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Abstract

Immune control of HIV-1 infection depends heavily on cytotoxic T-lymphocyte responses 

restricted by diverse HLA class I molecules. Recent work has uncovered specific amino acid 

residues (AARs) that seem to dictate the extent of immune control in African Americans, which 

prompted us to test these emerging hypotheses in seroconverters (SCs) from southern and eastern 

Africa. Based on data from 196 Zambians and 76 Rwandans with fully resolved HLA alleles and 

pre-therapy HIV-1 viral loads (VL) in the first 3- to 36-month of infection (>2,300 person-visits), 

four AARs of primary interest (positions 63, 97, 116 and 245 in the mature HLA-B protein) were 

found to explain 8.1% and 15.8% of variance in set-point VL for these cohorts (P = 0.024 and 7.5 

× 10−6, respectively). Two AARs not reported previously (167S in HLA-B and 116F in HLA-C) 

also showed relatively consistent associations with VL (adjusted P = 0.009 to 0.069), while many 

population-specific associations were also noted (false discovery rate <0.05). Extensive and often 

strong linkage disequilibrium among neighboring AAR variants called for more extensive analyses 

of AAR haplotypes in diverse cohorts before the structural basis of antigen presentation can be 

fully comprehended.
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Introduction

For more than three decades now, an enduring topic on HIV/AIDS epidemiology has been 

dealing with the roles of immunogenetic host factors in determining the wide and evolving 

spectrum of HIV-1-related outcomes, especially viral load (VL) that has a dual impact on 

pathogenesis and transmission [1–3]. From early candidate gene approach to more recent 

genome-wide association studies [4, 5] and fine-mapping efforts [6, 7], the most unequivocal 

findings center on a few variants of human leukocyte antigen class I (HLA-I) genes within 

the human major histocompatibility complex (chromosome 6p21.3) [3, 5]. A short list of 

HLA-I alleles (e.g., HLA-B*57:01 -B*57:03 and -B*81:01) and amino acid residues (e.g., 

positions 63, 97, 116 and 245 in the mature HLA-B protein) seems to offer valuable insights 

into the specific interplays between HIV-1 antigens and adaptive immune responses (the 

equivalent of an immunological hide-and-seek or arms race), but HLA-I factors that can 

readily extrapolate across human populations and HIV-1 subtypes are still elusive, which 

severely limits their translational potential either as a mere biomarker or as a drugable target.

The challenge to gathering robust and generalizable immunogenetic data is even greater in 

African populations because of the diverse circulating HIV-1 subtypes [8–10], as well as 

heterogeneities in local and regional genetic architectures [11–13]. On the other hand, these 

populations hold an important key to fine-mapping of confirmed genomic regions because 

variable structure of linkage disequilibrium (LD) can help resolve local haplotype blocks for 

in-depth interrogation of causal variants, including those that are not fully captured by 

routine genotyping [6]. Thus, the objectives of this study were to: i) test the portability of 

recent observations on HLA-I amino acid residues (AARs) in the context of early HIV-1 

control, (ii) assess consensus findings for two distinct African populations, and iii) identify 

new leads that might be important to African populations with relatively recent infection 

(with contemporary viruses).

Materials and Methods

Study subjects and HLA-I genotyping

HIV-1 seroconverters (SCs) were recruited by the Rwanda-Zambia HIV-1 Research Group 

for prospective studies [14, 15]. The research procedures were approved by institutional 

review boards at University of Alabama at Birmingham and Emory University, with further 

compliance to guidelines set forth by the United States Department of Health and Human 

Services. DNA samples derived from buffy coats or peripheral blood mononuclear cells 

were used for high-resolution HLA-I genotyping, as described elsewhere [9, 10, 14, 16, 17]. 

The individual amino acid residues (AARs) corresponding to each HLA allele were inferred 

from the IPD-IMGT/HLA Database [18] compiled by the International ImMunoGeneTics 

Project (http://www.ebi.ac.uk/ipd/imgt/hla/index.html, last accessed in January 2017), as 

described in the SNP2HLA program [19]. All polymorphic AARs were mapped to their 

respective positions in the mature protein products, while polymorphic AARs in the leader 

peptide (24 amino acids) were given negative numbering (i.e., −24 to −1). Rare AARs found 

in fewer than five SCs in both cohorts were excluded from analyses (for lack of statistical 

power).

Wiener et al. Page 2

Hum Immunol. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.ebi.ac.uk/ipd/imgt/hla/index.html


Virological outcomes after HIV-1 infection

For SCs identified during frequent (monthly to quarterly) testing [20–22], the estimated 

dates of HIV-1 infection (EDI) were defined using four criteria that have been detailed 

before [9, 10, 17]. Viral subtype was defined by partial sequencing of the HIV-1 pol gene [9, 

23]. Clinical visits after confirmed HIV-1 infection were scheduled monthly for the first 

three months after EDI and quarterly for the 3–36 months period (primary infection). In all, 

272 SCs (196 Zambians and 76 Rwandans) (Table 1) with known EDI and at least four time 

points of VL (HIV-1 RNA copies/mL of plasma) in the early chronic phase (3–36 months) 

of infection were included for this study. Association analyses began with the full dataset 

(3–36 months of infection), while alternative analyses used the geometric mean VL in each 

patient as a proxy for the set-point beyond the first 3 months of infection [9, 24].

Baseline statistics

The two study cohorts were first summarized for demographics, HIV-1 subtypes, and visits 

for clinical outcomes (Table 1). Within each cohort, the patterns of linkage disequilibrium 

(LD) between AAR variants were assessed for each locus, and those with r2 values ≥0.80 

were considered as mutually tagging [25]. The LD measures also formed the basis for 

Bonferroni correction in multi-AAR testing [26], and the number of independent tests was 

determined using a modified spectral decomposition method [27].

Hypothesis-testing and refinements

Using software from SAS version 9.2 (SAS Institute, Cary, NC) [6, 28], we first tested 

existing hypotheses regarding four HLA-B AARs (residues 63, 97, 116 and 245). Mixed 

models evaluated these AARs individually and collectively for their relative impact on 

repeated measures of VL (after log10-transformation), as reflected by the effect size (mean 

beta estimate (β) and standard error (SE)) after statistical adjustments for duration of 

infection (DOI) and demographics (sex and age) [9, 10, 17]. Alternative models assessed the 

impact of AAR on set-point VL, with a focus on the proportion of variance attributable to 

each AAR variant. Statistical power for these models was expected to vary by analytical 

approaches, by effect size and by cohort (marker frequency and distribution of outcome 

measures) (Figure S1 in Supplemental Materials), but given the well-known strong impact 

(substantial effect size) of HLA factors on HIV-1 VL [6, 28], our modest sample sizes here 

had >80% statistical power in detecting associations if: i) the effect size (β) is at least 0.50 

log10 and the AAR variant frequency is at least 35% in Rwandans; ii) β is at least 0.50 log10 

and the AAR variant frequency is at least 10% in Zambians. Relative consistency between 

studies (here and elsewhere), as measured by regression β estimates that were in the same 

direction (positive or negative), was considered as indicative of plausible associations for 

presentation.

Other association analyses

We also searched for further associations that might be study- or cohort-specific, especially 

those that were independent of previously reported AARs (residues 63, 97, 116 and 245 for 

HLA-B) and supported by at least two of the following parameters: (i) statistical significance 

(P <0.05) accompanied by low false discovery rate (q <0.05), (ii) biologically meaningful 

Wiener et al. Page 3

Hum Immunol. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



effect size |β| >0.30 log10 [29, 30], and (iii) consistency between the two study cohorts. 

High-dimensional analytical methods, including Bayesian regression models implemented in 

the BGLR R-package [31], did not reveal additional findings that were consistent between 

cohorts.

Results

General characteristics of 272 HIV-1 seroconverters (SCs)

As summarized earlier [9, 10, 17], Rwandan and Zambian SCs (n = 76 and 196, 

respectively) were similar in terms of sex ratio, age, EDI, frequency of VL measures, and 

DOI (Table 1). The only notable distinction between the two SC groups was the HIV-1 

subtype ― predominantly subtype A1 in Rwanda and subtype C in Zambia, which was also 

expected [9, 10, 17]. In all, Rwandan and Zambian SCs contributed 669 and 1,636 person-

visits, respectively, for analyses of repeated VL measurements.

HLA-I AAR alignment

For the three HLA-I loci with high-resolution molecular genotyping, a total of 312 AAR 

variants (allele frequency <0.50) could be aligned for at least 90% of subjects (Table S1 in 

Supplemental Materials). The AAR positions ranged from residues −14 to 334 for HLA-A 

(113 AAR variants), −22 to 325 for HLA-B (106 AAR variants), and −17 to 339 for HLA-C 

(93 AAR variants). The distribution of AAR variants clearly differed between Rwanda and 

Zambia (P = 0.001 by likelihood ratio test), although principal component analysis of these 

AAR variants was unable to separate the two cohorts into distinct clusters (data not shown 

but available for J.T.).

LD structure of HLA-I AAR variants

Many AAR variants showed strong pairwise LD (r2>0.80) in individual cohorts or both 

(Figure S2 in Supplemental Materials). Overall, a stepwise (random) analysis of the 312 

AAR variants would imply 88 independent tests for both cohorts, suggesting that a P value 

<5.7 × 10−4 (0.05/88) would qualify as statistically significant after a study-wide Bonferroni 

correction. This conservative P value threshold was applied to new findings from each 

cohort, unless the observed false discovery rates (q values) were <0.05 in both cohorts.

Hypothesis-testing: analyses of HLA-I AAR variants reported earlier for African Americans

In multivariable models that evaluated four HLA-B AARs of primary interest, 63E, 97V, 

116F and 245T showed internal consistencies that supported earlier reports for African 

Americans. Collectively, these variants explained 15.8% and 8.1% of variance in set-point 

VL for Rwandans (P = 7.5 × 10−6) and Zambians (P = 0.024), respectively (Table 2). The 

estimated effect size of individual AAR variants on VL did vary widely between cohorts, 

with just a single strict consensus for 97V (P <0.0001 in Rwanda and P = 0.001 in Zambia), 

which exclusively tagged HLA-B*57 (a well-known factor in Africans) (Table S2 in 

Supplemental Materials). Apart from 97V, both 63E and 116F were independent correlates 

of VL in Rwanda (P = 0.001 and 0.019, respectively), while 245T showed an independent 

association with VL in Zambia (P = 0.014). In terms of biological significance, the relative 

effect of 97V, 63E and 116F exceeded the threshold of 0.30 log10 in VL differential (the β 
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estimate) for Rwandans, while 97V and 245T reached the same threshold for Zambians 

(Table 2).

Evaluation of HLA-I AARs regardless of prior hypotheses

Aside from the four HLA-B AAR variants of primary interest, 89 other AAR variants in 

Rwandans and three in Zambians reached statistical significance (i.e., P <0.05 and q ≤0.05) 

when tested in separate cohorts (Figure 1 and Table S1 in Supplemental Materials). The vast 

majority of these association signals either had conflicting relationships between cohorts (in 

opposing directions) or reflected strong or even exclusive LD (r2 = 0.80–1.0) between AAR 

variants. For example, 45M and 46A in HLA-B were in exclusive LD (r2 = 1.0), and their 

associations with VL (P <5.7 × 10−4 and q <0.01 in both cohorts) was explained by their 

respective, partial LD with 97V (r2 = 0.527 and 0.699 in Rwanda and Zambia, respectively). 

Among clusters of AAR variants with identical summary statistics and exclusive LD (Table 

S1 in Supplemental Materials), some covered a wide range. For instance, one cluster of 12 

AAR variants in HLA-C began with −17Q (at residue −17) and ended with 309H. Another 

cluster in HLA-A included six AAR variants between 44K and 158V (Table S1 in 

Supplemental Materials).

In multivariable models that were conditioned on the four HLA-B AAR variants of primary 

interest (63E, 97V, 116F and 245T), the majority of putative association signals either faded 

or vanished (Figure 1). Only 167S in HLA-B and 116F in HLA-C were worth noting 

because of consistency between cohorts (adjusted P = 0.009–0.069 (Table 3). In each case, 

the evidence for independent association in one cohort gained weak support from the other. 

Overall, the six HLA-I variants explained 33.8% and 14.8% of variance in set-point VL for 

Rwandans and Zambians (P <0.001 for both), representing a substantial improvement over 

the estimates based on the four HLA-B AAR variants alone. Of note, 167S in HLA-B was 

restricted to B*44 and B*45 alleles, while 116F in HLA-C was present in six allele groups 

(C*04, C*05, C*07, C*08, C*17 and C*18) (Table S2 in Supplemental Materials), with 

B*45 and C*04 already known as unfavorable in HIV-1-infected Africans or African 

Americans [32–34].

Discussion

Despite a relatively modest sample size, immunogenetic data from two African countries did 

reveal that HLA-I AARs can be readily associated with early virological outcomes in 

untreated HIV-1 infection, as measured by their individual or collective impact on VL in the 

3–36 months period of infection. Given the known biology of HLA-I molecules in epitope-

specific antigen presentation and regulation of natural killer cell functions, these findings are 

not surprising. On the other hand, our detailed analyses also identified multiple analytical 

issues that deserve some close attention.

First, in a stepwise selection process, which is commonly applied to high-throughput 

genomic data and focuses solely on statistical significance (the P value), many potentially 

informative AARs (Figure 1) can be overlooked as a result of strong or exclusive LD (Table 

S1 and Figure S1). By nature, DNA sequences encoding many AARs are tightly linked on 

the same chromosome (the very basis for routine HLA allele assignments) [12, 18, 35]. A 
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joint assessment of statistical significance and the location of AARs relative to the HLA-I 

protein crystal structure may occasionally pinpoint the underlying biology, but in situations 

where multiple AAR variants are in strong LD, only cohorts with varying genetic structure 

(LD patterns) can offer unequivocal conclusions. To this end, a full list of potential 

associations in each study (e.g., Table S1) should benefit the efforts for fine-mapping.

Second, strict consensus between studies is still elusive. Although a previous study has 

convincingly shown that four common HLA-B AARs can sufficiently capture the effects of 

HLA-I alleles on set-point VL in African Americans [6], at least 63E and 116F have not 

been implicated in cohorts of European ancestry [36]. By emphasizing two estimates of 

effect size (R2 and β) and internal consistency between both cohorts, we were able to 

highlight six AAR variants of interest (Table 3), including two (167S in HLA-B and 116F in 

HLA-C, Table 3) that have not been reported previously. These putative AAR variants could 

not be readily tracked to specific alleles that are well characterized in the context of HIV-1 

control, but they are frequent enough that follow-up studies will not require a prohibitively 

large cohort for validation. Conversely, verification of various population-specific 

observations will be much more difficult, as the assembly of new cohorts in similar locations 

is no longer feasible under the current, global treatment guidelines [37].

Third, for HLA-I factors that has a substantial influence on HIV-1 control, a modest sample 

size (statistical power) can still offer important insights into generalizable findings, 

especially after the initial discovery phase is completed (lifting penalty for random testing). 

HLA-B 97V is one such example (Table 1, P <0.0001 and q <0.05 based on six Rwandans). 

On the other hand, 97V exclusively tags HLA-B*57 in Rwandans and Zambians here (Table 

S2), making it impossible to separate the effect of 97V (as part of a functional domain) from 

HLA-B*57 (as an entire allele). For other HLA-B AAR variants that do cover a wide range 

of individual alleles (Table S2), one extra issue relates to extended LD in the entire MHC 

region [35]. Eventually, fine-mapping may further require the analyses of variants well 

beyond the classic approach to HLA genotyping.

One major limitation in analyzing HLA-I AARs is the current disparity in allelic sequence 

alignments, as many common alleles are still based on partial sequences, mostly from exons 

2–4 [18]. With deep sequencing technologies now readily available [38, 39]}, non-coding 

sequences and AARs beyond exons 2–4 may provide new dimensions for fine-mapping, 

assuming that their potential contribution to human health and disease has not been 

adequately captured by conventional analyses of HLA-I alleles, haplotypes, and supertypes 

[16, 40, 41], as well as genome-wide (low-density) scans of single nucleotide 

polymorphisms [5]. Such refinements should strengthen the well-established notion that 

HLA-I alleles differentially mediate immune control of HIV-1 infection and subsequent 

immune escape [42–44].

Beyond HIV/AIDS, many studies have consistently revealed compelling evidence that a 

handful of amino acid residues in diverse HLA alleles, especially those of class II DRβ1 and 

DQβ1 chains, may play critical roles in mediating autoimmune disorders [45–47]. For 

example, five amino acids in three HLA proteins (DRβ1, HLA-B, and DQβ1) appear to 

explain most of the association between human MHC variants and seropositive rheumatoid 
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arthritis [48], and more recent work has uncovered additional evidence that HLA-DRβ1 

amino acid variants and their haplotypes may dictate IgG response to viral antigens [49]. If 

these intriguing observations prove to be true across population boundaries, there would be a 

strong rationale for manipulating these residues in experimental studies [50, 51]. To this end, 

HLA-B residue 97 is of particular interest because of its strong and consistent associations 

with autoimmune and infectious diseases [6, 52].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Screening of individual HLA-I amino acid variants for potential associations with repeated 

measures of HIV-1 viral load (VL). For HIV-1 serconverters from Rwanda and Zambia, the 

effect size (beta estimate on the X-axis, on a log10 scale) and statistical significance (P value 

on the Y-axis) are based on two rounds of analyses (with different scales for P values). In 

round 1 (panel a), demographics (age and sex) and duration of HIV-1 infection at the time of 

VL measurements are retained as covariates in analyses of 312 individual variants. In round 

2 (panel b), analyses are limited to 308 individual variants and further conditioned on four 
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previously reported HLA-B residues (listed in Table 1). Circles (individual signals) above 

the dotted line have false discovery rates <0.05. The sizes of circles are proportional to 

population frequencies seen in each color-coded cohort.
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Table 1

Characteristics of HIV-1 seroconverters (SCs) from two African countries, with adequate follow-up before 

antiretroviral therapy.

Characteristicsa and HLA variants of major interest Rwanda Zambia

Number of SCs with sufficient data 76 196

Sex ratio (M/F) 1.4 (44/32) 1.3 (111/85)

Age: mean ± SD (yr) 33.2 ± 9.3 33.6 ± 8.0

Age ≥40 yr: no. (%) 16 (21.1) 40 (20.4)

Estimated dates of infection

 Earliest May 2005 June 2005

 Latest Jan. 2011 Mar. 2011

HIV-1 subtype: no. (%)

 A1 62 (81.6) 0 (0.0)

 C 8 (10.5) 191 (97.4)

 Others (B, D and recombinants)b 6 (7.9) 5 (2.5)

HIV-1 viral load (VL) measures: mean (range) 9 (3–14) 8 (3–18)

Person-visits with eligible VL data (3–36 months) 669 1,636

Duration of infection at VL measurements (range, in moths) 2.9–32.1 2.8–32.8

a
Non-standard abbreviations: SD, standard deviation of the mean.

b
Including two unknown HIV-1 subtypes in Zambians (viral sequencing failed).
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