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ARTICLE

Trans-ancestral fine-mapping of MHC reveals
key amino acids associated with spontaneous
clearance of hepatitis C in HLA-DQb1
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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 ¼ 1,600; 594 HCV clearance/1,006 HCV persistence) and African (n

¼ 1,869; 340 HCV clearance/1,529 HCV persistence) ancestry individuals and evaluated HCV peptide binding affinity of classical alleles.

In both populations, HLA-DQb1Leu26 (p valueMeta¼ 1.243 10�14) located in pocket 4 was negatively associatedwith HCV spontaneous

clearance and HLA-DQb1Pro55 (p valueMeta ¼ 8.23 3 10�11) located in the peptide binding region was positively associated, indepen-

dently of HLA-DQb1Leu26. 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 al-

leles tagged by HLA-DQb1Leu26 had fewer HCV binding epitopes and lower predicted binding affinities compared to clearance alleles

(geometric mean of combined IC50 nM of persistence versus clearance; 2,321 nM versus 761.7 nM, p value¼ 1.353 10�38). In summary,

MHC class II fine-mapping revealed key amino acids in HLA-DQb1 explaining allelic and SNP associations with HCV outcomes. This

mechanistic advance in understanding of natural recovery and immunogenetics of HCVmight set the stage for much needed enhance-

ment and design of vaccine to promote spontaneous clearance of HCV infection.
Introduction

An estimated 71.1 million people worldwide have chronic

hepatitis C viral (HCV) infection,1,2 which can result in

liver cirrhosis, hepatocellular cancer, and liver failure.3

Not all acute infections become chronic since approxi-

mately 30% of infected individuals spontaneously clear

HCV infection. Spontaneous clearance is associated with

sex, race, and host genetics.4,5 Host genetic variants in

the Interferon Lamba 3 and Interferon Lambda 4 (IFNL4,

IFNL3) genes, the MHC region, and G protein-coupled re-
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ceptor 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 de-

mographic histories.9–16 Specifically, the main genetic sig-

nals are localized 48.5 kb upstream of HLA-DQA2 and 33.3

kb upstream of the HLA-DQB1 gene;5,6 however, the causal

variants for this association remain elusive.

The tight linkage disequilibrium (LD) across disease-

associated MHC haplotype and the highly polymorphic
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Figure 1. Outline of the trans-ancestral finemapping strategy used to identify causal variants in theMHC region associatedwith HCV
spontaneous clearance in European and African ancestry populations
nature of associated variants makes determining the

contribution of specific classical HLA alleles and amino

acid residues to the spontaneous clearance of HCV infec-

tion challenging. To identify putative causal amino acid

positions and residues associated with HCV spontaneous

clearance and their potential impact on peptide presenta-

tion 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 spe-

cific to ancestry populations and may be targeted across

diverse groups. We also predicted the peptide binding af-

finity of HLA class II molecules identified as relevant for

HCV clearance or persistence.
Material and methods

Samples
The study design is presented in Figure 1. The study included

3,469 individuals participating in the Extended HCV Genetics

Consortium.5,6,17 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 (Bal-

timore Before and After Acute Study of Hepatitis),19 BAHSTION

(Boston Acute Hepatitis C Virus Study: Transmission, Immunity

and Outcomes Network),13 Cramp and colleagues’ study,20

HGDS (Hemophilia Growth and Development Study),21 Mangia

and colleagues’ study,22 MHCS (Multicenter Hemophilia Cohort
300 The American Journal of Human Genetics 109, 299–310, Februar
Study) and MHCS-II,23 REVELL (Correlates of Resolved Versus

Low-Level Viremic Hepatitis C Infection in Blood Donors)

study,24 the Swan Project,25 the Toulouse, France cohort,15 WIHS

(Women’s Interagency HIV Study),26 the United Kingdom Drug

Use cohort,27 and the Urban Health Study (UHS)28,29 as described

in detail in elsewhere.5,6,17 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 ge-

netic testing. Information about HIV infection status was also ob-

tained 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 Board.13 The com-

plete 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 avail-

able in supplementalmaterial andmethods and distribution of the

analyzed individuals by ancestry group, sex, andHIV infection sta-

tus is presented in Table 1.

Genotyping, imputation of SNPs, classical HLA alleles,

and amino acids
Our initial dataset consisted of genotypes obtained using the Illu-

mina Omni1-Quad BeadChip array (Illumina)5,6 and processed us-

ing standard genome-wide association study protocols for quality

control6 (dbGaP accession numbers dbGaP:phs000454.v1.p1 and

dbGaP:phs000248.v1.p1). We extracted genotyped markers from a

2Mb segment of theMHCcorresponding to the extended class II re-

gion30 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 Minimac331 soft-

ware through the publicly available Michigan Imputation Server.6
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Table 1. Demographic characteristics of the analyzed studies by genetically determined ancestry groups

Genetically determined ancestry group N HCV infection persistence:clearance (þ) HIV infection (%) Female sex (%)

African ancestry 1,869 1,529:340 38.6 33.3

European ancestry 1,600 1,006:594 16.1 32.1

Total 3,469 2,535:934 28.2 32.8
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)32 to impute

classical HLA alleles from genotyped/imputed SNPs for HLA-

DPB1, HLA-DQA1, HLA-DQB1, and HLA-DRB1 loci producing ge-

notypes 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 data-

bases of individuals with known HLA and SNP genotypes within

the MHC region.32 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 database32 included with the software, and for indi-

viduals of African ancestry we built classifiers based on the HLA

types and genotypes from the ‘‘Consortium on Asthma among Af-

rican-ancestry Populations in the Americas’’ (CAAPA, dbGaP Study

Accession: dbGaP:phs001123.v1.p1)33,34 (supplemental material

and methods). 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 association analyses, we excluded classical HLA genotypes

imputed at two-field resolution with a posterior probability lower

than 0.535,36 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

software.32 For association analyses with HCV spontaneous clear-

ance, we included all amino acid polymorphic positions with res-

idues 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 pro-

teins) and conditional analyses to identify independent SNPs, clas-

sical 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 as-

sociations (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 sta-

tus and the first two principal components using PLINK 2.0 alpha

version37,38 for SNPs, and HIBAG32 for HLA classical allele and
The America
amino acid residue in the proteins (supplemental material and

methods). Population-specific PCs were calculated using the

smartpca program in EIGENSOFT32,39 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 regressionmodel 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 al-

leles 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 proteins. For the African ancestry

population, we evaluated associations with 25,565 SNPs, 33 clas-

sical 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 sepa-

rately and then performed a fixed effect inverse-variance weighted

meta-analysis, using METAL.40 A locus-specific p value threshold

of significance for the meta analysis of this chromosome region

would be adequate (p valueMeta 2.3 3 10�6), but we chose to use

a more conservative population-specific genome-wide p value

threshold of significance (p valueMeta) of 2.05 3 10�7 for the

SNPs in the meta-analysis,6 and a p valueMeta of 7.8 3 10�4 (64

classical HLA alleles tested in the meta-analysis) and 5.0 3 10�4

(99 amino acid positions tested in the meta-analysis) was used

for classical HLA alleles and amino acids, respectively.

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. In brief, we first iden-

tified 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 sig-

nificance threshold for the conditional analysis was set at a p val-

ueMeta < 53 10�6 for SNPs and a p valueMeta < 1.03 10�3 for clas-

sical 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 R41

and PLINK 2.0 alpha version37,38 to determine the amino acid res-

idues accounting for the independently associated SNPs and clas-

sical HLA alleles by using iterative additive logistic regression

models until the association of the top SNPs (or classical HLA al-

leles) were diminished and no other SNP (or classical HLA allele)
n Journal of Human Genetics 109, 299–310, February 3, 2022 301



Figure 2. Results of the fixed-effect meta-analyses in 932 individuals with HCV spontaneous clearance and 2,532 persons with persis-
tent HCV infection from African and European ancestry populations
(A) Association results of the unconditional analysis of SNPs.
(B) Association results of the unconditional analysis of HLA classical alleles.
(C) Association results of the unconditional analysis of amino acid residues.
(D–F) Results of the same variants after conditioning on HLADRb1Leu26 and HLADRb1Pro55. Each point corresponds to the p valueMeta

in each type of variant. The blue line and the p valueMeta colored in blue represent the threshold level of fixed effects meta-analysis sig-
nificance corrected by multiple comparisons.
was significantly associated in the region (Figure 2) at the condi-

tional 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 components.42 We priori-

tized 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 pop-

ulations in each step.

Epitope prediction of associated classical HLA class II

alleles containing causal amino acids
Weselected the classical class IIHLAallelespositively (clearance) and

negatively (persistence) associatedwithHCVspontaneous clearance

that represented the associated amino acids of interest. To investi-

gate the capabilities of associated alleles to bind epitopes derived

from the entire HCV polyprotein sequence (supplemental material

andmethods),we thenperformedTcell epitopepredictionanalyses.

Using tools available in IEDB-Analysis Resources (see web re-

sources),43 we analyzed the HCV polyprotein sequence (GenBan-

k:AFE48416.1) in combination with the associated clearance and

persistence HLA alleles. Predictions were performed by applying

the NetMHCIIpan 3.2 algorithm44 and extracting all the predicted

IC50 values for eachpossible 15-mer spanning the entireHCVprote-

ome (supplemental material and methods). 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%1000 nM has been applied, as pre-
302 The American Journal of Human Genetics 109, 299–310, Februar
viously reported.45 The geometric mean ratio (described in supple-

mental material andmethods) has been calculated only in peptides

predicted to be epitopes in at least one of the classical HLA class II al-

leles analyzed in this study. The higher the geometricmean ratio the

stronger is the binding affinity in clearance alleles versus persistence

ones.

We aimed to address the global prediction patterns of these al-

leles using a PCA on the entire set of predicted peptides per allele

after logarithmic transformation using the ‘‘prcomp’’ function in

R.41 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 spe-

cific peptide derived from the HCV proteome. Combined clear-

ance IC50 values (all clearance alleles) versus combined persistence

(all persistent alleles) were compared using Mann-Whitney U test.

Statistical analyses and graphs were performed using Prism 8

(GraphPad Software). A p value < 0.05 was considered as signifi-

cant 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 struc-

tures from the Protein Data Bank (PDB).46 This provides struc-

tural visualization of HLA-DQa1/DQb1 heterodimer localizing

the amino acids that account for the signal in MHC class II re-

gion. The accession code for the selected structure was

PDB: 1jk847 for HLA-DQa1/DQb1 and was visualized using

PyMOL v. 2.3.2 (The PyMOL Molecular Graphics System, Version

2.0 Schrödinger, LLC).
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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,

and HLA-DQB1 (Figure 2A, Table S2). The lead SNP

(rs2647011, C>A, p valueMeta ¼ 1.13 3 10�18) is in the in-

tergenic region between HLA-DQB1 and HLA-DQA2

(Figure 2A). This SNP, located 1,333 bp from rs2647006,

which was detected as the top signal in a previous trans-

ethnic GWAS6 and both SNPs are in LD in European (r2

¼ 0.96) and African ancestry populations (r2 ¼ 0.97).

In the analysis conditioning on rs2647011, we detected

a second independent association with rs9274711 (p val-

ueMeta conditional on rs2647011 ¼ 4.18 3 10�6, African

population OR T allele ¼ 0.71 [95% CI:0.59–0.86], p value

¼ 4.1 3 10�4, European population OR ¼ 0.72 [95%

CI:0.58–0.89], p value ¼ 2.7 3 10�3) (Figure S2B). This

variant is not associated in the individual SNP analysis (p

valueMeta unconditional ¼ 0.58, African population OR T

allele¼ 0.99 [95% CI: 0.83–1.16], p value¼ 0.56, European

population OR T allele ¼ 0.94 [95% CI:0.77–1.15], p value

¼ 0.83), as shown in Figure S2A and Figure 2. Further ana-

lyses 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 ¼ 0.19 and r2 ¼ 0.17 in European and African ancestry

populations, respectively). Moreover, a formal test of

SNP3SNP interaction was not significant in any of the

populations (p value rs2647011 3 rs9274711 ¼ 0.12 and

p value ¼ 0.86 in Europeans and African ancestry popula-

tions, respectively). Interestingly, rs2647011A allele (favor-

able for HCV clearance) is frequently in the same haplo-

type as rs9274711 T allele (non favorable for HCV

clearance, Haplotype Frequency AT¼ 0.25 and 0.21 for Eu-

ropean and African ancestry, respectively). The comple-

mentary alleles form a more frequent haplotype CA ¼
0.37 and 0.39 for European and African ancestry, respec-

tively. Thus, it is 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 associ-

ated in the MHC Class II region in the meta-analysis

(Figure S2C).
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Unconditional and conditional association analysis with clas-

sical HLA alleles

SNPdatawere thenused to imputeHLAalleles.The strongest

signal of association was HLA-DQB1*03:01 (p valueMeta ¼
2.27310�14),whileassociationswith lower statistical signif-

icance were found with HLA-DRB1*01:01 (p valueMeta ¼
3.4 3 10�7), HLA-DQB1*06:02 (p valueMeta ¼ 9.7 3 10�6),

HLA-DQB1*05:01 (p valueMeta ¼ 7.3 3 10�4), HLA-DQB1*

02:01 (p valueMeta¼ 2.53 10�4),HLA-DQA1*03:03 (p value-

Meta ¼ 8.5 3 10�5), HLA-DQA1*05:01 (p valueMeta ¼ 2.6 3

10�4), and HLA-DQA1*05:05 (p valueMeta ¼ 4.4 3 10�4)

(Figure 2B, Table S3).

In the conditional analysis of classical HLA alleles, HLA-

DQB1*03:01 andHLA-DRB1*01:01 (pvalueMeta conditional

on HLA-DQB1*03:01 ¼ 5.61 3 10�9) were independently

associated with HCV spontaneous clearance. Including

those two alleles in themodel eliminated all residual associ-

ation of classical HLA alleles (Figure S3).

Unconditional and conditional association analysis with

amino acid residues

We then identified specific amino acid residues in the HLA-

DQb1 and HLA-DRb1 proteins associated with HCV spon-

taneous clearance with high significance (Figure 2C, Table

S4). In HLA-DQb1, the strongest association was HLA-

DQb1-26; among the three possible residues (Leu, Tyr,

and Gly), the HLA-DQb1Leu26 was associated with 35%–

45% lower likelihood of clearance (p valueMeta ¼ 1.24 3

10�14), whereas HLA-DQb1Tyr26 was associated with

64%–81% higher likelihood of HCV spontaneous clear-

ance (p valueMeta ¼ 1.47 3 10�13); this finding was consis-

tent across ancestry groups (Tables 2 and S4).

The conditional analysis of amino acids also identified

two independent signals, corresponding to the lead amino

acid residue HLA-DQb1Leu26 and HLA-DQb1Pro55 (p val-

ueMeta unconditional ¼ 8.23 3 10�11, p valueMeta condi-

tional on HLA-DQb1Leu26 ¼ 2.8 3 10�4). After including

these two amino acid residues in the model, no other

amino acids in the MHC class II region were significantly

associated (Figures 2F and S4).

For the independently associated SNPs, classical alleles,

and amino acids, an analysis stratified byHIV infection sta-

tus demonstrated no difference in associations between

those with and without HIV (Table S5). We also ran the

conditional analysis with HLA-DQb1Tyr26 and identified

two residual signals given by HLA-DQb1Ala71 (p valueMeta

¼ 9.94 3 10�8) and by HLA-DRb1Glu28 (p valueMeta ¼
1.64 3 10�6). After conditioning on HLA-DQb1Tyr26

and HLA-DQb1Ala71, 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 analyzingmodels including SNPs and classical HLA al-

leles andconditioningon the associated amino acid residues

and combination of residues (Tables S6 and S7), we found

that HLA-DQb1Leu26 andHLA-DQb1Pro55 reduced the in-

dependentSNPassociationof rs2647011 (pvalueMeta¼0.03)
n Journal of Human Genetics 109, 299–310, February 3, 2022 303



Table 2. Results of the unconditional association analysis and fixed effect meta-analysis of the two amino acids in HLA-DQb1 protein that
explain the association in the MHC class II region, HLA-DQb1Leu26, and HLA DQb1Pro55 and alternatives HLA-DQb1Tyr26 and HLA
DQb1Ala71 in the European and African ancestry populations

Amino
acid
position

Effect
allele/
non effect
allele

European ancestry population (N ¼ 1,600) African ancestry population (N ¼ 1,869)

p valueMeta

Frequency effect allele

OR (95% CI) p value

Frequency effect allele

OR (95% CI) p value
Clearance
(n ¼ 594)

Persistence
(n ¼ 1,006)

Clearance
(n ¼ 340)

Persistence
(n ¼ 1,529)

26* L/G,Y 0.45 0.55 0.64 (0.54–
0.75)

8.633 10�8 0.35 0.49 0.55 (0.45–
0.68)

2.613 10�8 1.25 3 10�14

26 L,Y/G 0.77 0.78 0.92 (0.76–
1.11)

3.963 10�1 0.67 0.7 0.86 (0.7–1.07) 1.893 10�1 1.29 3 10�1

26* Y/G,L 0.31 0.23 1.64 (1.36–
1.98)

1.623 10�7 0.32 0.21 1.81 (1.45–
2.27)

1.813 10�7 1.47 3 10�13

55 L/R,P 0.09 0.14 0.59 (0.45–
0.79)

3.043 10�4 0.07 0.08 0.82 (0.56–
1.21)

3.203 10�1 9.00 3 10�4

55* L,P/R 0.56 0.52 1.25 (1.07–
1.48)

6.103 10�3 0.43 0.36 1.42 (1.16–
1.74)

7.573 10�4 1.69 3 10�5

55* P/R,L 0.47 0.38 1.51 (1.28–
1.77)

8.793 10�7 0.36 0.27 1.6 (1.29–1.99) 2.113 10�5 8.23 3 10�11

71 D,K,T/A 0.83 0.86 0.76 (0.61–
0.95)

1.733 10�2 0.76 0.8 0.81 (0.64–
1.02)

7.673 10�2 3.23 3 10�3

71 K/A,D,T 0.09 0.14 0.59 (0.44–
0.79)

3.433 10�4 0.07 0.08 0.82 (0.56–1.2) 3.173 10�1 1.00 3 10�3

71 T/A,D,K 0.67 0.64 1.06 (0.88–
1.27)

5.493 10�1 0.6 0.61 0.9 (0.73–1.12) 3.473 10�1 8.33 3 10�1

71 D/A,K,T 0.03 0.03 0.92 (0.58–
1.46)

7.213 10�1 0.09 0.08 1 (0.7–1.43) 9.983 10�1 7.96 3 10�1

*Asterisk indicates the amino acids significantly associated in the fixed-effect unconditional meta-analyses. 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.
and rs9274711 (p valueMeta ¼ 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 ofHLA-DQB1*03:01 (p val-

ueMeta ¼ 0.341) and reduced the association with HLA-

DRB1*01:01 (p valueMeta ¼ 1.273 10�4) (Figure 2E) further

underscoring the role of those amino acids explaining the

strong association in this region. Conditioning on HLA-

DQb1Tyr26 and HLA-DQb1Ala71 also reduced the classical

HLA associations, but to a lesser extent (rs2647011 ¼
3.98 3 10�3; rs9274711 ¼ 0.03; HLA-DQB1*03:01 ¼ 0.68,

and HLA-DRB1*01:01 ¼ 1.863 10�3) (Table S6).

In summary, two amino acids in HLA-DQb1 protein,

HLA-DQb1Leu26 and HLA DQb1Pro55 (or alternatively

HLA-DQb1Tyr26 and HLA DQb1Ala71), 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 clas-

sical HLA alleles for clearance (DRB1*01:01, DQA1*03:03/

DQB1*03:01,DQA1*05:05/DQB1*03:01) and forpersistence

(DQA1*01:02/DQB1*06:02 andDQA1*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-DQb1, as described above and shown in Table 3.
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Clearance alleles were separated from the persistence alleles

by two principal components derived from the binding pre-

diction, chiefly PCA1 (66% variance, Figure 3A). The separa-

tion 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 se-

quences of clearance compared to persistence alleles, both

in terms of the fractions predicted to bindwith 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

¼ 1.353 10�38 by Mann-Whitney U test) (Figure 3C, Table

S8). The observation was maintained when considering

only the HLA-DQ locus which showed higher frequencies

of predicted epitopes (260 versus 141) and binding affinity

compared to persistence alleles (geometric mean:

1,107 nM versus 2,321 nM, p value ¼ 4.073 10�18).

Overall, classical HLA class II alleles clustered based on

their predicted binding pattern capabilities. Alleles posi-

tively 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-DQb1 chain (HLA-

DQb26) is located in the floor of the putative peptide
y 3, 2022



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

HLA classical allele associated with HCV
clearance/persistence&

Amino acid residues associatedwith HCV clearance/persistence and location in pockets of HLA-
DQb1 and HLA-DRb1 proteins

Pocket in the protein 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 Pþ Q L E L T T

DQB1*06:02& F*& G& L*þ& G& Q& R*& E& V& A& F*& G& I&

DQB1*02:01& Y G& L*þ& G*& L L* Q L E L T T

P6 P4 P4 P6 P1 P7 P9 P4 P4 P1

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

DRB1*01:01 L F L E C I Y Y A& R A G

Amino acids in alleles are coded in a single-letter code. All amino acids in the table reached significance level in the meta-analysis and were associated with clear-
ance except for those with the & symbol which were associated with persistence. Asterisks (*) indicate those that accounted the association of the HLA allele and
those withþ symbol accounted for the observed association with SNP inMHC 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.
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 po-

lar non-charged tyrosine (and in a very small frequency

glycine). Likewise, HLA-DQb55 forms part of a peptide-

binding region in the HLA-DQ molecule, and the change

from arginine to proline implies a physio-chemical shift

from hydrophilic to hydrophobic, but 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-DQb. The finding cor-

responds 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 sponta-

neous clearance of HCV infection.48–50

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 population.5,9 Similarly, this allele has being iden-

tified in other studies with individuals of European

ancestry,9,51–53 two ethnically distinct Chinese popula-

tions,54 and in families from Egypt.55 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-DQb1 (Leu26 and Pro55) that explain the as-
The America
sociation of both individual SNPs and classical HLA alleles

with HCV clearance.

The amino acid residues within the peptide-binding site

of the b-chain of HLA-DQb1 molecule play an important

role in the selectivity of peptide binding. For example,

the presence of Leu26 in pocket 4 in the HLA-DQb1 chain

that we found to be associated with HCV clearance also has

been identified in traits such as the anticentromere autoan-

tibody response in a small group of European individuals

with systemic sclerosis,56 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 syndrome,57 and anti-ribosomal P antibodies

in another large multiethnic cohort of patients with SLE

including individuals of European and Asian ancestry.58

Similarly, an association with rs1130380, the SNP that

causes the amino acid substitution Arg55Pro in the HLA-

DQb1 was previously detected in a genome-wide associa-

tion study for chronic HCV infection and healthy controls

in a Japanese cohort.59 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 clear-

ance 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 re-

sponses. This inference is supported by our formal, inde-

pendent HLA binding analysis. Indeed, theHLA-DQ haplo-

types 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 andHLA-

DQA1*05:01/HLA-DQB1*02:01). Additionally, this finding

agrees with Cramp et al. who demonstrated more robust

CD4þ T cell responses in those who were HLA-DQB1*
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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).
(A) Principal component analysis (PCA) of
the entire prediction distribution based on
clearance (green) or persistence alleles (red).
(B) PCA based on HLA class II alleles related
to the HLA-DQ locus only.
(C) Predicted IC50 values for each peptide-
HLA classical allele combination and for
the combined clearance (green) or persis-
tence alleles (red). Epitopes were defined as
peptides with a predicted IC50 %1,000 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.Combineddata in (C) are expressed
as whiskers 10–90 percentile, the plus sign
representing the mean. ****p value <
0.0001 by Mann-Whitney U test.
03:01 positive, as well as a strong association with sponta-

neous resolution of HCV infection.60 Likewise, Kovacs

et al. demonstrated that HLA-DQB1*03:01 was associated

with increased CD8þ T cell activation.61

Even though several amino acids forming classical HLA

alleles were associated with HCV spontaneous clearance,

their association was highly dependent on HLA-DQb1

Leu26 and Pro55 as well as the association of the classical

HLA alleles itself. The direction of the effect of the associa-

tion of each residue in position 26 of HLA-DQb1 is highly

concordant with the associated classical 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-DQb26 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 associa-

tion considering this differential affinity for HCV peptides.

Although additional work would be needed to prove the

inference, there are no experimental models of HCV clear-
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ance. Nonetheless, ex vivo studies that

directly demonstrate differential

binding would confirm this inference.

We present consistent fine-map-

ping results across ancestral popula-

tions. This study was limited by the
lack of HCV genotypes, which is an additional factor asso-

ciated with HCV spontaneous clearance, and lack of impu-

tation 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 role62,63 and HCV outcome may be mediated

or interact with age and initial HCV viral load.

We used HIBAG,32 a robust imputation program that ref-

erences large databases with high genetic diversity and has

demonstrated sucess in multi-ethnic benchmarking

studies.33,64–66 Moreover, we confirmed that the allelic fre-

quency of the HIBAG imputed alleles is in concordance

with that from other populations reported in large data-

bases such as the Allele Net Frequency Database67 and Im-

muno Polymorphism Database,68 which supports the ac-

curacy of the imputation. Additionally, we performed a

sensitivity analysis in a subsample of 31 individuals by esti-

mating the HLA classical alleles using HLA-HD, an HLA

imputation method based on next generation sequencing

data (NGS).69 We observed high imputation accuracy for

HLA-DRB1 (97.6%), HLA-DQA1 (100%), reaching 98% for



Figure 4. 3D ribbon models for HLA-DQ
protein
Molecular structure of the extracellular re-
gion 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 Afri-
can ancestry groups. The Protein Data
Bank: 1jk8 was used to generate the 3D
structures HLA-DQ using PyMOL (The Py-
MOL Molecular Graphics System, v.2.0
Schrödinger, LLC). Abbreviations: Pro,
proline; Leu, leucine.
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 se-

quences used and their ability to capture less frequent al-

leles. 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, finemapping of the MHC region associated

with the HCV spontaneous clearance revealed the key

amino acids in the HLA-DQb1 protein that explain the as-

sociation in persons of both European and African

ancestry. Themechanistic advance is that we havemapped

an association of a large genomic region to two amino

acids in HLA-DQb1 and specifically to their binding with

HCV peptides. This advance in understanding of natural

recovery might set the stage for much needed enhance-

ment 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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nih.gov/projects/gap/cgi-bin/study.cgi?study_id¼phs001123.v1.

p1). The HCV polyprotein sequence is available at GenBank:

AFE48416.1 (https://www.ncbi.nlm.nih.gov/protein/AFE48416.
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available at PDB:1jk8 (https://www.rcsb.org/structure/1jk8).
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Figure S1: Principal components analysis of the European and African ancestry populations. (A) Scatterplot of PC1, PC2 and PC3. (B) 
Eigenvalues of each principal component. PC1 and PC2 explains most of the variance in the data for the European and African ancestry 
populations. 
 



 



 
 

Figure S2. Results of the meta-analysis of the association of SNPs in the MHC class II region with spontaneous clearance of HCV infection in 
European and African ancestry in the unconditional analysis and after several steps of conditional analysis on the top SNPs. (A) Association 
results of the unconditional analysis. (B) Conditional analysis on rs2647011. (C) Conditional analysis on rs2647011 and rs9274711. After 
conditioning on rs2647011 and rs9274711 no SNPs showed significant association with HCV spontaneous clearance. Each point corresponds 
to the p valueMeta for each SNP. The blue line and the p valueMeta colored in blue represent the threshold level of fixed effects meta-analysis 
significance corrected by multiple comparisons in the unconditional and conditional analyses. 





Figure S3. Results of the meta-analysis of the association of HLA class II alleles with spontaneous clearance of HCV infection in European 
and African ancestry in the unconditional analysis and after several steps of conditioning on top HLA classical alleles. (A) Association results 
of the unconditional analysis. (B) Conditional analysis on HLA-DQB1*03:01. (C) Conditional analysis on HLA-DQB1*03:01 and HLA-
DRB1*01:01. After conditioning on HLA-DQB1*03:01 and HLA-DRB1*01:01 no HLA alleles showed significant association with HCV 
spontaneous clearance. Each point corresponds to the p valueMeta for each HLA classical allele. The blue line and the p valueMeta colored in blue 
represent the threshold level of fixed effects meta-analysis significance corrected by multiple comparisons in the unconditional and conditional 
analyses. 





Figure S4. Results of the meta-analysis of the association of amino acid residues in HLA class II proteins with HCV spontaneous clearance in 
European and African ancestry populations in the unconditional analysis and after several steps of conditioning on top amino acid residues. (A) 
Association results of the unconditional analysis. (B) Conditional analysis on HLA-DQβ1Leu26. (C) Conditional analysis on HLA-DQβ1Leu26 
and HLA-DQβ1Pro55. After conditioning on HLA-DQβ1Leu26 and HLA-DQβ1Pro55 no amino acid residue showed significant association 
with HCV spontaneous clearance. Each point corresponds to the p valueMeta for each amino acid. The blue line and the p valueMeta colored in 
blue represent the threshold level of fixed effects meta-analysis significance corrected by multiple comparisons in the unconditional and 
conditional analyses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
 

  Imputed HLA class II genes 
European ancestry (N=1,600) HLA-DRB1 HLA-DQA1 HLA-DQB1 HLA-DPB1 

No. of individuals with imputed HLA alleles 
after quality control procedures (% from the 

total of imputable genotypes) 
1,440 (90) 1,582 (98.9) 1,600 (100) 1,543 (96.4) 

HCV persistent infection (controls) 912 997 1006 967 
HCV spontaneous clearance (cases) 528 585 594 576 

Number of unique HLA alleles to test 19 10 12 13 

Number of amino acid positions/number of 
residues or combinations tested 28/63 24/39 29/74 18/29 

African ancestry (N=1,864)         

No. of individuals with imputed HLA alleles 
after quality control procedures (% from the 

total of imputable genotypes) 
1,429 (76.7) 0 1,792 (96.2)  0 

HCV persistent infection (controls) 1,179 0 1,467 0 
HCV spontaneous clearance (cases) 254 0 330 0 

Number of unique HLA alleles to test 20 0 13 0 

Number of amino acid positions/number of 
residues or combinations tested 30/84 0  29/71  0 

 
 
 
Table S1. Efficiency and quality of imputation of HLA class II classical alleles and amino acids residues per ancestry group.  
 
 
 
 
 
 
 



Table S2 (Excel file) 
 
Table S2. SNPs significantly associated with HCV spontaneous clearance in the MHC class II region. Abbreviations: Chr: Chromosome; BP: 
position in base pairs; OR: odds ratio for HCV spontaneous clearance; CI: Confidence Interval; p valueMeta: p value of the meta-analysis of 
European and African ancestry populations.  

 



 
 

  
HLA 
Gene 

  
Effect Allele 

European Ancestry (N=1,600) African Ancestry (N=1,869) 

p valueMeta 
Frequency Effect Allele 

OR (95%CI) p value 
Frequency Effect Allele 

OR (95%CI) p value Clearance 
(n=594) 

Persistence 
(n=1,006) 

Clearance 
(n=340) 

Persistence 
(n=1,529) 

DRB1 DRB1*01:01 0.10 0.06 1.68 (1.3-2.2) 2.0 x 10-4 0.06 0.03 2.34 (1.5-3.8) 4.7 x 10-4 3.4 x 10-7 

DQA1 DQA1*03:03 0.08 0.04 1.85 (1.4-2.5) 8.5 x 10-5 NA NA NA NA 8.5 x 10-5 
 DQA1*05:01 0.09 0.13 0.61 (0.5-0.8) 2.6 x 10-4 NA NA NA NA 2.6 x 10-4 
 DQA1*05:05 0.19 0.16 1.41(1.2-1.7) 4.4 x 10-4 NA NA NA NA 4.4 x10-4 

DQB1 DQB1*02:01 0.09 0.13 0.60 (0.5-0.8) 1.9 x 10-4 0.06 0.07 0.76 (0.5-1.1) 1.4 x 10-1 2.5 x 10-4 
 DQB1*03:01 0.27 0.20 1.61 (1.3-1.9) 7.6 x 10-8 0.27 0.18 1.75 (1.4-2.1) 5.9 x 10-8 2.3 x 10-14 
 DQB1*05:01 0.13 0.10 1.39 (1.1-1.7) 4.2 x 10-3 0.13 0.1 1.24 (1.0-1.6) 5.5 x 10-2 7.3 x 10-4 
 DQB1*06:02 0.10 0.12 0.71 (0.6-0.9) 3.4 x 10-3 0.15 0.21 0.7 (0.5-0.9) 8.9 x 10-4 9.7 x 10-6 

 
Table S3. HLA alleles class II significantly associated with HCV spontaneous clearance in European and African ancestry populations. 
Abbreviations: OR: odds ratio for HCV spontaneous clearance; CI: Confidence Interval; p valueMeta: p value of the meta-analysis of European 
and African ancestry populations; NA: Not available. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
Table S4 (excel file) 
 
Table S4. Results of the association analysis and meta-analysis of amino acids residues on HLA class II genes with spontaneous clearance of 
HCV infection in European and African ancestry groups. Amino acids are named in a single-letter code, those with asterisk (*) are 
significantly associated with HCV spontaneous clearance. Abbreviations: OR: odds ratio; CI: confidence interval; p valueMeta: p value of the 
meta-analysis of both ancestry groups; NA: Not available. 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. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 

Marker/Gene (Effect Allele) 
HIV 

infection 
status 

European Ancestry 
n (HIV -) = 1,342 
n (HIV +) = 258 

African Ancestry 
n (HIV -) = 1,142 
n (HIV +) = 722 

p valueMeta 

OR p value OR p value  

rs2647011 (A) 
HIV (-) 1.23 2.89 x10-8 1.26 2.06 x10-5 3.28x10-12 
HIV (+) 1.43 1.30 x10-4 1.31 2.78 x10-5 2.69 x10-8 

rs9274711 (T) 
HIV (-) 0.97 7.39 x10-1 0.88 3.74 x10-1 3.96 x10-1 
HIV (+) 1.08 7.16 x10-1 1.02 9.12 x10-1 7.79 x10-1 

DQB1(DQB1*03:01) 
HIV (-) 1.52 3.03 x10-5 1.90 1.95 x10-6 3.23 x10-10 
HIV (+) 1.96 2.94 x10-3 1.61 3.49 x10-3 5.36 x10-5 

DQB1(DQB1*06:02) 
HIV (-) 0.70 7.18 x10-3 0.73 3.76 x10-2 7.06 x10-4 
HIV (+) 0.54 6.77 x10-2 0.60 5.70 x10-3 9.28 x10-4 

DRB1 (DRB1*01:01) 
HIV (-) 1.65 1.43 x10-3 1.77 9.41 x10-2 4.42 x10-4 
HIV (+) 1.69 1.46 x10-1 3.02 1.92 x10-3 6.82 x10-4 

HLA-DQβ1 Leu26 
HIV (-) 0.84 1.45 x10-5 0.57 5.53 x10-5 3.24 x10-9 
HIV (+) 0.75 3.27 x10-3 0.52 8.10 x10-5 9.18 x10-7 

HLA-DQβ1 Pro55 HIV (-) 1.42 1.86 x10-4 1.64 4.50 x10-4 3.00 x10-7 
HIV (+) 1.77 6.06 x10-3 1.57 1.21 x10-2 3.15 x10-4 

 

Table S5. Unconditional association analysis of independently associated SNPs, MHC classical alleles and amino acids by HIV infection 
status. Abbreviations: OR: odds ratio; p valueMeta: p value of the meta-analysis of both ancestry groups. 
 
 
 
 
 
 
 
 
 



 
 
 
Table S6 (excel file) 
 
Table S6. Results of the unconditional association analysis and fixed effect meta-analysis of the top associated SNPs, HLA class II classical 
alleles and amino acid residues and after conditioning with the same type of variant and across different type of variants. Abbreviations: p 
valueMeta: p value of the meta-analysis of both ancestry groups. 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.  
 
Table S7 (excel file) 
 
Table S7. Results of the unconditional association analysis and fixed effect meta-analysis of SNPs, HLA alleles and amino acid residues in 
the MHC class II and after conditioning with amino acids associated with high significance. Abbreviations: p valueMeta: p value of the meta-
analysis of both ancestry groups. 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. 
 
Table S8 (excel file) 
 
Table S8. List of peptides spanning the HCV proteome and their relative IC50 predicted values for each HLA class II alleles associated with 
viral clearance or persistence. Peptide sequences are listed in combination with localization, derived protein and predicted IC50 value for each 
of the HLA class II analyzed. Peptides are defined as epitopes if the IC50 values was ≤ 1000nM in at least one of the HLA class II alleles 
analyzed. The ratio is calculated only on defined epitopes considering the geometric mean of the IC50 values calculated in persistence alleles 
versus clearance alleles. The higher the ratio, the stronger the binding affinity in clearance HLA alleles versus persistence HLA alleles. 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. 
 



 
 
 

Gene 

All African Ancestry (N=18) European Ancestry (N=13) 

Total 
alleles (N) 

Concordant 
alleles (N) 

Accuracy 
(%) 

Total 
alleles (N) 

Concordant 
alleles (N) 

Accuracy 
(%) 

Total 
alleles (N) 

Concordant 
alleles (N) Accuracy (%) 

HLA-DRB1 42 41 97.6 26 25 96.2 16 16 100.0 
HLA-DQA1 22 22 100.0 NA NA NA 22 22 100.0 
HLA-DQB1 50 49 98.0 32 31 96.9 18 18 100.0 
HLA-DPB1 24 23 98.0 NA NA NA 24 23 95.8 

 
Table S9. Results of accuracy of the imputation with HIBAG and HLA-HD in all individuals and in individuals of European and African 
ancestry. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



Materials and Methods 

Samples  

 Study Cohorts 

 Boston Area HCV Study: Transmission, Immunity, Outcomes Network (BAHSTION). 

Subjects were enrolled in Massachusetts General Hospital, Brigham and Women's Hospital and 

Lemuel Shattuck Hospital (USA). HCV spontaneous clearance was determined by 2 negative tests 

separated by at least six months, and no treatment was provided prior to case status determination.  

Cramp et al. These individuals were recruited from patients seen at the South West Liver 

Unit and at King’s College Hospital (London). HCV spontaneous clearance was determined by 

being both HCV antibody positive and HCV RNA seronegative over a period of at least 18 months 

with no treatment. HCV persistence was determined by both HCV RNA and HCV antibody 

positive. The clearance and persistence groups were comparable in terms of age, sex, estimated 

duration of infection and route of infection1.  

 Hemophilia Growth and Development Study (HGDS). The HGDS is a multicenter natural 

history study of adolescents and children with hemophilia and its complications. HCV spontaneous 

clearance was defined as HCV antibody positive and HCV RNA non-detectable for two or more 

study measurements separated by six months. HCV persistence was defined as HCV antibody 

positive and HCV RNA above the limit of detection for two or more study measurements. HCV 

treatments given prior to the case determination were not considered2.  

Mangia et al. This cohort corresponds to HCV mono-infected patients with HCV positive 

antibody test followed up at the Research laboratory of IRCCS “Casa Sollievo della Sofferenza” 

(Italy). Determination of HCV spontaneous clearance was made by repeated HCV RNA assays 



performed every 6 months during an observational period of 18 months with no treatment The 

original study was approved by the Ethic Committee of the above IRCCS in Italy3. 

 AIDS Link to the Intravenous Experience (ALIVE). The ALIVE cohort is based in 

Baltimore (USA) and includes individuals who inject drugs with follow up visits every six months. 

HCV spontaneous clearance was determined by has having two serum samples in which HCV 

RNA was <50 IU/ml and having HCV antibody positive; subjects with HCV antibodies and RNA 

in serum were considered as persistently infected. No HCV treatments were given prior to the case 

determination. Approval was granted by the Johns Hopkins Bloomberg School of Public Health4.  

 Baltimore Before and After Acute Study of Hepatitis (BBAASH). This study is based in 

Baltimore (USA) and comprises a prospective cohort of people who inject drugs and at risk of 

HCV infection5. In this study, HCV infection was confirmed by HCV antibody seroconversion for 

all subjects. HCV spontaneous clearance was defined as the absence of detectable viremia in at 

least two serum or plasma specimens obtained >300 days after initial viremia and >60 days apart. 

HCV persistence was defined as continuous viremia <300 days after initial viremia. No subjects 

were included who underwent therapy prior to determination of HCV outcome. The study was 

approved by the Institutional Review Board at the Johns Hopkins School of Medicine5.  

 Multicenter Hemophilia Cohort Studies (MHCS I and II). The MHCS consists of 

hemophilic subjects (mostly with hemophilia A) recruited in 16 sites located in the United States, 

Greece, Germany, and Austria with a high percentage of HCV positive individuals (70%). The 

Second Multicenter Hemophilia Cohort Study (MHCS-II) includes subjects >13 years of age with 

an inherited coagulation disorder such as hemophilia A or B, deficiencies in other factors such as 

V or XI, and von Willebrand who were exposed to HCV6.  



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

study (REVELL). This cohort is a case control study of serologically confirmed HCV positive 

blood donors identified within a network of 17 blood banks in Western and Southern USA. HCV 

persistence was defined as being HCV antibody positive and RNA+ both at an index seropositive 

donation and on 1-2 follow-up samples collected 1-3 years later7. HCV spontaneous clearance was 

determined by negative test by replicate. No HCV therapy was administered while determining 

the diagnosis. The Committee on Human Research at the University of California, San Francisco, 

approved the study protocol7.  

 The Swan Project. This study recruits persons who inject illicit drugs at a community-based 

field site on the Lower East Side of Manhattan (USA). The determination of HCV spontaneous 

clearance/persistence was made with a single test using the discriminatory HCV transcription 

mediated amplification assay (GenProbe Inc., San Diego, CA). No HCV treatments were given 

prior to case determination. The study is approved by the institutional review boards of SUNY 

Downstate College of Medicine and Weill Cornell Medical College. Written informed consent is 

obtained from all study participants8.  

 Toulouse, France cohort. This study includes individuals born in the south of France with 

HCV spontaneous clearance/persistence determined by antibody and RNA determinations as 

described extensively in reference9.  

 Women's Interagency HIV Study (WIHS). This is a multicenter, collaborative, prospective 

study for women at risk for HIV infection with several recruiting centers at USA including New 

York City/Bronx, Brooklyn, NY; Washington DC, Northern California; Los Angeles 

County/Southern California; Chicago. The study includes HIV+, HIV- women and those 

previously diagnosed with clinical AIDS or low CD4+ cell counts. HCV spontaneous clearance 



was defined as one HCV RNA at entry into WIHS with positive HCV antibodies. No HCV 

treatments were given prior to case determination10.  

 United Kingdom Drug Use cohort. This cohort is based in London at a Hepatology clinic 

at the Kings College. Subjects identified with HCV spontaneous clearance had two negative PCR 

reactions at least six months apart and those with HCV persistence had at least two positive PCR 

reactions. No treatment was given prior to this assessment. Most individuals are self-reported 

Caucasian, HIV negative, and injection drug users11. 

 Urban Health Study. This is a serial, cross-sectional, sero-epidemiological study of 

injection drug users in the San Francisco Bay Area (USA). HCV spontaneous clearance or 

persistence was determined based on antibodies and Hepatitis C Viral RNA test was done on those 

individuals with positive antibody tests. The present analysis included mostly genetically 

determined African Ancestry individuals12, 13. 

Genotyping, imputation of SNPs, classical HLA alleles and amino acids 

 The reference population to build the pre-fit classifiers for the European ancestry 

population used in the software HIBAG included between 1,624 and 2,572 individuals 

(depending on the HLA locus) from diverse, though mainly European, or European-ancestry 

individuals from HLARES database obtained from GlaxoSmithKline clinical trials as described 

in reference 14. SNP from the MHC region in the reference population were typed using the 

Illumina 1M and 1M Duo platform. 7,976 SNPs with less than 10% missing data were used to 

build the classifiers. Classical HLA alleles data was generated by Conexio Genomics, 

HistoGenetics (Ossining, NY, USA) and LabCorp (Burlington, NC, USA) using the SBT, SSO 

and SSP methodologies for HLA-A, B, C, DRB1, DQA1, DQB1 and DPB1 genes14.  



 Classifiers used for the imputation of classical HLA alleles in the African ancestry 

population were built based on whole genome sequencing data from 880 participating in the 

“Consortium on Asthma among African-ancestry Populations in the Americas” (CAAPA)15 with 

SNP genotyped in the MHC region and typed for classical HLA alleles such as HLA-A, HLA-B, 

HLA-C, HLA-DRB1 and HLA-DQB116. As input for the HIBAG algorithm we selected 

independent SNPs in this reference population determined by pruning out the markers having a 

linkage disequilibrium (LD) r2 value > 0.8. After pruning, we obtained 24,504 SNPs with a 

genotyping rate > 98% and minor allele frequency > 0.001 to use for the construction of the 

classifiers. On the other hand, to select SNP of our African ancestry group to input in HIBAG, we 

used genotyped SNPs and imputed SNPs. Allelic dosages of the imputed SNPs were transformed 

to hard calls using PLINK 2.00 alpha version17, 18 and imputed markers with uncertainty greater 

than 0.1 were treated as missing. Out of the 25,565 imputed/genotyped SNPs, 14,620 were in the 

intersection with the reference panel and were used as input for building the classifiers. For each 

population we imputed classical HLA alleles and translated to amino acids in cases and controls 

together.  

Statistical analysis 

Association analyses and meta-analysis of each type of variants 

 For the association analysis we encoded each HLA classical allele and amino acid residue as 

a bi-allelic marker, corresponding to the presence or absence of each allele and for multi allelic 

amino acid positions we also generated a variable for each possible combination of the residues 

for that position using HIBAG14. 

Identification of independent signals for each type of variants  



 In the model of the conditional analyses for each type of variant, we generated dummy 

variables for each classical HLA allele and each residue in amino acid positions to which we 

added the top associated variants of each type one by one in an additive logistic regression 

model including HIV infection status as well as the first two principal components after PCA. 

We then evaluated the effect of this conditioning on the association of the other variants of the 

same type. Data formatting of the classical HLA alleles and amino acids was implemented with 

customized scripts in R19 and conditional association analyses were performed using PLINK 

2.00 alpha version17, 18.  

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

 In order to determine pairs of HLA-DQA1/HLA-DQB1 classical HLA alleles to include 

in this analysis, we estimated haplotypes of these 2 genes in the European ancestry population 

using a maximum likelihood estimate of haplotype probabilities using the haplo.stats package 

(https://www.mayo.edu/research/labs/statistical-genetics-genetic-epidemiology/software) 

implemented in R19. Haplotypes with highest frequencies containing classical HLA alleles with 

positive and negative effect in HCV spontaneous clearance were included in the analysis. Predicted 

epitopes associated with clearance or persistence have been selected based on the ratio calculated 

as following, where p are the persistence alleles and c are the clearance alleles: 

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑅𝑅𝐺𝐺𝑅𝑅𝑅𝑅𝐺𝐺 =
�𝐴𝐴𝐴𝐴𝐴𝐴𝐺𝐺𝐴𝐴𝐺𝐺 𝑝𝑝1 ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝐺𝐺𝐴𝐴𝐺𝐺 𝑝𝑝2 ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝐺𝐺𝐴𝐴𝐺𝐺 𝑝𝑝𝐺𝐺𝑝𝑝𝑝𝑝

√𝐴𝐴𝐴𝐴𝐴𝐴𝐺𝐺𝐴𝐴𝐺𝐺 𝑐𝑐1 ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝐺𝐺𝐴𝐴𝐺𝐺 𝑐𝑐2 ∗ 𝐴𝐴𝐴𝐴𝐴𝐴𝐺𝐺𝐴𝐴𝐺𝐺 𝑐𝑐𝐺𝐺 𝑐𝑐𝑝𝑝  

  

Results 

Unconditional and conditional association analyses and meta-analyses   

Unconditional and conditional association analysis with amino acids residues.   



 Besides HLA-DQβ1Leu26 and HLA-DQβ1Tyr26, other amino acids were also associated 

with HCV spontaneous clearance with similar significance, including HLA-DQβ1Glu45 (p 

valueMeta= 2.4 x 10-13), HLA-DQβ1Ala13 (p valueMeta= 1.18 x 10-12). HLA-DQβ1Leu53, HLA-

DQβ1Pro55 and HLA-DQβ1Phe87 were also associated with less strength of association (Table 

S4). Their association was notably diminished in the conditional analysis with HLA-DQβ1Leu26 

excepting HLA-DQβ1Pro55 and they were not significantly associated after double conditional 

analysis with HLA-DQβ1Leu26 and HLA-DQβ1Pro55 (Figure S4). 

 Conditional analysis on associated residues in amino acid positions 13, 45, 53, 55 and 87 

did not have a major effect on the association of HLA-DQβ1Leu26. Only HLA-DQβ1Phe9 was 

able to eliminate the significance of the association of HLA-DQβ1Leu26 (Table S7). 

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

 The individual conditional models for other amino acid residues associated with high 

significance are presented in Table S7. The change in the association of rs2647011 and rs9274711 

observed when conditioning with other amino acids was not as significant as it was in the 

conditional model with HLA-DQβ1Leu26 (Tables S6 and S7). The association of HLA-

DQB1*03:01 was eliminated in the conditional analysis of HLA-DQβ1Ala13 and HLA-

DQβ1Glu45 and decreased with HLA-DQβ1 Tyr9 and HLA-DQβ1Pro55 (Table S7).  

 The association with the classical allele HLA-DQB1*06:02 was abrogated when 

conditioning in each of the associated amino acid positions: HLA-DQβ1Tyr9, HLA-DQβ1Ala13, 

HLA-DQβ1Glu45, HLA-DQβ1Pro55 and HLA-DQβ1Phe87. The association of HLA-

DRB1*01:01 was only reduced with conditional analysis with amino acid residues in HLA-DRβ1 

but was widely reduced when conditioning in HLA-DQβ1Leu26 (Table S7). The association of 



HLA-DQB1*02:01 was reduced in the conditional analysis with amino acid residues in positions 

13, 26, 45, 55 of HLA-DQβ1.  

Epitope prediction of classical HLA class II alleles associated with HCV clearance.  

 The list of peptide sequences used for the prediction analyses with the IC50 prediction 

values for each HLA class II allele analyzed as well as additional information related to the 

location, specific protein and ratio between persistence/clearance alleles calculated on peptides 

predicted to be epitopes in at least one of the alleles studied is presented in Table S8.  
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