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Abstract

Background—Hepatitis C virus (HCV) infections occur worldwide and either spontaneously
resolve or persist and markedly increase the person’s lifetime risk of cirrhosis and hepatocellular
carcinoma. Although HCV persistence occurs more often in persons of African ancestry and in
persons with a genetic variant near /L28B, the genetic basis is not well understood.

Objective—To evaluate the host genetic basis for spontaneous resolution of HCV infection.
Design—Two-stage genome wide association study (GWAS).
Setting—13 international multicenter study sites.

Patients—919 individuals with serum HCV antibodies but no HCV RNA (spontaneous
resolution) and 1482 individuals with serum HCV antibodies and RNA (persistence).

Measurements—Frequencies of 792,721 SNPs.

Ann Intern Med. Author manuscript; available in PMC 2013 August 19.
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Results—Differences in allele frequencies between persons with spontaneous resolution and
persistence were identified on chromosomes 19g13.13 and 6p21.32. On chromosome 19, allele
frequency differences localized near /L28B and included rs12979860 (overall per-allele OR =
0.45, P = 2.17 x 1073%) and 10 additional SNPs spanning 55,000 bases. On chromosome 6, allele
frequency differences localized near genes for class |l Aiuman leukocyte antigens (HLA) and
included rs4273729 (overall per-allele OR= 0.59, P = 1.71 x 10716) near DQB1*03:01 and an
additional 116 SNPs spanning 1,090,000 base pairs. The associations in chromosomes 19 and 6
were independent, additive, and explain an estimated 14.9% (95% ClI: 8.5-22.6%) of the variation
in HCV resolution in those of European-Ancestry, and 15.8% (95% Cl:4.4-31.0%) in individuals
of African-Ancestry. Replication of the chromosome 6 SNP, rs4272729 in an additional 746
individuals confirmed the findings (p=0.015).

Limitations—Epigenetic effects were not studied.

Conclusions—/L28B and HLA class Il are independently associated with spontaneous
resolution of HCV infection and SNPs marking /L28B and DQBI1*03:01 may explain ~15% of
spontaneous resolution of HCV infection.

Introduction

Hepatitis C virus (HCV) infection culminates in one of two distinct clinical outcomes.
Approximately 60% of individuals have life-long chronic infection that produces an average
of 10%-12 viruses per day with the associated risks of cirrhosis and hepatocellular carcinoma,
while the remainder spontaneously eliminate infection (1,2). The virus itself cannot be
chiefly responsible for these dichotomous outcomes because they occurred even when there
was accidental infection with the same HCV inoculum(3). Likewise, persons of African
ancestry are less likely to have spontaneous resolution than persons of European or Asian
backgrounds infected with the same virus genotype, strongly suggesting there is a host
genetic basis(4). The most consistently replicated genetic association has been with variants
near the gene for interleukin 28B (/L28B) also known as lambda interferon 3(5,6). However,
prior studies have either focused on one particular SNP(5) or had limited sample sizes from
individual outcome groups and thus have restricted ability to find additional susceptibility
alleles for spontaneous resolution of HCV infection. To investigate comprehensively the
host genetic basis for spontaneous control of HCV infection, a multicenter, collaborative
two-stage genome-wide association study was conducted.

A genome wide association study (GWAS) tests common variation across the human
genome for association with an outcome and utilizes 100 thousand to 5 million single
nucleotide polymorphisms (SNPs). Unlike the more traditional candidate gene studies that
evaluate biologically plausible genes that may be related to the disease outcome, GWAS
does not have an a priori hypotheses on which gene may be involved and evaluates common
SNPs across the genome. A complete GWAS study relies on large sample sizes and
replication studies to confirm the initial results and identification of important genetic
regions or genes, but on their own they do not identify causal alleles. For a variety of
diseases and traits, GWAS has been fruitful in identifying novel genes that may play a role
in disease pathogenesis (7) Using this GWAS approach, we evaluate 2401 individuals from
13 distinct study groups (Appendix Table 1) for genetic associations with spontaneous
resolution of HCV.

Methods

Samples

A total of 2401 individuals were selected from 13 distinct study groups. The study sites
include the AIDS Link to the Intravenous Experience (ALIVE)(8), Baltimore Before and

Ann Intern Med. Author manuscript; available in PMC 2013 August 19.
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After Acute Study of Hepatitis (BBAASH)(9), Boston Area HCV Study Transmission,
Immunity, Outcomes Network (BAHSTION)(10), Cramp (11), Hemophilia Growth and
Development Cohort (HGDS)(12), Mangia(13), Multicenter Hemophilia Cohort Studies
(MHCS I and I1)(14), Correlates of Resolved Versus Low-Level Viremic Hepatitis C
Infection in Blood Donors (REVELL Study) (15), The Swan Project(16), Toulouse
cohort(17), Women’s Interagency HIV Study (WIHS)(18), and United Kingdom Drug Use
cohort(19). Study sites were selected because they had well established HCV outcomes,
available DNA and permission for genetic testing. Case definitions were determined by each
study and are detailed in the Appendix. No HCV treatments were reported prior to the
determination of persistence/spontaneous resolution. The following cohorts also were
involved in a prior study in which rs12979860 near /L28B was reported to be associated
with HCV recovery (ALIVE, n=281, MHCS, n=305, HGDS, n=106, REVELL, n=85, and
United Kingdom Drug Use cohort, n=180)(5). Each individual study obtained consent for
genetic testing as approved by the governing Institutional Review Board and provided DNA
without identifiers to Johns Hopkins School of Medicine where DNA samples were
prepared for testing, a process approved by the Johns Hopkins School of Medicine
Institutional Review Board.

Genome-wide association genotyping

The Center for Inherited Disease Research performed the genotyping for the GWAS using
the Illumina Human Omni-Quad array. There were 1,000,559 SNPs released with genotyped
and intensity data. A series of standard quality control measures were employed (see
Appendix) for both samples and markers including deviations from Hardy-Weinberg
equilibrium, percent missingness, cryptic relatedness and determination of ancestry using
principal components analysis (PCA). Q-Q plots and the inflation factor (A) were evaluated
for confounding by population stratification (Appendix Table 2, Appendix Figures 1 and 2)

Statistical Analysis

Using principal components and a random subset of 21,710 SNPs across the genome, we
genetically determined ethnicity across the studies. Principal components analysis is used to
summarize the background genetic variation of populations into a few variables that
represent ethnic origin. Three distinct ethnic groups emerged across the 13 studies and
participants from each study may have contributed to each of the different ethnic groups:
European ancestry, African ancestry and Mixed/Other ancestry (Appendix Figures 3 and 4).
Minor allele frequencies were tabulated for each ethnic group (Appendix Table 3).
Ethnicity-specific groups were tested for association using an additive logistic regression
model, adjusting for the first two principal components and HIV status. An additive genetic
model represents genotypes as 0, 1,2 copies of the minor allele. These results were then
meta-analyzed in a fixed effects inverse variance model. All covariate-stratified analyses
were conducted similarly with each ethnicity being stratified by the variable, and then the
three ethnic groups being meta-analyzed using the same fixed effects inverse variance
method in META. To assess significance, we evaluated the p-value from the meta-analysis
using an accepted GWAS threshold of 5 x 1078 Heterogeneity was evaluated using the 12
metric and the associated p-value which can range from 0-100% and shows the extent of
heterogeneity between studies.

The logyg p-values were plotted for all SNPs across the genome in a Manhattan plot, which
graphically depicts all of the p-values in a GWAS and the “peaks” or “skyscrapers” are the
regions of probable importance (Figure 1). The p-value a threshold of 5 x 1078 is depicted in
the figures and SNPs at or below this p-value were considered statistically significant. This
p-value threshold of 5 x 1078 is based upon a Bonferroni correction for 1 million SNPs and
is consistent with a modified Bonferroni correction for the entire genome and simulations to
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control for the potential Type 1 error (20,21)). SNPs with p-values in the range of 1076~
1078 suggest a possible association.

We also performed a conditional analysis to determine if a single SNP “explained” a
significant genetic region. We included the SNP in the model (for some regions, more than
one SNP was included consecutively to explain the significance of a region) and then re-
evaluated the plots (Figure 2).

The percent variance explained was estimated using the R program by So et al. (22), and a
10-40% prevalence of clearance. Statistical analyses were performed in PLINK v1.07 (23)
or R and the meta analysis was completed in META v1.40)(24).

We also repeated a logistic regression model of spontaneous clearance in all available
members of the unmatched Baltimore ALIVE cohort (4). The details of the model were
previously reported, but the independent association of factors associated with spontaneous
clearance (P<0.10) were considered by using logistic regression including self-assigned
race, age (classified as above or below the median), HIV status (CD4+ lymphocyte counts
stratified by convention as >500/mm?3; 200-499/mm3, and <200/mm3), and hepatitis B
status (determined by presence or absence of HBsAQ)(4). The rs12979860 allele was
genotyped in the ALIVE cohort and the model repeated.

Imputation, which determines probable genotypes for SNPs that were not on the array, was
conducted for chromosomes 6 and 19. The reference panel consisted of 1,092 individuals
representing four continental populations (Africa, Americas, Asia and Europe) as part of the
1000 Genomes Project. The goal of imputation is to increase the resolution of genetic
markers in these regions in an attempt to narrow down the possible causal locations by
finding stronger signals(25). This is done by evaluating the underlying linkage
disequilibrium in these regions in the reference population with known genotypes and then
comparing this to the populations being studied. The imputed genotypes were analyzed by
PCA-determined ethnicity controlling for the first two principal components and HIV status,
and then meta-analyzed in the same way as the original analysis.

To confirm the novel findings from the GWAS we performed a replication study using
convenience samples from three cohorts (Table 1): Multicenter AIDS Cohort Study
(MACS), ALIVE participants not included in the original GWAS and an Egyptian cohort.
The Egyptian samples were included because Egypt has the highest prevalence of HCV
infection in the world due to accidental transmission during efforts to prevent
schistosomiasis(26).

For this replication, we identified SNPs from the GWAS that either reached genome wide
significance p<5 x 1078 or were correlated with one of these SNPs or were located in the
nearest gene. Since genome wide markers were not available for these replicate samples, we
used self-reported ethnicity to categorize an individual: Black, White or North African/
Egyptian. Genotyping was performed using either commercial or custom TagMan® SNP
Genotyping Assays from Applied Biosystems (Life Technologies, Carlsbad, CA), following
the manufacturer’s standard protocol for an 40X Assay mix. The Roche LightCycler 480
Real-Time System (Roche Applied Science, Indianapolis, IN) was used to amplify the DNA
and measure the fluorescence from each reaction to determine the genotype using Roche’s
software. Test of associations were assessed in Plink (PLINK v1.07)(23) using an additive
model for each ethnic group, and then meta-analyzed using META [v1.4.0](24). We used
the conventional threshold for replication (p=0.01) which represents the nominal p-value
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and also performed a joint statistical analysis in which we expect the overall p value to be
lower (27) (Appendix Table 6). We did not genotype chromosome 19 SNPs since findings in
IL28b have been previously reported and confirmed.

HLA Classical Allele Analysis

Results

To determine if a specific HLA class 1 allele explained the genome wide significant
association on chromosome 6 in the MHC region, we tested classical HLA alleles for
association with HCV spontaneous resolution. The class 1l HLA genotyping was performed
using high-resolution (4-digit) SBT (sequence based typing) protocols recommended by the
13th International Histocompatibility Workshop. HLA classical allele analysis is presented
in Appendix Tables 4 and 5. Only alleles with at least 10% frequency were included in the
analysis. P-values were ascertained using logistic regression, adjusting for the first two
ethnicity-specific principal components and HIV status. Counts were ascertained for HLA-
DQB1*03:01 alleles versus rs4273729, the most significant SNP from the association
analysis in the original GWAS for HLA.

Funding—This project was funded in whole or in part with federal funds from the office of
AIDS Research through the Center for Inherited Diseases at Johns Hopkins University, the
National Institutes of Drug Abuse R01013324 (DT); the National Institutes of the Frederick
National Laboratory for Cancer Research, under Contract No. HHSN261200800001E. The
content of this publication does not necessarily reflect the views or policies of the
Department of Health and Human Services, nor does mention of trade names, commercial
products, or organizations imply endorsement by the U.S. Government. This Research was
supported in part by the Intramural Research Program of the NIH, Frederick National Lab,
Center for Cancer Research.

There were 919 individuals with spontaneous resolution of HCV infection identified by
detection in blood of HCV specific antibodies but no HCV RNA (Appendix Table 1) and
1,482 individuals with chronic HCV infection identified by detection in blood of HCV
specific antibodies and HCV RNA. After quality control measures were exercised there was
information on 792,721 SNPs. Marked differences in allele frequency between persons with
HCYV clearance and persistence were evident on chromosomes 19¢13.13 and 6p21.32
(Figure 1). These associations were consistent when both adjusted and stratified by HIV
status, sex, and ancestry (Appendix Figures 5-8).

On chromosome 19, significant differences in allele frequency were detected for 11 SNPs
representing 55,000 base pairs (bp) spanning /L28B, as previously described(5,6,28). The
most significant association was with rs12979860, located ~3kb upstream of the /L28B start
codon which has an allele frequency of 20-100% (C allele) in worldwide populations (5).
Overall, the favorable homozygous CC genotype was detected in 523 (56.9%) HCV
spontaneous resolvers and 470 (38.9%) HCV persistent individuals compared to CT in 297
(32.3%) HCV spontaneous resolvers and 739 (61.1%) HCV persisters and TT 84
(9.1%)HCV spontaneous resolvers and 257 (21.3%) HCV persisters (per-allele ORpgta =
0.45, P = 2.17 x 10739), Since this finding included rs12979860 that was previously reported
to be associated with spontaneous clearance, no confirmatory testing was performed.

This finding was consistent in substrata classified by genetic ancestry, gender, HIV-
infection, and mode of HCV infection. The linkage disequilibrium block marked by
rs12979860 chiefly explained the association, as the other 7 SNPs were no longer
significantly associated with clearance in analyses conditioned on rs12979860 (P > 5 x 1078,
Appendix Figure 9). In contrast, rs12979860 remained strongly associated with HCV
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clearance in analyses conditioned on the other SNPs, even rs8099917, which was associated
with spontaneous clearance in a previous Swiss study (Appendix Figure 10-11-14)(29).
Imputation to 1000 genomes sequence data revealed another strongly associated SNP,
rs4803217 (0dds ratiomets = 0.44, p = 2.12 x10 ~30), located in the 3" untranslated region of
/L 28B (Figure 2). However, the association of rs4803217 could not be assessed separately
from rs12979860 because of strong pairwise linkage disequilibrium in persons of both
European (CEU, r2 =0.91) and African (YRI, r2 =0.86) ancestry. We also typed the
rs12979860 allele on all available members of the Baltimore, Maryland ALIVE cohort in
whom the greater HCV persistence in persons of African ancestry was originally discovered
(4). In the same, fully-adjusted model of spontaneous resolution that was previously
reported, by adding the results of rs12979860 testing, the fully-adjusted odds of persistence
in persons of African compared to Caucasian ancestry was reduced from 4.53 (95% ClI 2.186,
9.52) to 2.75 (95% ClI 1.24, 6.12).

On chromosome 6, differences in allele frequencies between HCV spontaneous clearance
and persistence were detected in 117 SNPs spanning 1,090,000 base pairs and encompassing
genes for Auman leukocyte antigen (HLA). The strongest associations were detected for
SNPs in the HLA class 11 region, such as the C allele at rs4273729 (Table 1, Figure 2).
Overall, the homozygous GG genotype was detected in 429 (46.7%) HCV spontaneous
resolvers and 495 (40.9%) HCV persisters compared to GC in 403 (43.9%) HCV
spontaneous clearers and 697 (57.7%) HCV persisters and CC 84 (9.1%) HCV spontaneous
clearers and 287 (23.7%) HCV persisters (per-allele ORppeta= 0.59, P = 1.71x 10716, The
finding was consistent in substrata classified by genetic ancestry, gender, HIV-infection, and
mode of HCV infection. Using conditional analyses, a single SNP (rs4273729) explained the
significant findings in this region (p>5.0 x1078, Appendix Figure 12). Imputation to 1000
genomes refined the locus to the DQAI-DQB2ZHLA region, although no imputed SNP was
more significant than rs4273729. Additional analyses incorporating study site in the model
confirmed the findings (Appendix Table 9). The significance of this region was confirmed in
a replication dataset comprising 745 individuals from 3 cohorts including 284 individuals
with spontaneous clearance and 461 individuals with chronic infection (Table 1b, rs4273729
odds ratio replication = 0.77, p=0.015 and OR meta+rep= 0.63, p=5.2 x 10717).

Although strong, long-distance linkage disequilibrium made it impossible to pin point a
single casual allele, classical HLA allelic typing available on 823 individuals from this study
demonstrated that DQB1*03.:01 contributes significantly to the association (OR=1.93,
p=1.84 x 10> European ancestry, OR =1.82, p=0.016 African ancestry, Appendix Table 4—
5). Since DQB1#*03.:01 exists in haplotypes with multiple DR alleles, this finding may
explain why other studies have reported DQB1*03:01 and/or diverse additional DR
associations (13,17,30-32). Interestingly, in similar GWAS, host control of other chronic
viral infections has been mapped to different major histocompatibility (MHC) genes such as
HLA-B*57for HIV, HLA-DP for HBV, and MHC class | polypeptide-related sequence B
for dengue, underscoring differences in the roles of HLA loci in the host control of chronic
viral infections (33-35).

The associations in chromosomes 19 and 6 with HCV clearance were independent and
additive. Conditioning on the chromosome 19 SNP, rs12979860, did not alter the
chromosome 6 associations, and conditioning on chromosome 6 did not alter chromosome
19 associations (Figure 3). There was a stepwise increase in the percent spontaneous
resolution with the presence of each protective allele, indicating an additive effect of the
protective variants (Figure 4). In a population with prevalence of spontaneous clearance of
30%, an overall estimate of 15% of the variance in spontaneous HCV resolution is explained
by SNPs at chromosome 19 (8.4 frican, 10-1guropean0, s12979860) and chromosome 6

(7.4 Africans 4-8European?0, rs4273729). For individuals of European ancestry, the total
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variance explained is 14.9% (95% CI 8.5-22.6%) and for individuals of African ancestry the
total variance explained is 15.8% (95% CI 4.4-31%) (Appendix Figure 13).

Discussion

The results of this investigation provide incontrovertible evidence that /L28B and HLA class
/1 are independently associated with spontaneous resolution of HCV infection and SNPs
marking /L28B and DQBI1*03:01 may explain ~15% of spontaneous resolution of HCV
infection.

The mechanisms through which DNA sequences near /L28B and DQB affect spontaneous
clearance from HCV infection are not known. Interestingly, the same alleles near /L28B (but
not DQB) are also associated with resolution of HCV infection following treatment with
peginterferon and ribavirin (6,28,36). This observation suggests interesting similarities and
differences in the pathogenesis of spontaneous clearance and interferon alfa-based treatment
of HCV infection.

Spontaneous resolution of HCV infection has been linked to preservation of proliferative
CD4+ lymphocyte responses(37), and we show data here that among class 11 molecules,
DQEB1#*03:01 appears to be expressed at higher levels on the surface of peripheral blood
cells compared to all other DQB alleles (Appendix Figure 17). However, the mechanisms
through which DNA sequence differences in class Il contribute to spontaneous resolution of
HCV infection have not yet been established.

There are potential clinical implications to this research. Genetic testing can be used to
predict the likelihood of spontaneous resolution of HCV infection. Guidelines for treatment
of acute HCV infection recommend that interferon alpha based treatment be given if
infection is not spontaneously resolved before the infection transitions to the chronic phase
(38). This recommendation is based on the observation that those with longer HCV infection
(more than 12 months) are less likely to respond to treatment than those infected for shorter
periods of time. However, the precise timing of when treatment responses begin to decline is
unknown and unnecessary treatment can cause significant adverse effects. /L28B testing,
which is commercially available, could provide a basis for prioritizing persons with T alleles
at rs12979860 for early treatment since those who have CC genotypes have a high rate of
spontaneous (and treatment related) resolution(28). Likewise, testing for rs4273729 (or
DQB1#*03:01) might provide a basis for prioritizing early treatment based on risk of
spontaneous resolution, despite not altering the expectation for treatment response.

In this investigation we were able to explain ~15% of the variance of spontaneous HCV
resolution with 2 SNPs. This compares favorably to other complex traits including Type 1
diabetes (45 variants) explaining ~11% of the variance, Type 2 diabetes (25 variants)
explaining ~12% of the variance, and Crohn’s disease (32 variants) explaining ~7% of the
variance (22). Explanation of a significant proportion of the phenotypic variance with 2
SNPs may have been enhanced by adjusting for other potential contributing factors such as
HIV infection and race, as well as the unambiguous classification of the phenotype by RNA
testing. Even more of the variance in the outcome might have been explained if we could
have adjusted for the infecting virus. Unfortunately, viral genotype information in those who
spontaneously resolve is rarely available since HCV infection is seldom recognized when it
first occurs(2).

These data may provide insights into why individuals of African descent are less likely to
spontaneously clear HCV infection. The T allele at rs12979860 that is associated with viral
persistence is the ancestral allele (5). We have no insights into why there are T allele
frequency differences in human populations. Specifically, HCV infection itself should not
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provide a large competitive advantage for a human allele since it does not commonly affect
human fecundity. In contrast, the virus has vast capability to evolve its own sequence to
optimize its own fecundity in a particular host genetic background (39,40). Thus, if HCV
originally adapted to an African genetic background, where a higher prevalence of this
ancestral allele exists, then a higher rate of spontaneous resolution might be anticipated
when infection occurred in a new genetic background.

This hypothesis could not be confirmed in our discovery DNA panel because some cases
and controls were matched on race. However, the rs12979860 allele was genotyped on all
available members of the Baltimore, Maryland ALIVE cohort in whom the greater HCV
persistence in persons of African ancestry was originally discovered (4). By adding the
results of rs12979860 testing, the odds of persistence in persons of African compared to
Caucasian descent was reduced from 4.53 to 2.75 suggesting that the lower frequency of
favorable /L28B alleles may explain some, but not all, of the lower likelihood of
spontaneous resolution in persons of African ancestry.

In summary, this investigation demonstrates that that /L28B and HLA class I/ are
independently and unequivocally associated with spontaneous resolution of HCV infection
and SNPs marking /L28B and DQBI1*03:01 may explain ~15% of spontaneous resolution.
Additional research is needed to ascertain the mechanisms through which these DNA
sequences affect the outcome of HCV infection.
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Figure 1.

Manhattan Plot summarizing the genome-wide association results in 919 individuals with
spontaneous resolution of HCV infection and 1,482 individuals with chronic HCV infection.
Each point corresponds to a p-value from a test of association for a single SNP. The —-log10
p values are plotted by location of the individual SNP across the genome. The dotted grey
line represents an accepted level of genome wide significance, p=5 x 1078, SNPs in the
MHC and 1128b region on chromosomes 6 and 19, respectively exceed this threshold.
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Figure 2. Genotyped and Imputed SNPsfor HLA Class|| (A) and 1L28B (B) Regions
Genotyped SNPs are in dark grey, 1000 genomes imputed SNPs are in light grey. The dotted
red line is p=5 x 1078,
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The first plot shows the genome-wide association results for HCV clearance and persistence
conditioned upon rs4273729 in HLA Class Il region. The second is conditioned upon
rs12979860 in the /L28B region. The third plot is conditioned on both SNPs. The dotted
grey line represents p=5 x 1078,
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Figure 4. Additive Relationship for HCV clearancefor HLA Class|| and IL28B SNPs

Among 919 individuals with spontaneous clearance and 1482 with viral persistence, the %
with viral clearance are shown for (A) rs12979860 in the /L28B region by ethnicity; (B)
rs4273729 in the HLA Class Il region by ethnicity; and (C) both rs4273729 and rs12979860
by ethnicity. As a case control study the relative differences in % are more informative than
absolute values, which vary by the ratio of clearance to persistence in the study population.
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