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Abstract

Studies have investigated CCR5 haplotypes (HHA, HHB, HHC, HHD, HHE, HHF*1, HHF*2, 

HHG*1, HHG*2), defined by seven 5’UTR single nucleotide polymorphisms (SNPs), CCR2-V64I 
and CCR5Δ32, in HIV-1 disease. CCR5 cis-regulatory regions were sequenced, CCR2-V64I and 

CCR5Δ32 genotyped, and compared in HIV-1-infected black South Africans: 71 HIV-1 controllers 

(23 elite controllers, 37 viraemic controllers (VCs), 11 high viral load long-term non-progressors) 

and 74 progressors. The HHE haplotype and 3’UTR +2919T>G SNP heterozygosity were 
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underrepresented in total controllers and VCs vs. progressors (p=0.004; p=0.007 and p=0.002, 

pbonferroni=0.032; p=0.004, respectively). Possession of the +2919T>G SNP (dominant mode) was 

associated with HIV-1 progression (controllers vs. progressors: p=0.001, pbonferroni=0.016). The 

+2919T>G SNP is in linkage disequilibrium (LD; r2=0.73) with two 5’UTR SNPs (−2459G>A 

and −2135T>C;r2=1: 5’UTR-2SNP-hap). The 5’UTR-2SNP-hap was lower in total controllers and 

VCs vs. progressors (p=0.003, pbonferroni=0.048; p=0.01, respectively). Results suggest 

−2459G>A, −2135T>C, and +2919T>G as key CCR5 variants in HIV-1 control.
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1. Introduction

Unique individuals who are able to either naturally suppress HIV-1 viral load (VL) or 

maintain healthy CD4+ T cell counts with higher viral loads, and who exhibit slow 

progression of the disease without antiretroviral therapy (ART), are broadly termed HIV-1 

controllers. Within this group there are rare individuals termed elite controllers (ECs) who 

suppress VL to less than 50 RNA copies/ml plasma, viraemic controllers (VCs) who tend to 

have low viral load set-points (generally <2000 RNA copies/ml) with sustained high CD4+ T 

cell counts, and high viral load long-term non-progressors (HVL LTNPs) who maintain high 

CD4+ T cell counts for prolonged periods without ARV treatment despite high viral loads 

(generally >10 000 RNA copies/ml), a similar phenotype to SIV-infected sooty mangabeys 

[1]. A number of factors, including viral, immunological and environmental, have been 

proposed to influence the ability of an individual to naturally control HIV-1 [2], however it is 

likely that different mechanisms may be responsible for the different modes of control.

The chemokine receptor CCR5, together with the CD4 receptor, is responsible for allowing 

HIV-1 entry into the target cell and is well studied with regards to HIV-1 disease. Lower 

CCR5 expression levels have been associated with slower HIV-1 disease progression [3]. 

The differential expression of CCR5 may be explained by polymorphisms in the cis-

regulatory regions of CCR5 [4]. Although the 5’UTR has been extensively studied, 

surprisingly, little is known about the genetic variation in the CCR5 3’UTR, a region 

increasingly shown to be crucial for mRNA regulation.

One of the most studied genetic variations in CCR5 is the Δ32 mutation (CCR5Δ32), a 32 

base pair deletion that results in non-functional CCR5 receptors. This variant is 

predominantly found in European populations and is virtually absent in African, East Asian, 

and American Indian populations [5]. The rs553615728 −4223C>T single nucleotide 

polymorphism (SNP) has been shown to disrupt a cytidine phosphate guanidine (CpG) 

dinucleotide in the c/s-region of CCR5, namely CpG-41, a binding site where DNA 

methylation occurs, and is uniquely found in individuals from southern Africa [6]. 

Additionally, there are nine previously described CCR5 haplotypes [7–9] that have been 

studied with respect to HIV-1 disease progression (HHA, HHB, HHC, HHD, HHE, HHF*1, 

HHF*2, HHG*1 and HHG*2). These haplotypes are defined by seven CCR5 5’UTR SNPs 
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and the presence/absence of CCR5Δ32and a SNP in the coding region of chemokine 

receptor CCR2 (CCR2-V64I) [8,9].

This study was conducted to explore the genetic variation in the cis-regulatory regions of 

CCR5 and to explore the role of these variants on HIV-1 control in a population of HIV-1 

infected black South African controllers and progressors. This information will help to 

formulate a protective and deleterious CCR5 genetic signature for black South African 

individuals infected with HIV-1 and will be useful in informing cure strategies.

2. Materials and Methods

2.1 Sample population

This study included black South African ART-naive HIV-1 infected HIV-1 controllers 

comprised of 23 elite controllers (ECs), 37 viraemic controllers (VCs) and 11 high viral load 

long-term non-progressors (HVL LTNPs). A shared defining feature of HIV-1 controllers is 

a CD4+ T cell count greater than 500 cells/μl of blood. In this study, VCs are defined as 

having low detectable viral loads (<2000 RNA copies/ml plasma), while rare individuals 

(less than 1% of HIV-1 infected individuals in previously studied cohorts [10]) who have 

undetectable viral loads (<50 RNA copies/ml) after infection with HIV-1 are termed ECs 

[11]. Individuals who maintain CD4+ T cell counts greater than 500 cells/μl for more than 7 

years without the use of ART, but who do not suppress HIV-1 viral load (generally >10 000 

RNA copies/ml), are termed high viral load long-term non-progressors (HVL LTNPs) in this 

study. This study also included 74 ART-naïve HIV-1 infected progressors who required 

initiation of ART upon enrolment and were not selected on basis of progression rate, i.e. not 

rapid progressors. Detailed cohort characteristics are described in Table 1.

Viral loads (RNA copies/ml plasma) were quantified using the COBAS®AmpliPrep/

COBAS®Taqman® HIV-1 Test, v2.0 ultrasensitive tests (<20 RNA copies/ml) (Roche 

Diagnostic Systems, Inc, New Jersey, USA) and CD4+ T cell counts (cells/μl whole blood) 

were determined using the FACSCount System (Becton Dickinson, San Jose, California, 

USA). Written informed consent was obtained from all individuals participating in this study 

and ethics approval has been obtained from the Human Research Ethics Committee at the 

University of the Witwatersrand, Johannesburg.

2.2 Standard polymerase chain reaction (PCR) amplification and sequencing of CCR5 
5’UTR and 3’UTR

Genomic DNA was extracted from either whole blood or buffy coats of patients using the 

QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany). Each region of interest was PCR 

amplified with primers designed using PrimerW software (Supplementary Table 1) using the 

EXPAND High Fidelity PCR System (Roche, Mannheim, Germany) with cycling conditions 

carried out according to manufacturer’s instructions. The resulting PCR products were 

purified and electrophoresed on an automated 3100 Genetic Analyser (Applied Biosystems, 

Foster City, California, USA), according to manufacturer’s instructions.
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2.3 Sequence analysis

Resulting sequence chromatograms were analyzed using Sequencher software version 5.1 

(Gene Codes Corporation, Ann Arbor, Michigan, USA). Imported sequences were aligned to 

a reference sequence obtained from the NCBI database (NCBI ref seqNC_000006.12). The 

numbering of CCR5 SNPs used in this study is as described by Mummidi et al. [7], with the 

first nucleotide of the translational start site designated as +1 and the nucleotide immediately 

upstream from that designated as −1.

2.4 CCR5 haplotype assignment

Individuals were assigned previously described CCR5 haplotypes (HHA, HHB, HHC, HHD, 

HHE, HHF*1, HHF*2, HHG*1, HHG*2) based on the presence or absence of seven 5’UTR 

SNPs at positions −2733 (rs2856758), −2554 (rs2734648), −2459 (rs1799987), −2135 

(rs1799988), −2132 (rs41469351), −2086 (rs1800023) and −1835 (rs1800024), and the 

presence/absence of CCR2-V64I (rs1799864) and CCR5Δ32 (rs333) [12]. Individuals were 

genotyped for CCR2-V64I, the presence/absence of CCR5Δ32 and the CCR5 −4223C>T 

SNP (rs553615728) using allelic discrimination assays as previously described [6,13,14]. 

Some individuals from our cohort were previously genotyped for the CCR5 −4223C>T SNP 

[6]. The remaining individuals were genotyped using an allelic discrimination assay 

designed using available heterozygotes from the prior genotyping. The sequences of the 

primers and probes used for all applications are listed in Supplementary Table 1.

2.5 Linkage disequilibrium (LD) and Hardy-Weinberg equilibrium

The genotypic data generated for polymorphic loci were tested for linkage disequilibrium as 

well as deviation from Hardy-Weinberg equilibrium using the Haploview version 4.2 

software [15].

2.6 Data analysis and statistics

To compare SNP and haplotype frequencies between respective groups, we used Fisher 

exact tests, which were conducted using VassarStats: website for statistical computation [16] 

(http://vassarstats.net/odds2x2.html), to calculate statistical significances and exact 95% 

confidence intervals (CI) of odds ratios (OR). Two-sided tests were used and statistical 

significance for all analyses was set at p<0.05. Correction for multiple comparisons was 

conducted on all p values generated using Bonferroni correction - p values significant post 

correction are shown as pbonferroni (the absence of Pbonferroni indicates that relationship was 

not significant post correction). The frequency of each haplotype was calculated by counting 

the number of haplotypic alleles and dividing by the total number of alleles. Visual analysis 

was used for determining haplotypes across gene regions.

3. Results

3.1 CCR5 5’UTR: variability and HIV-1 control

We amplified and sequenced the CCR5 promoter region and individuals were genotyped for 

the CCR5Δ32 deletion and the CCR2-V64I polymorphism. Previously defined haplotypes 

[9,12] were assigned to the 71 HIV-1 controllers and 74 HIV-1 progressors. The defining 
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polymorphisms for the CCR5 haplotypes and allelic representation of these haplotypes in 

controllers, controller subgroups and progressors are shown in Figures 1A and 1B, 

respectively. Interestingly, one individual in our study, a viraemic controller, was 

heterozygous for the CCR5Δ32 deletion (haplotype HHG*2).

With regards to CCR5 promoter haplotypes, the most prominent relationship was seen with 

respect to the HHE haplotype. All controller subgroups showed low levels of HHE 

representation compared to progressors (21.6%; Figure 1), however this was only significant 

in the VCs (6.8%; p=0.006; OR=3.81; CI=1.42–10.23) and total controllers (9.2%; p=0.003; 

OR=2.74; CI=1.37–5.47, pbonferroni=0.048). Comparison of allelic representation of either 

HHE, HHF*1, HHF*2 or HHG*1 revealed significant underrepresentation in total 

controllers compared to progressors (p=0.02; OR=1.77; CI=1.1–2.86), however comparison 

of the genotypic representation of these same haplotypes (i.e. combining individuals with at 

least one copy of these haplotypes) revealed more significant underrepresentation in total 

controllers compared to progressors (p=0.003; OR=2.9; CI=1.41–5.47, pbonferroni=0.048). 
The combination of select CCR5 haplotypes (i.e. the genotypes) and the presence or absence 

of a particular allele (haplotype) can collectively influence CCR5 expression. HHA/HHC 

was significantly overrepresented in the total group of controllers compared to the 

progressors (p=0.028; OR=0.19; CI=0.04–0.92) and this was more significant in the VCs 

compared to the progressors (p=0.016; OR=0.14; CI=0.03–0.75). The large confidence 

intervals of these findings suggest that further study of HHA/HHC in larger cohorts would 

be helpful to determine true significance. The frequencies of all CCR5 haplotype genotypes 

detected in the controllers, controller subgroups and progressors are shown in 

Supplementary Table 2.

Two 5’UTR SNPs, common to the HHE, HHF and HHG haplotypes (−2459A and −2135C 

alleles), were in complete linkage disequilibrium in our study population (LD; r2=1). We 

hence analysed the effect of this 2-SNP haplotype (termed 5’UTR-2SNP-hap). Table 2 

shows results of the comparison of representation of 5’UTR-2SNP-hap between controller 

and progressor groups and Figure 2 depicts its genotypic frequency in the respective groups. 

The minor allele of 5’UTR-2SNP-hap was significantly underrepresented in the total 

controller group compared to progressors (p=0.031; OR=1.72; 0=1.07–2.77). 

Heterozygosity for 5’UTR-2SNP-hap was significantly less prevalent in ECs compared to 

progressors (p=0.016; OR=3.67: 0=1.28–10.47), VCs compared to progressors (p=0.012; 

OR=3.38; 0=1.38–8.32) and most significantly in the total controller group compared to 

progressors (p=0.003; OR=3.08; 0=1.46–6.49, pbonferroni=0.048). Interestingly, 

heterozygosity for 5’UTR-2SNP-hap was very similar between HVL LTNPs and progressors 

(55% vs. 59%). Comparison of the 5’UTR-2SNP-hap in the dominant mode [i.e. wild type 

(WT)/mutant (Mt) + Mt/Mt] revealed similar results (Table 2). The genotypic frequencies of 

all identified 5’UTR SNPs in the respective groups are shown in Supplementary Table 3.

The CCR5 −4223C>T SNP had previously been genotyped for a subset of these individuals 

(52 controllers and 66 progressors) [6]. We developed an allelic discrimination assay and 

genotyped the remaining 19 controllers and 8 progressors. Although there is very strong LD 

between the −4223C>T SNP and the HHA haplotype in our study, one individual out of the 

twelve possessing the −4223 T allele in the complete cohort (controllers and progressors) 
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did not possess an HHA haplotype (a progressor). Among controllers, the −4223C>T SNP 

was exclusively found in the non-EC controllers. Furthermore, we noted that three out of 

five progressors that harboured the −4223C>T SNP also possessed the HHE haplotype. 

Although this SNP was not significantly overrepresented in controllers compared to 

progressors, taking into account that the HHE haplotype has reported high transcriptional 

promoter activity [18] and could therefore potentially negate the effect of the −4223C>T 

SNP, we considered removing the progressors with an HHE haplotype to be a more 

informative comparison. Viraemic controllers had significantly higher representation of the 

−4223C>T SNP in the absence of HHE compared to progressors (p=0.04; OR=0.18; 0 

=0.03–0.97), and when we compared the non-EC controllers to progressors in the absence of 

HHE, this relationship was strengthened (p=0.03; OR=0.16; 0=0.03–0.82).

3.2 CCR5 3’UTR: variability and HIV-1 control

Sequencing the CCR5 3’UTR and analyzing the resulting chromatograms revealed eleven 

previously reported variants at positions +1752 (rs41495153), +1843 (rs41418945), +1846 

(rs41466044), +2066 [17], +2077 (rs1800874), +2225 (rs41535253), +2381 (rs550958125), 

+2458 (rs3188094), +2772 [17], +2838 (rs41512547) and +2919 (rs746492). The genotypic 

frequencies of all identified 3’UTR variants in the respective groups are shown in 

Supplementary Table 3.

A CCR5 3’UTR indel (G insertion) at position +2772 was identified in black and Caucasian 

South African HIV-1-uninfected populations in a study by Picton et al. [17]. In our study, 

this indel was found to be underrepresented in the total controllers compared to progressors 

(p=0.08; OR=2.8; CI=0.95–8.36). Additionally, the 3’UTR +2919T>G SNP was 

differentially represented between controllers and progressors. Table 2 shows results of the 

comparison of representation of the 3’UTR +2919T>G SNP between controller and 

progressor groups. The minor allele (G) showed trends of lower representation in both ECs 

and VCs compared to progressors (Table 2) and was significantly underrepresented in the 

total controllers compared to progressors (p=0.01; OR=1.90; 0=1.18–3.09). Comparison of 

+2919T>G genotypes showed heterozygosity (TG) to be underrepresented in all controller 

groups compared to progressors (Table 2), and was significant in the VCs (p=0.004; 

OR=3.65; CI=1.50–8.92) and the total group comparison (p=0.002; OR=3.33; CI=1.59–

6.99, pbonferroni=0.032). Comparison of the +2919T>G SNP in the dominant mode (i.e. TG

+GG) revealed the most significant result however, with lower representation in all 

controller subgroups compared to progressors (Table 2), that were significant in ECs 

(p=0.04; OR=2.85; CI=1.08–7.56), VCs (p=0.006; OR=3.28; CI=1.42–7.57), but most 

significant in the total controller group comparison with 49.3% representation in the 

controllers compared to 75.7% in progressors (p=0.001; OR=3.2; CI=1.58–6.48, 

pbonferroni,=0.016).

Visual examination of the data revealed obvious linkage between select SNPs in the CCR5 
3’UTR and were thus analysed as haplotypes. The linkage disequilibrium (LD) plot showing 

linkage between the 3’UTR SNPs is shown in Figure 3. In total, six novel haplotypes were 

identified. The polymorphisms making up each haplotype and the allelic frequency of these 

haplotypes in controllers, controller subgroups and progressors are shown in Figures 4A and 
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4B, respectively. No 3’UTR haplotypes were found to differ significantly in representation 

between the controllers or controller subgroups compared to progressors. Linkage patterns 

between the SNPs in the CCR5 3’UTR were complex and interesting. Single nucleotide 

polymorphisms +1843G>A and +1846G>A were in complete LD (r2=1) and had directional 

LD with the +1752G>A SNP (r2=0.4); i.e. they always occurred with the upstream 

+1752G>A SNP (3’UTR-hap1), however the +1752G>A SNP was found in the absence of 

the +1843G>A/+1846G>A haplotype. The +2225T>C SNP also had directional LD with 

3’UTR-hap1 (r2=0.66; 3’UTR Hap1a) and the +2838C>G SNP had directional LD with 

3’UTR-hap1a. The +2458A>C SNP had directional linkage with the +2077G>T SNP 

(r2=0.54; 3’UTR-hap2). Except for 7 individuals (6 controllers and 1 progressor), the 

+2077G>T SNP never occurred with 3’UTR-hap1a (43/50). When occurring together, SNPs 

+2066G>A and +2077G>T were in complete directional LD with the +2772 indel (r2=1; 

3’UTR-hap3). The +2381A>G SNP had directional linkage with the +1752 SNPG>A (r2=1; 

3’UTR-hap4).

3.3 Haplotypes spanning the CCR5 5’UTR and 3’UTR

Linkage disequilibrium between SNPs in the CCR5 5’UTR and the CCR5 3’UTR regions 

was investigated. Visual analysis and Haploview software revealed fourteen haplotypes 

spanning the CCR5 5’UTR and 3’UTR regions (Figure 5). Picton et al. (2010) [17] 

previously identified four of the fourteen haplotypes: HHA and +1752G>A SNP, HHE and 

+2919T>G SNP, HHF and +2919T>G SNP, HHC and +2077G>T SNP, in order of 

decreasing frequency.

Possession of both 5’UTR-2SNP-hap and the +2919T>G SNP (TG+GG) was significantly 

underrepresented in total controllers compared to progressors (p=0.009; OR=1.97; CI=1.2–

3.24) and this relationship was strengthened when looking at possession of both 

5’UTR-2SNP-hap and +2919T>G SNP heterozygosity (p=0.004; OR=2.84; CI=1.43–5.66). 

Elite controllers also had significantly less 5’UTR-2SNP-hap and the +2919T>G SNP (TG

+GG) and 5’UTR-2SNP-hap heterozygosity and +2919T>G SNP heterozygosity compared 

to progressors (p=0.04; OR=2.29; CI=1.08–4.87 and p=0.031; OR=3.16; CI=1.12–8.90, 

respectively). The +2919T>G SNP showed strong LD with the HHE, HHF*1, HHF*2 and 

HHG*1 promoter haplotypes (r2=0.73, D’=0.89). Comparison of individuals having both the 

HHE haplotype and the +2919T>G SNP (TG+GG) showed a significant association with 

HIV-1 progression when comparing progressors to VCs (p=0.010; OR=3.51; CI=1.30–9.46) 

and the total group of controllers (p=0.008; OR=2.61; CI=1.30–5.22). More significantly, 

progressors were more likely to have both the HHE haplotype and +2919T>G SNP 

heterozygosity (p=0.003; OR=3.5; CI=1.5–8.2, pbonferroni=0.048). Since the +2919T>G SNP 

is in LD with HHE, HHF and HHG, we also looked at the combinatorial effect of having 

these haplotypes together with the +2919T>G SNP. The representation of individuals with 

either HHE and/or HHF and/or HHG*1 together with the 3’UTR +2919T>G SNP (TG+GG) 

was again underrepresented in the total group of controllers when compared to progressors 

(p=0.027; OR=1.80; CI=1.09–2.89) and in the ECs compared to progressors (p=0.04; 

OR=2.29; CI=1.08–4.87).
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When comparing controllers and progressors who possessed HHE or HHF*1 or HHF*2 or 

HHG*1 and the +2772−/G indel, the total controllers had significantly lower instances of 

this occurring (p=0.009; OR=6.67; CI=1.44–31.02). In addition, when comparing ECs + 

VCs to progressors as well as the total controller group to progressors, progressors were 

more likely to possess an HHE promoter haplotype, the 3’UTR +2772 insertion and the 

3’UTR +2919T>G SNP (p=0.042; OR=8.17; 0=1.00–66.43 and p=0.056; OR=4.77; CI= 

0.99–22.94, respectively). However, it is necessary to again note the large confidence 

intervals of these findings, suggesting that further study in larger cohorts is needed to 

determine true significance.

3.4 Potential markers for HIV-1 progression

The variants that were the strongest indicators of HIV-1 progression in our study were the 

3’UTR +2919T>G SNP in dominant mode (controllers vs. progressors: p=0.001, 

pbonferroni=0.016), heterozygosity for the 3’UTR +2919T>G SNP (controllers vs. 

progressors: p=0.002, pbonferroni=0.032) and heterozygosity for 5’UTR-2SNP-hap 

(controllers vs. progressors: p=0.003, pbonferroni=0.048). A summary of all deleterious 

associations (total controllers vs. progressors) is shown in Figure 6.

4. Discussion

In this study, we characterized polymorphisms (SNPs and indels) and intragenic haplotypes 

found within the cis-regulatory regions of CCR5 in a group of subtype C infected black 

HIV-1 controllers and progressors from South Africa. Previously unreported polymorphisms 

and haplotypes have been identified and previously defined haplotypes within the CCR5 
gene have been expanded upon. Two promoter variants and one 3’UTR variant were found 

to significantly differentiate progressors from controllers.

The −4223C>T SNP, shown to disrupt the CpG-41 site [6], is found to be more prevalent in 

individuals with the CCR5 HHA haplotype and although the −4223C>T SNP was associated 

with protection from HIV-1 acquisition in black South Africans in a previous study [6], 

associations did not reach statistical significance in that study or in ours. In our study, all 

seven controllers with this SNP had at least one HHA haplotype. In the progressors, four of 

the five individuals possessing the −4223 T allele had at least one HHA haplotype, however, 

three of the five progressors possessing the −4223 T allele also had an HHE haplotype. It is 

also interesting to note that no ECs possessed the −4223 T allele, indicating that the 

−4223C>T polymorphism may only be helpful in the presence of higher viraemia. Exclusion 

of non-viraemic controllers (i.e. ECs) and progressors harbouring the HHE haplotype from 

the comparison revealed a significant protective effect of the −4223C>T SNP, with higher 

representation in controllers with higher viraemia (VCs + HVL LTNPs) compared to 

progressors.

The distribution of CCR5 gene promoter haplotypes is highly variable amongst ethnic 

groups. The various haplotypes have different promoter activity, correlating with differential 

cell surface CCR5 expression [6,7,18–20]. Joshi et al. [18] calculated the relative promoter 

activity (RPA) of each CCR5 5’UTR haplotype in vitro using a luciferase-based assay and 

normalizing to the ancestral HHA haplotype. The combined relative promoter activity based 
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on both alleles was also calculated. HHA, HHB, HHC and HHD had a low RPA (i.e. low 

expected CCR5 expression) whereas HHE, HHF and HHG had a high RPA (i.e. high 

expected CCR5 expression) [18].

The HHE haplotype has been described as deleterious in the context of HIV-1 control across 

multiple ethnicities and studies [12,21–23]. In agreement, in this study, HHE was 

significantly underrepresented in the total group of controllers compared to progressors as 

well as in the VCs compared to the progressors. Possession of either HHE, HHF*1, HHF*2 

or HHG*1 associated significantly with progression, although comparisons of just HHE 

possession gave a more significant result. While the HHE haplotype has been identified as 

deleterious, homozygosity for HHE (HHE/HHE) was not shown to associate with disease-

modifying effects in African Americans whereas in Caucasians, HHE homozygosity, but not 

HHE heterozygosity, associated with disease acceleration [12]. Therefore, it is not only an 

individual CCR5 haplotype that has consequences on HIV-1 disease, but also the 

combinatorial (additive and/or interactive) effect of an individual’s CCR5 genotype.

The CCR5 haplotype pair (genotype) in an individual and its relationship to the CCR5 levels 

on CD4+ T cells is partly related to whether one or both haplotypes have increased or 

decreased sensitivity to activation-associated demethylation [6]. In our study, only one 

individual, a progressor, had the HHE/HHE genotype, indicating that it is a rare genotype in 

black South Africans and may not be contributing to HIV-1 disease progression or 

acquisition. Genotypes with at least one HHE haplotype, compared with genotypes lacking 

an HHE haplotype, have been associated with higher CCR5 levels [6].

In our study, HHA/HHC was significantly overrepresented in the total group of controllers 

compared to the progressors as well as in the VCs compared to the progressors. In African 

Americans, possession of an HHC haplotype has been associated with disease acceleration 

[12]. However, if an HHC haplotype was paired with one of the haplotypes that was 

associated with protection in African Americans (HHA or HHF*2), the disease-accelerating 

effects of the HHC haplotype were negated, as can be seen in our black South African 

population, where the pairing of HHA (protective in African Americans [12]) and HHC 

(deleterious in African Americans [12]) i.e. the HHA/HHC genotype, was found to be 

protective. The HHA and HHC haplotypes have been reported to have reduced sensitivity to 

activation-associated demethylation [6], possibly revealing a functional cause as to why 

HHA/HHC may be protective in black South Africans.

It is interesting to note that, while not significant, there was a complete absence of HHF*2, a 

relatively prevalent haplotype, in the HVL LTNP group. Also, the HHG*1 haplotype was 

found at a comparatively high frequency (18.2%) compared to the other two controller 

subgroups (ECs=6.5%; VCs=4.1%) and the progressors (6.8%), suggesting a reciprocal 

relationship of these two haplotypes in the HVL LTNPs compared to the other groups. Since 

HHF*2 is defined by the presence of the CCR2-V64I variant, CCR2 may be playing a role 

in control in this group. HVL LTNPs are a very unique group in adults [24–27] and to our 

knowledge, we have the largest cohort of such individuals worldwide (n=11). This makes it 

very difficult to verify the role of HHF*2 in this method of control of HIV-1 disease in 

different cohorts.
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Several individual SNPs located in the CCR5 promoter have been reported to affect the 

expression of CCR5. The −2459G>A SNP (rs1799987) is in complete LD with the 

−2135T>C SNP (rs1799988).The −2459G>A SNP (and therefore the −2135T>C SNP by 

association) has been linked to differences in CCR5 expression levels on CD14+ monocytes 

[28] and has been associated with the rate of progression to AIDS [29–31]. In our study, the 

−2459G>A and −2135T>C SNPs (5’UTR-2SNP-hap) were significantly underrepresented in 

controllers compared to progressors. 5’UTR-2SNP-hap is common to the HHE, HHF and 

HHG haplotypes (which have been reported to be high promoter activity haplotypes [7,18]). 

Individuals heterozygous for 5’UTR-2SNP-hap were significantly less likely to control 

HIV-1 in total group comparisons as well as in ECs and VCs compared to progressors and 

possession of the minor allele of 5’UTR-2SNP-hap was significantly underrepresented in 

controllers when compared to progressors. In a cohort of self-identified white and black 

patients, a study observed that the −2459G>A SNP had a strong association with the time 

taken to achieve virologic success of highly active anti-retroviral therapy (HAART) in black 

but not in white patients (p=0.04), and that this association increased with stronger African 

ancestry [32].

The 3’UTR plays a major role in gene expression and regulation by influencing the 

localization, stability, export, and translation efficiency of an mRNA [33].The linkage 

patterns in the 3’UTR were complex, suggesting interesting selection pressures that are 

likely to have consequential functional implications that have not yet been elucidated. In the 

CCR5 3’UTR, the +2919T>G SNP G allele was significantly underrepresented in 

controllers compared to progressors. Possession of the +2919T>G SNP in the dominant 

mode was significantly associated with HIV-1 control. In addition, the +2919T>G TG 

genotype was significantly underrepresented in controllers when compared to progressors. 

Interestingly, the allelic and genotypic representation of the +2919T>G SNP in progressors 

in our study was more similar to a European population than other African populations, 

suggesting that the represe ntation in controllers is more reflective of the background 

population and that the representation in progressors is skewed (see Supplementary Figure 

1). The +2919T>G SNP was in strong LD with the CCR5 promoter HHE, HHF*1, HHF*2 

and HHG*1 haplotypes and subsequently 5’UTR-2SNP-hap (common to these haplotypes), 

thus begging the question as to which polymorphism is functionally driving the deleterious 

effect on HIV-1 control in black South Africans. While possession of the HHE haplotype 

alone, the HHE haploty pe with the +2919T>G SNP, or any of the remaining three 

deleterious haplotypes (HHF*1, HHF*2, HHG*1) with the +2919T>G SNP all significantly 

associated with HIV-1 progression (p=0.004; p=0.003, pbonferroni=0.048; and p=0.027 

respectively), there was a stronger association with progression when looking at possession 

of the +2919T>G SNP in the dominant mode alone (p=0.001. pbonferroni=0.016). To our 

knowledge, no other studies have associated this SNP with increased risk of HIV-1 disease 

acquisition or more rapid progression of HIV-1 in any other population.

This study further emphasizes the need for population specific studies with regards to 

potential genetic markers and HIV-1 control. Individuals in sub-Saharan Africa remain 

severely understudied when compared with other HIV-1 infected populations around the 

world. Overall, our results reproduce other studies with regards to the CCR5 HHE haplotype 

being deleterious for HIV-1 disease progression. We found that the HHA haplotype and 
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HHA/HHC genotype associated with protection from HIV-1 disease progression, while the 

HHE haplotype associated with deleterious disease outcomes in our population. We have 

characterized novel haplotypes in the 3’UTR as well as haplotypes spanning the CCR5 5’UT 

R and 3’UTR. Our results suggest that two CCR5 promoter SNPs (−2459G>A and 

−2135T>C) and one CCR53’UTR SNP (+2919T>G) may be key functional variants with 

regards to HIV-1 control in black South Africans. Limitations of our study include the small 

number of individuals in our cohorts, however the extreme phenotypes of these groups often 

negate the need to test extremely large numbers. It is important to note that only select 

comparisons remained significant after Bonferroni correction for multiple comparisons, thus 

future work including functional studies will help to reinforce our findings.

In conclusion, we propose that possession of the 3’UTR +2919T>G SNP in the dominant 

mode, the strongest predictor for HIV-1 progression in this study (p=0.001, 

pbonferroni,=0.016), can be used as a marker for accelerated disease progression in black 

South Africans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A. Schematic showing polymorphisms forming each haplotype. Colour shaded boxes show 

the respective SNPs or indels that form each haplotype B. Bar graph showing the allelic 

frequencies (%) of previously defined CCR5 promoter haplotypes in black South African 

controllers, controller subgroups (ECs, VCs and HVL LTNPs) and progressors. ECs: elite 

controllers, VCs: viraemic controllers, HVL LTNPs: high viral load long-term non-

progressors. WT: wild type allele, Mt: mutant allele
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Figure 2. 
Bar graph showing the genotypic frequency of 5’UTR-2SNP-hap (−2459G>A and 

−2135T>C) in black South African controllers, controller subgroups (ECs, VCs and HVL 

LTNPs) and progressors. ECs: elite controllers, VCs: viraemic controllers, HVL LTNPs: 

high viral load long-term non-progressors. WT: wild type allele, Mt: mutant allele
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Figure 3. 
Linkage disequilibrium (LD) plot depicting the linkage between CCR5 3’UTR variants. The 

numbers in the triangles indicate the r2 values, with 0 indicating no linkage and blank red 

triangles (100) indicating complete linkage between the respective variants. Polymorphisms 

making up the various 3’UTR haplotypes are marked with coloured boxes at the top of the 

figure; SNPs not part of the haplotypes are not marked with coloured boxes
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Figure 4. 
A. Schematic showing polymorphisms that form each haplotype. Colour shaded boxes show 

the respective SNPs or indels that form each haplotype B. Bar graph showing the allelic 

frequencies (%) of CCR5 3’UTR haplotypes in black South African controllers, controller 

subgroups (ECs, VCs and HVL LTNPs) and progressors. ECs: elite controllers, VCs: 

viraemic controllers, HVL LTNPs: high viral load long-term non-progressors. WT: wild type 

allele, Mt: mutant allele
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Figure 5. 
Schematic showing polymorphisms that form haplotypes spanning the CCR5 5’UTR and 

3’UTR in black South African controllers, controller subgroups (ECs, VCs and HVL 

LTNPs) and progressors. Colour shaded boxes show the respective SNPs or indels that form 

each haplotype. 3’UTR SNPs that have linkage with the same root 5’UTR haplotype are 

shown in the same colour. ECs: elite controllers, VCs: viraemic controllers, HVL LTNPs: 

high viral load long-term non-progressors. WT: wild type allele, Mt: mutant allele
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Figure 6. 
Schematic showing a summary of the p values of all significant CCR5 genetic markers 

predictive of HIV-1 progression in black South Africans (HIV-1 total controllers vs. 

progressors). The smaller the p value is, the more predictive the biomarker. Red bars indicate 

p values that maintain significance post correction for multiple comparisons (Bonferroni). 

Blue horizontal lines indicate the 95% confidence intervals and the red circles indicate the 

odds ratios for the respective comparisons
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Table 1.

Characteristics of study cohort

Group

Number of patients Age (years) Gender CD4+ T cell 
count* (cells/μl)

Viral load* (HIV 
RNA copies/ml)

Years since diagnosis

(n) (Mean and range) (% female) (Median and IQR) (Median and IQR) (Median and IQR)

ECs 23 48 (27–66) 78.2 693 (588 – 969) <20 15 (8–16)

VCs 37 42 (27–59) 91.9 704 (587 – 910) 598 (135 – 1180) 8 (8–15)

HVL LTNPs 11 43 (33–53) 81.8 660 (606 – 749) 22 410 (14 262 – 
77 820)

8 (8–11)

Progressors 74 45 (30–73) 83.8 177 (145 – 210) 38 444 (19 790 – 
103 314)

6 (1–7)

*
CD4+ T cell counts and viral loads of controllers used were from time of enrolment whereas for the progressors the last CD4 T cell count and 

viral load prior to ART initiation was used

ECs: elite controllers, VCs: viraemic controllers, HVL LTNPs: high viral load long-term non-progressors
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Table 2.

Comparison of the genotypic and allelic representation of CCR5 5’UTR-2SNP-hap (−2459G>A and 

−2135C>T) and CCR5 3’UTR +2919T>G SNP in controllers, controller subgroups and progressors

Controllers vs. Progressors ECs vs. Progressors VCs vs. Progressors HVL LTNPs vs. 
Progressors

OR CI P OR CI P OR CI P OR CI P

5’UTR-2SNP-hap

5’UTR-2SNP-hap – allelic 1.72 1.07–2.77 0.03 1.94 0.96–3.94 0.087 1.67 0.93–2.98 0.11 1.49 0.59–3.76 0.49

5’UTR-2SNP-hap – 
heterozygosity (WT/Mt)

3.08 1.46–6.49 0.003 (0.048*) 3.67 1.28–10.47 0.017 3.38 1.38–8.32 0.012 1.63 0.41–6.47 0.71

5’UTR-2SNP-hap – 
dominant mode

2.86 1.41–5.79 0.003 (0.048*) 3.39 1.28–9.00 0.019 2.95 1.28–6.79 0.017 1.78 0.47–6.78 0.46

3’UTR +2919 SNP

+2919T>G SNP – allelic 1.9 1.18–3.09 0.01 1.89 0.93–3.83 0.08 1.83 1.02–3.31 0.06 2.21 0.82–5.95 0.17

+2919T>G SNP – 
heterozygosity (WT/Mt)

3.33 1.59–7.00 0.002 (0.032*) 2.75 1.00–7.60 0.06 3.7 1.5–8.92 0.004 3.75 0.95–14.88 0.07

+2919T>G SNP – 
dominant mode

3.2 1.58–6.48 0.001 (0.016*) 2.85 1.08–7.56 0.04 3.28 1.43–7.57 0.006 3.73 1.02–13.70 0.07

*
p value after Bonferroni correction for multiple comparisons. Other comparisons did not maintain significance after Bonferroni correction

Shaded blocks indicate significant comparisons

ECs: elite controllers, VCs: viraemic controllers, HVL LTNPs: high vi ral load long term non-progressors OR: odds ratio, CI: 95% confidence i 
nterval
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