

effect of valine could be explained by that of DRB1*04:05. The effect of serine could be 

explained by that of DRB1*08:03. Non-additive effects of amino acid positions of 37 and 47 

could also be explained by DRB1*04:05 and DRB1*08:03.

The interactive effects in the current study identified novel allelic combinations with 

significant results. Since DRB1*15:02, DRB1*04:05 and DRB1*08:03 are relatively rare 

alleles in European populations, we could not say that the interactive effects were population 

specific. We need expanded subjects in the European population to address this point.

While the previous Korean study showed interactive effect between DRB1*04:05 and 

DRB1*09:01,24 we did not find a significant interactive effect between the two alleles. Since 

the Korean study did not use the same model as the current study, it would be reasonable to 

assess the interactive effect of the two alleles in the current model in the Korean population.

We did not find significant results of non-additive and interactive effects on ACPA levels. It 

is compatible that we did not find significant results of non-additive effects in amino acid 

positions since neither DRB1*09:01 nor DRB1*04:05, the main drivers of ACPA levels, 

showed non-additive effects.

Since the analyses for non-additive and interactive effects require a substantial number of 

homozygotes of the alleles being evaluated, we need thousands of subjects to assess 

conclusive effects. This makes it difficult to assess non-additive and interactive effects on 

phenotypes of RA especially joint destruction since most of the data sets contain less than 

1000 individuals due to the intensive burden of evaluating joint X-rays.12 However, it would 

be quite interesting to analyse the presence of non-additive effects of HLA haplotypes on 

joint destruction since we previously found that DRB1*04:05 showed a specific association 

with joint destruction independently of ACPA.12
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key messages

• HLA-DRB1 shows non-additive and interactive effects on anticitrullinated 

protein/peptide antibody (ACPA) (+) rheumatoid arthritis beyond population.

• Allelic combinations seem dependent on allelic frequencies in the population.

• The additive and interactive effects are not observed in ACPA levels.

Terao et al. Page 13

J Med Genet. Author manuscript; available in PMC 2019 September 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Variance additionally explained by dominance and interaction model. Variance explained in 

the full data set by each model is indicated.
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Table 1

Characteristics of the study population

ACPA(+) RA susceptibility ACPA levels

Set 1

No of subjects 3062 vs 2008 2488

Institution Kyoto University, Tokyo Women’s Medical University Kyoto University, Tokyo Women’s Medical University

HLA-DRB1 Genotyping Genotyping

Set 2

No of subjects 2519 vs 17162 1883

Institution RIKEN RIKEN

HLA-DRB1 Imputation Genotyping

ACPA, anticitrullinated protein/peptide antibody; RA, rheumatoid arthritis.
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Table 2

Non-additive HLA-DRB1 allelic effects on ACPA(+) rheumatoid arthritis susceptibility in the full data set

Non-additive p Heterozygote OR (95% CI) Homozygote OR* (95% CI)

DRB1*01:01 0.39 1.09 (0.96 to 1.24) 0.95 (0.72 to 1.27)

DRB1*04:05 0.00038 2.57 (2.33 to 2.85) 2.07 (1.89 to 2.27)

DRB1*08:03 0.0043 0.47 (0.41 to 0.54) 0.70 (0.56 to 0.87)

DRB1*09:01 0.37 1.12 (1.01 to 1.23) 1.18 (1.07 to 1.31)

DRB1*13:02 0.54 0.43 (0.37 to 0.5) 0.48 (0.35 to 0.66)

DRB1*15:01 0.11 0.70 (0.61 to 0.79) 0.56 (0.43 to 0.73)

DRB1*15:02 0.0024 0.78 (0.7 to 0.87) 0.56 (0.46 to 0.68)

*
OR per allele.

ACPA, anticitrullinated protein/peptide antibody.
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