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Abstract  

Spontaneous clearance of acute hepatitis C virus (HCV) infection is associated with single 

nucleotide polymorphisms (SNPs) on the MHC class II. We fine-mapped the MHC region in 

European (n=1,600; 594 HCV clearance/1,006 HCV persistence) and African ancestry (n=1,869; 

340 HCV clearance /1,529 HCV persistence) individuals and evaluated HCV peptide binding 

affinity of classical alleles. In both populations HLA-DQβ1Leu26 ( PvalueMeta=1.24x10-14) 

located in pocket 4 was negatively associated with HCV spontaneous clearance and HLA-

DQβ1Pro55 (PvalueMeta=8.23 x10-11) located in the peptide binding region was positively 

associated, independently of HLA-DQβ1Leu26. These two amino acids are not in linkage 

disequilibrium (r2<0.1) and explain the SNPs and classical allele associations represented by 

rs2647011, rs9274711, HLA-DQB1*03:01 and HLA-DRB1*01:01. Additionally, HCV 

persistence classical alleles tagged by HLA-DQβ1Leu26 had fewer HCV binding epitopes and 

lower predicted binding affinities compared to clearance alleles (geometric mean of combined 

IC50 nM of persistence vs. clearance; 2,321nM vs. 761.7 nM,  Pvalue=1.35x10-38). In summary, 

MHC class II fine-mapping revealed key amino acids in HLA-DQβ1 explaining allelic and SNP 

associations with HCV outcomes. This mechanistic advance in understanding of natural recovery  

and immunogenetics of HCV might set the stage for much needed enhancement and design of 

vaccine to promote spontaneous clearance of HCV infection.  

mailto:pduggal@jhu.edu
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Introduction 

 An estimated 71.1 million people worldwide have chronic hepatitis C viral (HCV) 

infection1, 2,  which can result in liver cirrhosis, hepatocellular cancer, and liver failure3. Not all 

acute infections become chronic since approximately ~30% of infected individuals 

spontaneously clear HCV infection. Spontaneous clearance is associated with sex, race and host 

genetics4, 5. Host genetic variants in the Interferon Lamba 3 and Interferon Lambda 4 (IFNL4, 

IFNL3) genes, the MHC region and G protein-coupled receptor 158 (GPR158) gene5-9 are all 

associated with HCV spontaneous clearance. Interestingly, the association in the MHC Class II 

region which spans 305.2 kb across the HLA-DQB1/HLA-DQA1 and HLA-DQA2 genes is 

consistent across populations of different genetic ancestries and demographic histories9-16. 

Specifically, the main genetic signals are localized 48.5 kb upstream of HLA-DQA2 and 33.3kb 

upstream from the HLA-DQB1 gene5, 6 ; however, the causal variants for this association remain 

elusive.  

 The tight linkage disequilibrium (LD) across disease-associated MHC haplotype and the 

highly polymorphic nature of associated variants makes determining the contribution of specific 

classical HLA alleles and amino-acid residues to the spontaneous clearance of HCV infection 

challenging. To identify putative causal amino acid positions and residues associated with HCV 

spontaneous clearance and their potential impact on peptide presentation by HLA molecules, we 

investigated the HLA region in individuals of African and European ancestry with HCV 

spontaneous clearance and persistence. We identified key amino acids that were present in both 

European and African ancestry individuals, suggesting they are not specific to ancestry 

populations and may be targeted across diverse groups. We also predicted the peptide binding 

affinity of HLA class II molecules identified as relevant for HCV clearance or persistence.   
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Materials and Methods 

Samples  

 The study design is presented in Figure 1. The study included 3,469 individuals 

participating in the Extended HCV Genetics Consortium5, 6, 17. This is a multi-site international 

consortium including multiple studies from Europe and United States in which HCV infection 

outcomes were ascertained. They include ALIVE (AIDS Link to the Intravenous Experience)18, 

BBAASH (Baltimore Before and After Acute Study of Hepatitis)19; BAHSTION (Boston Acute 

Hepatitis C Virus  Study: Transmission, Immunity and Outcomes Network)13; Cramp and 

colleagues’ study20; HGDS (Hemophilia Growth and Development Study)21; Mangia and 

colleagues’ study22 ; MHCS (Multicenter Hemophilia Cohort Study) and MHCS-II23 ; REVELL 

(Correlates of Resolved Versus Low-Level Viremic Hepatitis C Infection in Blood Donors) 

study24; the Swan Project25; the Toulouse, France cohort26; WIHS (Women’s Interagency HIV 

Study)27; the United Kingdom Drug Use cohort28 and the Urban Health Study (UHS)29, 30 as 

described in detail in references5, 6, 17. These studies were selected because they had well 

established hepatitis C virus (HCV) outcomes, as previously described 5, 6, 17, available DNA, and 

IRB approval for genetic testing. Information about HIV infection status was also obtained in the 

included individuals since it is a determinant of HCV clearance. All subjects gave written 

informed consent for this study, approved by each Institutional Review Board13. The complete 

sample corresponded to 1,600 individuals of European ancestry (594 with HCV clearance/1,006 

with HCV persistence) and 1,869 of African ancestry (340 with clearance /1,529 with 

persistence. Detailed information about the study cohorts is available in Supplementary Material 

and distribution of the analyzed individuals by ancestry group, sex and HIV infection status is 

presented in Table 1.   
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Genotyping, Imputation of SNPs, classical HLA alleles and amino acids 

 Our initial dataset consisted of genotypes obtained using the Illumina Omni1-Quad 

BeadChip array  (Illumina, San Diego, CA)5, 6 and processed using standard genome wide 

association study protocols for quality control 6 (dbGaP accession numbers phs000454.v1.p1 and 

phs000248.v1.p1). We extracted genotyped markers from a 2Mb segment of the MHC 

corresponding to the extended class II region31 delimited by Chr6:32,000,000-34,000,000 

(coordinates based on the Genome Reference Consortium Human Build 37, GRCh37/hg19). 

SNP imputation was done using the Minimac332 software through the publicly available 

Michigan Imputation Server6. As part of the quality control, we excluded SNPs with imputation 

r2< 0.3 and minor allele frequency (MAF) < 1%.  

 In each ancestry group, we used the method implemented in HIBAG (HLA Imputation 

using attribute BAGging)33 to impute classical HLA alleles from genotyped/imputed SNPs for 

HLA-DPB1, HLA-DQA1, HLA-DQB1 and HLA-DRB1 loci producing genotypes at two field-

resolution for each individual. This method takes advantage of the extended haplotype structure 

within the MHC and makes predictions of classical HLA alleles by averaging HLA-type 

posterior probabilities over an ensemble of classifiers built on bootstrap samples. 

 Classifiers are trained from large databases of individuals with known HLA and SNP 

genotypes within the MHC region33. In order to capture the appropriate genetic background, 

we used a paired ancestry group of classifiers for each target population. For European ancestry 

we used pre-built classifiers computed from individuals of European ancestry from the HLARES 

database33 included with the software, and for individuals of African ancestry we built classifiers 

based on the HLA types and genotypes from the “Consortium on Asthma among African-

ancestry Populations in the Americas” (CAAPA- dbGaP Study Accession: phs001123.v1.p1)34, 35 
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(Supplementary Material). For the imputation of classical HLA class II alleles and amino acids, 

we used markers that intersected between our target populations and those included in the 

classifiers for each ancestry group, corresponding to 3,569 SNPs for European ancestry and 991 

for African ancestry.  

 For the association analysis, we excluded classical HLA genotypes imputed at two-field 

resolution with a posterior probability lower than 0.536, 37, and alleles with MAF lower than 1%. 

Details of HLA imputation performance of classical alleles for the different HLA genes are 

presented in Table S1.  

 Translation of classical HLA alleles to amino acid residues in the antigen binding domain 

of the HLA proteins was performed based on the classical HLA alleles imputed by HIBAG and 

the peptide sequence of alleles available in the HLA database using the HIBAG software33. For 

the association analysis with HCV spontaneous clearance, we included all amino acid 

polymorphic positions with residues with a frequency greater than 1% (Figure 1). 

Statistics 

 We performed association analyses with each type of variant (SNPs, classical HLA 

alleles and amino acid residues in the proteins) and conditional analyses to identify independent 

SNPs, classical HLA alleles and amino acid signals within each type of variant. Finally, we used 

conditional analyses across the variant types to identify which amino acids explained the 

independent associations (Figure 1).  

Association analyses and meta-analysis of each type of variant 

 For each type of variant that met quality control thresholds, we tested for association with 

HCV spontaneous clearance using an additive logistic regression model adjusting for HIV 

infection status and the first two principal components using PLINK 2.0 alpha version38, 39 for 
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SNPs, and HIBAG33 for HLA classical allele and amino acid residue in the proteins 

(Supplementary Material). Population specific PCs were calculated using the smartpca program 

in EIGENSOFT33, 40 separately in the European and the African ancestry populations (excluding 

1000 Genomes reference populations) using 16,142 genomic independent markers. In each 

ancestry group, individuals grouped in a tight cluster, and PC1 and PC2 explained most of the 

variance in the data (Figure S1). We extended the analysis to consider HIV status and applied the 

same regression model and meta-analysis to those variants in individuals with and without HIV 

independently in each population. In the European ancestry population, we tested associations 

with 22,259 genotyped/imputed SNPs; 54 classical alleles in the genes HLA-DRB1, HLA-DQA1, 

HLA-DQB1 and HLA-DPB1 and 205 residues (and combinations of residues) in 99 amino acid 

positions in these genes. For the African ancestry population, we evaluated associations with 

25,565 SNPs, 33 classical HLA alleles in the genes HLA-DRB1 and HLA-DQB1 and 155 

residues and their combinations. Classical HLA alleles and amino acids in HLA-DQA1 and HLA-

DPB1 were not imputed in the African ancestry population since data for those genes was not 

available in the reference panel used for imputation (Table S1).  

 For each type of variant, we analyzed each ancestry group separately and then performed 

a fixed effect inverse-variance weighted meta-analysis, using METAL41. A locus specific P value 

threshold of significance for the meta analysis of this chromosome region would be adequate (P 

valueMeta 2.3x10-6), but we chose to use a more conservative population specific genome-wide P 

value threshold of significance (P valueMeta) of 2.05x10-7 for the SNPs in the meta-analysis6 , and 

a P valueMeta of 7.8 x10-4 (64 classical HLA alleles tested in the meta-analysis) and 5.0 x 10-4 (99 

amino acid positions tested in the meta-analysis) was used for classical HLA alleles and amino 

acids, respectively.   
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Identification of independent signals for each type of variants  

 We performed iterative conditional analyses using additive logistic models in each type 

of variant and meta-analyzed the results from the two populations, in each iteration step. Briefly, 

we first identified the most strongly associated variant in the meta-analysis 

(lowest P valueMeta) and performed forward iterative conditional logistic regression to identify 

other independent signals. The significance threshold for the conditional analysis was set at a 

P valueMeta < 5x10-6 for SNPs and a P valueMeta < 1.0x10-3 for classical HLA alleles and amino 

acid residues given the number of tests for each type of variant. If another variant of the same 

type was significantly associated in the conditional analysis, we introduced this variant in the 

model as a covariate to evaluate the effect of the remaining variants, until no variant was 

significant.  

Identification of amino acids accounting for independent signals  

 We performed conditional analyses with customized scripts in R42 and PLINK 2.0 alpha 

version38, 39, to determine the amino acid residues accounting for the independently associated 

SNPs and classical HLA alleles by using iterative additive logistic regression models until the 

association of the top SNPs (or classical HLA alleles) were diminished and no other SNP (or 

classical HLA allele) was significantly associated in the region (Figure 2) at the conditional P 

valueMeta threshold. In the conditional models, we included every associated amino acid as a 

covariate as well as HIV infection status and two principal components43. We prioritized the 

amino acids with the strongest associations and those identified as independently associated and 

their combinations. For each analysis we meta-analyzed the results from the two populations in 

each step.  

Epitope prediction of associated classical HLA class II alleles containing causal amino acids  
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 We selected the classical class II HLA alleles positively (clearance) and negatively 

(persistence) associated with HCV spontaneous clearance that represented the associated amino 

acids of interest. To investigate the capabilities of associated alleles to bind epitopes derived 

from the entire HCV polyprotein sequence (Supplementary Material), we then performed T cell 

epitope prediction analyses. Using tools available in IEDB-Analysis Resources (www. 

tools.iedb.org)44, we analyzed the HCV polyprotein sequence (GenBank: AFE48416.1) in 

combination with the associated clearance and persistence HLA alleles. Predictions were 

performed by applying the NetMHCIIpan 3.2 algorithm45 and extracting all the predicted IC50 

values for each possible 15-mer spanning the entire HCV proteome (Supplementary Material). 

IC50 values in nano-Molar (nM) represent the concentration of the test peptide, which will 

displace 50% of a standard peptide from the HLA molecule in question. The lower the predicted 

IC50 values are, the stronger the binding peptide-HLA allele combination is. To be considered, an 

epitope a cutoff of binding of ≤1000nM has been applied, as previously reported46. The 

geometric mean ratio (described in Supplementary Material) has been calculated only in peptides 

predicted to be epitopes in at least one of the classical HLA class II alleles analyzed in this study. 

The higher the geometric mean ratio the stronger is the binding affinity in clearance alleles 

versus persistence ones. 

 We aimed to address the global prediction patterns of these alleles using a PCA on the 

entire set of predicted peptides per allele after logarithmic transformation using the “prcomp” 

function in R42. We then performed a more in-depth analysis, considering separately the 

predicted binding distribution of each specific class II allele where each dot represents the 

predicted value of the specific peptide derived from the HCV proteome. Combined clearance 

IC50 values (all clearance alleles) vs. combined persistence (all persistent alleles) were compared 
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using Mann-Whitney test. Statistical analyses and graphs were performed using Prism 8 

(GraphPad Software, San Diego, CA). A P value < 0.05 was considered as significant in this 

analysis.    

 Location of amino acid residues on HLA proteins 

 To delineate the physical location of the causal amino acids in the tertiary structure of the 

HLA proteins, we used X-ray structures from the Protein Data Bank (PDB)47. This provides 

structural visualization of HLA-DQα1/DQβ1 heterodimer localizing the amino acids that account 

for the signal in MHC class II region. The accession code for the selected structure was PDB 

1jk848 for HLA-DQα1/DQβ1 and was visualized using PyMOL v. 2.3.2 (The PyMOL Molecular 

Graphics System, Version 2.0 Schrödinger, LLC). 

Study approval 

 Each individual study cohort obtained consent for genetic testing from their governing 

Institutional Review Board (IRB) and the Johns Hopkins School of Medicine Institutional 

Review Board approved the overall analysis and written informed consent was received from 

participants prior to inclusion in the study. 

Results 

Unconditional and conditional association analyses and meta-analyses   

Unconditional and conditional association analysis with SNPs  

 There were 1,219 SNPs significantly associated with HCV spontaneous clearance in a 

305.3 kb genomic segment of the MHC class II region (Chr6:32,376,360-32,681,631) harboring 

the genes HLA-DRA1, HLA-DRB1, HLA-DQA1, HLA-DQB1 (Figure 2A,Table S2). The lead 

SNP (rs2647011, C>A, P valueMeta=1.13x10-18) is in the intergenic region between HLA-DQB1 

and HLA-DQA2 (Figure 2A). This SNP, located 1,333 bp from rs2647006, which was detected 
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as the top signal in a previous trans-ethnic GWAS6 and both SNPs are in LD in European 

(r2=0.96) and African ancestry populations (r2=0.97).  

 In the analysis conditioning on rs2647011, we detected a second independent association 

with rs9274711 (P valueMeta  conditional on rs2647011= 4.18x10-6, African population OR T 

allele =0.71 (95% CI:0.59-0.86), P value=4.1x10-4, European population OR=0.72 (95% 

CI:0.58-0.89), P value=2.7x10-3). This variant is not associated in the individual SNP analysis (P 

valueMeta unconditional= 0.58, African population OR T allele=0.99 (95% CI: 0.83-1.16), P 

value=0.56, European population OR T allele =0.94 (95% CI:0.77-1.15), P value=0.83), as 

shown in Figure S2, Panel B. Further analyses determined that allele frequency of the C allele of 

rs2647011 is 0.37 and 0.39, in European and African ancestry, respectively. Similarly, the 

frequency of the T allele of rs9274711 is 0.26 and 0.22 those populations, respectively. Both 

SNPs are not in linkage disequilibrium (r2= 0.19 and r2=0.17 in European and African ancestry 

populations, respectively). Moreover, a formal test of SNPxSNP interaction was not significant 

in any of the populations (P value rs2647011 x rs9274711= 0.12 and P value =0.86 in Europeans 

and African ancestry populations, respectively). Interestingly, rs2647011A allele (favorable for 

HCV clearance) is frequently in the same haplotype as rs9274711 T allele (non favorable for 

HCV clearance, Haplotype Frequency AT=0.25 and 0.21 for European and African ancestry 

respectively). The complementary alleles form a more frequent haplotype CA=0.37 and 0.39 for 

European and African ancestry, respectively. Thus, its plausible that the independent effect of the 

rs9274711T allele is only present when we condition on rs2647011. When including these two 

variants in the association analysis, no other SNP was significantly associated in the MHC Class 

II region in the meta-analysis (Figure S2, Panel C). 

Unconditional and conditional association analysis with Classical HLA Alleles 
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 SNP data were then used to impute HLA alleles. The strongest signal was HLA-

DQB1*03:01 (P valueMeta = 2.27x10-14), while associations with lower statistical significance 

were found with HLA-DRB1*01:01 (P valueMeta =3.4x10-7), HLA-DQB1*06:02 (P valueMeta 

=9.7x10-6),  HLA-DQB1*05:01 (P valueMeta =7.3x10-4) and  HLA-DQB1*02:01 (P valueMeta 

=2.5x10-4), HLA-DQA1*03:03 (P valueMeta =8.5x10-5) , HLA-DQA1*05:01 (P valueMeta =2.6x10-

4) and HLA-DQA1*05:05 (P valueMeta =4.4x10-4) (Figure 2B, Table S3). 

 In the conditional analysis of classical HLA alleles, HLA-DQB1*03:01 and HLA-

DRB1*01:01 (P valueMeta conditional on HLA-DQB1*03:01 = 5.61x10-9) were independently 

associated with HCV spontaneous clearance. Including those two alleles in the model eliminated 

all residual association of classical HLA alleles (Figure 2E, Figure S3). 

Unconditional and conditional association analysis with amino acid residues 

 We then identified specific amino acid residues in the HLA-DQβ1 and HLA-DRβ1 

proteins associated with HCV spontaneous clearance with high significance (Figure 2C, Table 

S4). In HLA-DQβ1, the strongest association was HLA-DQβ1-26; among the three possible 

residues (Leu, Tyr and Gly), the HLA-DQβ1Leu26 was associated with 35-45% lower likelihood 

of clearance (P valueMeta =1.24x10-14), whereas HLA-DQβ1Tyr26 was associated with 64-81% 

higher likelihood of HCV spontaneous clearance (P valueMeta =1.47x10-13); this finding was 

consistent across ancestry groups (Table 2 and Table S4).  

 The conditional analysis of amino acids also identified two independent signals, 

corresponding to the lead amino acid residue HLA-DQβ1Leu26 and HLA-DQβ1Pro55 (P 

valueMeta unconditional = 8.23x10-11, P valueMeta conditional on HLA-DQβ1Leu26 = 2.8x10-4). 

After including these two amino acid residues in the model, no other amino acids in the MHC 

class II region were significantly associated (Figure 2F, Figure S4).  
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 For the independently associated SNPs, classical alleles and amino acids, an analysis 

stratified by HIV infection status demonstrated no difference in associations between those with 

and without HIV (Table S5). We also ran the conditional analysis with HLA-DQβ1Tyr26 and 

identified two residual signals given by HLA-DQβ1Ala71 (P valueMeta = 9.94x10-8) and by HLA-

DRβ1Glu28 (P valueMeta =1.64x10-6). After conditioning on HLA-DQβ1Tyr26 and HLA-

DQβ1Ala71, we observed no additional amino acids associated in the MHC class II region. 

Amino acid residues explain SNP and classical HLA allele associations with HCV clearance 

 After analyzing models including SNPs and classical HLA alleles and conditioning on 

the associated amino acid residues and combination of residues (Table S6 and Table S7), we 

found that HLA-DQβ1Leu26 and HLA-DQβ1Pro55 reduced the independent SNP association of 

rs2647011 (P valueMeta =0.03) and rs9274711 (P valueMeta =0.47) (Figure 2D) indicating that the 

amino acids likely explain the association of rs2647011. Similarly, conditioning on those two 

key amino acids diminished the association of HLA-DQB1*03:01 (P valueMeta =0.341) and 

reduced the association with HLA-DRB1*01:01 (P valueMeta =1.27x10-4) (Figure 2E) further 

underscoring the role of  those amino acids explaining the strong association in this region. 

Conditioning on HLA-DQβ1Tyr26 and HLA-DQβ1Ala71 also reduced the classical HLA 

associations, but to a lesser extent (rs2647011=3.98x10-3; rs9274711 = 0.03; HLA-DQB1*03:01 

=0.68 and HLA-DRB1*01:01 =1.86x10-3), (Table S6). 

 In summary, two amino acids in HLA-DQβ1 protein, HLA-DQβ1Leu26 and HLA 

DQβ1Pro55 (or alternatively HLA-DQβ1Tyr26 and HLA DQβ1Ala71), explain the SNP and 

classical allele associations with HCV spontaneous clearance in the MHC class II region.  

Epitope predictions of associated classical HLA class II alleles containing causal amino acids. 

 HLA class II binding predictions were performed with classical HLA alleles for clearance 
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(DRB1*01:01, DQA1*03:03/DQB1*03:01, DQA1*05:05/DQB1*03:01) and for persistence 

(DQA1*01:02/DQB1*06:02 and DQA1*05:01/DQB1*02:01). HLA-DQB1 clearance/persistence 

groups of associated alleles were stratified by the putative causal amino acid in position 26 of 

HLA-DQβ1, as described above and shown in Table 3. Clearance alleles were separated from the 

persistence alleles by two principal components derived from the binding prediction, chiefly 

PCA1 (66% variance, Figure 3A). The separation was augmented when analyzing only the 

alleles of the HLA-DQ locus (Figure 3B).  Significantly higher frequencies of predicted epitopes 

were observed in the amino acid sequences of clearance compared to persistence alleles, both in 

terms of the fractions predicted to bind with an IC50 value of ≤1000 nM and the geometric means 

of the combined IC50 values of the clearance allele group (geometric mean: 761.7 nM) versus the 

persistent group (2,321 nM, P value = 1.35x10-38 by Mann-Whitney test) (Figure 3C, Table S8). 

The observation was maintained when considering only the HLA-DQ locus which showed higher 

frequencies of predicted epitopes (260 vs. 141) and binding affinity compared to persistence 

alleles (geometric mean: 1,107 nM vs. 2,321 nM, P value =  4.07x10-18). 

 Overall, classical HLA class II alleles clustered based on their predicted binding pattern 

capabilities. Alleles positively associated with HCV spontaneous clearance had more predicted 

HLA binders, potentially recognized by T cells. 

Location of amino acid residues accounting for the association on MHC Class II 

 Amino acid in position 26 of the HLA-DQβ1 chain (HLA-DQβ26) is located in the 

floor of the putative peptide binding groove in the second hypervariable region as part of the 

peptide-binding pocket P4 (Table 3, Figure 4) and can harbor a hydrophobic Leucine versus a 

hydrophilic polar non-charged Tyrosine (and in a very small frequency Glycine). Likewise, 

HLA-DQβ55 forms part of a peptide-binding region in the HLA-DQ molecule, and the change 
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from Arginine to Proline implies a physio-chemical shift from hydrophilic to hydrophobic, 

however we cannot verify the effect of these changes on the affinity of the HLA molecule.  

Discussion  

 This study maps the association of HLA class II with HCV spontaneous clearance to two 

amino acid positions in the peptide binding regions of HLA-DQβ. The finding corresponds with 

HCV peptide class II binding predictions and is sustained in persons of both African and 

European ancestry. Greater understanding of how some individuals spontaneously clear HCV 

infection  might be useful for designing urgently needed vaccines that promote spontaneous 

clearance of HCV infection49-51. 

 The results of our study confirm the association of HCV spontaneous clearance with 

classical HLA alleles and SNPs that we and others have already reported. For example, Duggal 

et al. described the association of HLA-DQB1*03:01 with HCV spontaneous clearance in a 

European ancestry population5, 9. Similarly, this allele has being identified in other studies with 

individuals of European ancestry9, 52-54,  two ethnically distinct Chinese populations55 and, in 

families from Egypt56. While those studies provided unmistakable evidence of an association 

with the HLA locus, no prior study has been able to identify the causal variants. In this study, we 

identify two single amino acid residues in the peptide binding groove of the protein HLA-DQβ1 

(Leu26 and Pro55) that explain the association of both individual SNPs and classical HLA alleles 

with HCV clearance.  

 The amino acid residues within the peptide-binding site of the β-chain of HLA-DQβ1 

molecule play an important role in the selectivity of peptide binding. For example, the presence 

of Leu26 in pocket 4 in the HLA-DQβ1 chain that we found to be associated with HCV 

clearance also has been identified in traits such as the anticentromere autoantibody response in a 
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small group of European individuals with systemic sclerosis57, as well as autoantibody responses 

such as anti-ro (SS-A) response in patients of European and African ancestry with systemic lupus 

erythematosus (SLE) or Sjögren's syndrome58, and anti-ribosomal P antibodies in another large 

multiethnic cohort of patients with SLE including individuals of European and Asian ancestry59. 

Similarly, an association with rs1130380, the SNP that causes the amino acid substitution 

Arg55Pro in the HLA-DQβ1 was previously detected in a genome wide association study for 

chronic HCV infection and healthy controls in a Japanese cohort60. However, the specific 

association analysis of the amino acid residue and HCV clearance was not implemented in the 

Japanese cohort as we did in our analysis.  

 Both codons we identified as associated with HCV clearance form part of a peptide-

binding groove in the HLA-DQ molecule. This finding suggests that HLA-DQ binding may be 

critical to the net effectiveness of HCV immune responses. This inference is supported by our 

formal, independent HLA binding analysis. Indeed, the HLADQ haplotypes linked to clearance 

(HLA-DQA1*03:03 /HLA-DQB1*03:01 and HLA- DQA1*05:05/ HLA- DQB1*03:01) bound a 

greater number of predicted HCV peptides and showed binding with higher affinity compared to 

those linked to persistence (HLA-DQA1*01:02 /HLA-DQB1*06:02 and HLA-DQA1*05:01/ 

HLA-DQB1*02:01). Additionally, this finding agrees with Cramp et al. who demonstrated more 

robust CD4+ T cell responses in those who were HLA-DQB1*03:01 positive, as well as a strong 

association with spontaneous resolution of HCV infection61. Likewise, Kovacs et al. 

demonstrated that HLA-DQB1*03:01 was associated with increased CD8+ T cell activation62.   

 Even though several amino acids forming classical HLA alleles were associated with 

HCV spontaneous clearance, their association was highly dependent on HLA-DQβ1 Leu26 and 

Pro55 as well as the association of the classical HLA alleles itself. The direction of the effect of 
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the association of each residue in position 26 of HLA-DQβ1 is highly concordant with the 

associated allele containing them. Leu26 tags the two classical HLA alleles negatively associated 

with clearance (HLA-DQB1*06:02 and HLA-DQB1*02:01) and Tyr 26 is contained in the 

classical HLA allele that favors HCV spontaneous clearance, HLA-DQB1*03:01. Furthermore, 

HLA-DQβ26 is the main amino acid position that is different between the clearance and 

persistence alleles including in our epitope binding assay. Consequently, it is reasonable to 

understand the association considering this differential affinity for HCV peptides. Although 

additional work would be needed to prove the inference, there are no experimental models of 

HCV clearance. Nonetheless, ex vivo studies that directly demonstrate differential binding would 

confirm this inference.  

 We present consistent fine-mapping results across ancestral populations. This study was 

limited by the lack of HCV genotypes, which is an additional factor associated with HCV 

spontaneous clearance, and lack of imputation of the HLA-DQA alleles and binding affinity 

assays in the African populations restricting the generalization of the associations. As with other 

complex diseases, the penetrance of these HLA alleles is not 100%, other genes also play a 

role63, 64 and HCV outcome may be mediated or interact with age and initial HCV viral load.  

 We used HIBAG33, a robust imputation program that references large databases with high 

genetic diversity and has demonstrated sucess in multi-ethnic benchmarking studies 34, 65-67. 

Moreover, we confirmed that the allelic frequency of the HIBAG imputed alleles is in 

concordance with that from other populations reported in large databases such as the Allele Net 

Frequency Database68 and Immuno Polymorphism Database69, which supports the accuracy of 

the imputation. Additionally, we performed a sensitivity analysis in a subsample of 31 

individuals by estimating the HLA classical alleles using HLA-HD, an HLA imputation method 
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based on next generation sequencing data (NGS)70. We observed high imputation accuracy for 

HLA-DRB1 (97.6%), HLA-DQA1 (100%), reaching 98% for HLA-DQB1 and HLA-DPB1 genes 

(Table S9). The observed that differences in 2 out of 3 discordant alleles were at the second field 

of resolution (e.g. DRB1*13:01, DRB1*13:02) and likely reflect differences in the reference 

sequences used and their ability to capture less frequent alleles. None of the three discordant 

alleles resulted in changes to the associated top amino acids. We also included HIV infection 

status in the model to account for any effect of HIV infection in HCV clearance.    

 In summary, fine mapping of the MHC region associated with the HCV spontaneous 

clearance revealed the key amino acids in the HLA-DQβ1 protein that explain the association in 

persons of both European and African ancestry. The mechanistic advance is that we have 

mapped an association of a large genomic region to two amino acids in HLA-DQβ1 and 

specifically to their binding with HCV peptides. This advance in understanding of natural 

recovery might set the stage for much needed enhancement of HCV vaccine efforts which are 

urgently needed as new HCV infections in the United States have tripled in the past 10 years.   
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Supplemental Data includes details of material and methods and additional results as well as nine 

tables and four figures with supplemental results. 
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Legends for Figures and Tables 

Figure 1. Outline of the trans-ancestral fine mapping strategy used to identify causal variants in 

the MHC region associated with HCV spontaneous clearance in European and African ancestry 

populations. 

 

Figure 2. Results of the fixed-effect meta-analyses in 932 individuals with HCV spontaneous 

clearance and 2,532 persons with persistent HCV infection from African and European ancestry 

populations. Panel A) Association results of the unconditional analysis of SNPs, Panel B) 

Association results of the unconditional analysis of HLA classical alleles and C) Association 

results of the unconditional analysis of amino acid residues; Panels D), E) and F) display the 

results of the same variants after conditioning on HLADRβ1Leu26 and HLADRβ1Pro55. Each 

point corresponds to the P valueMeta in each type of variant. The blue line represents the threshold 

level of fixed effects meta-analysis significance corrected by multiple comparisons.   

 

Figure 3. T cell prediction analysis of HLA class II alleles associated with HCV spontaneous 

clearance. Predicted IC50 values of all the possible 15-mer peptides encompassing the entire HCV 

proteome in combination with HLA class II clearance (HLA-DRB1*01:01, HLA-

DQA1*03:03/HLA-DQB1*03:01, HLA-DQA1*05:05/HLA-DQB1*03:01) and persistent alleles 

(HLA-DQA1*01:02/HLA-DQB1*06:02 and HLA-DQA1*05:01/HLA-DQB1*02:01). Panel A) 

Principal component analysis (PCA) of the entire prediction distribution based on clearance 

(green) or persistence alleles (red). Panel B) PCA based on HLA class II alleles related to the HLA-

DQ locus only. Panel C) Predicted IC50 values for each peptide-HLA classical allele combination 

and for the combined clearance (green) or persistence alleles (red). Epitopes were defined as 
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peptides with a predicted IC50 ≤1000 nM (above dotted line, denoted as ‘binders’) and the numbers 

of predicted epitopes are shown as a fraction of those considered for each of the HLA class II 

classical alleles in analysis. Combined data in panel C are expressed as whiskers 10-90 percentile, 

the plus sign representing the mean. **** P value <0.0001 by Mann-Whitney test. 

 

Figure 4. 3D ribbon models for HLA-DQ protein. Molecular structure of the extracellular region 

of HLA-DQ molecule displaying the peptide binding groove along with the associated amino acid 

residues that totally accounted for the observed signal in the MHC class II region in European and 

African ancestry groups. The protein Data Bank entries 1jk8 was used to generate the 3D structures 

HLA-DQ using PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, 

LLC). Abbreviations: Pro: Proline; Leu: Leucine.  

 

Table 1. Demographic characteristics of the analyzed studies by genetically determined ancestry 

groups 

 

Table 2. Results of the unconditional association analysis and fixed effect meta-analysis of the 

two amino acids in HLA-DQβ1 protein that explain the association in the MHC class II region, 

HLA-DQβ1Leu26 and HLA DQβ1Pro55 and alternatives HLA-DQβ1Tyr26 and HLA 

DQβ1Ala71in the European and African ancestry populations. Single letter and three letter 

amino acid code: A:Ala, C:Cys, D:Asp, E:Glu, F:Phe, G:Gly, H:His, I:Ile, K:Lys, L:Leu, M:Met, 

N:Asn, P:Pro, Q:Gln, R:Arg, T:Thr, S:Ser, Y:Tyr, V:Val, W:Trp. 

 



   
 

   31 
 

Table 3. Amino acid positions and residues associated with HCV spontaneous clearance, 

significantly associated HLA class II alleles containing them and location of the amino acids in 

the pockets of each protein. Amino acids in alleles are coded in a single-letter code and colored 

as green if associated with positive effect on HCV spontaneous clearance (clearance), red if 

associated with negative effect (persistence). All amino acids in the table reached significance 

level in the meta-analysis; amino acids with asterisks (*) indicate those that accounted the 

association of the HLA allele and those with + symbol accounted for the observed association 

with SNP in MHC class II region. Single letter and three letter amino acid code: A:Ala, C:Cys, 

E:Glu, F:Phe, G:Gly, I:Ile, L:Leu, P:Pro, Q:Gln, R:Arg, S:Ser, Y:Tyr. Abbreviations: P: Pocket.  
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Genetically Determined 

Ancestry Group 
N 

HCV infection 

Persistence:Clearance 

(+) HIV 

infection (%) 

Female 

Sex (%) 

African ancestry 1869 1529:340 38.6 33.3 

European ancestry 1600 1006:594 16.1 32.1 

Total 3469 2535:934 28.2 32.8 
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HLA-DQβ1 

26 L/G,Y 0.45 0.55 0.64(0.54-0.75) 8.63x10-8 0.35 0.49 0.55(0.45-0.68) 2.61x10-8 1.25x10-14 

26 L,Y/G 0.77 0.78 0.92(0.76-1.11) 3.96x10-1 0.67 0.7 0.86(0.7-1.07) 1.89x10-1 1.29x10-1 

26 Y/G,L 0.31 0.23 1.64(1.36-1.98) 1.62x10-7 0.32 0.21 1.81(1.45-2.27) 1.81x10-7 1.47x10-13 

55 L/R,P 0.09 0.14 0.59(0.45-0.79) 3.04x10-4 0.07 0.08 0.82(0.56-1.21) 3.20X10-1 9.00x10-4 

55 L,P/R 0.56 0.52 1.25(1.07-1.48) 6.10x10-3 0.43 0.36 1.42(1.16-1.74) 7.57x10-4 1.69x10-5 

55 P/R,L 0.47 0.38 1.51(1.28-1.77) 8.79x10-7 0.36 0.27 1.6(1.29-1.99) 2.11x10-5 8.23x10-11 

71 D,K,T/A 0.83 0.86 0.76(0.61-0.95) 1.73x10-2 0.76 0.8 0.81(0.64-1.02) 7.67x10-2 3.23x10-3 

71 K/A,D,T 0.09 0.14 0.59(0.44-0.79) 3.43x10-4 0.07 0.08 0.82(0.56-1.2) 3.17x10-1 1.00x10-3 

71 T/A,D,K 0.67 0.64 1.06(0.88-1.27) 5.49x10-1 0.6 0.61 0.9(0.73-1.12) 3.47x10-1 8.33x10-1 

71 D/A,K,T 0.03 0.03 0.92(0.58-1.46) 7.21x10-1 0.09 0.08 1(0.7-1.43) 9.98x10-1 7.96x10-1 

 

Table 2



 

HLA Classical Allele 

associated with HCV 

Clearance/ Persistence 

 

Amino acid residues associated with HCV Clearance / Persistence   
and location in pockets of HLA-DQβ1 and HLA-DRβ1 proteins 

 

P6 P4 P4         P1 P1 P1 P1 P1  

HLA-DQB1  9 13 26 45 53 55 84 85 86 87 89 90  

DQB1-03:01 Y A* Y* E* L P+ Q L E L T T  

DQB1-06:02 F* G L*+ G Q R* E V A F* G I  

DQB1-02:01 Y G L*+ G* L L* Q L E L T T  

              

  P6 P4 P4   P6   P1 P9 P7 P9 P4 P4 P1 

HLA-DRB1  11 13 26 28 30 31 32 37 47 58 71 74 86 

DRB1-01:01 L F L E C I Y S Y A R   A   G 

Table 3
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