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Abstract

Polymorphisms in chemokine receptors, serving as HIV co-receptors, and their ligands are among 

the well-known host genetic factors associated with susceptibility to HIV infection and/or disease 

progression. Papua New Guinea (PNG) has one of the highest adult HIV prevalences in the Asia-

Pacific region. However, information regarding the distribution of polymorphisms in chemokine 

receptor (CCR5, CCR2) and chemokine (CXCL12) genes in PNG is very limited. In this study, we 

genotyped a total of nine CCR2-CCR5 polymorphisms, including CCR2 190G>A, CCR5 

−2459G>A and Δ32, and CXCL12 801G>A in PNG (n = 258), North America (n = 184), and five 

countries in West Africa (n = 178). Using this data, we determined previously characterized CCR5 

haplotypes. In addition, based on the previously reported associations of CCR2 190, CCR5 −2459, 

CCR5 open reading frame, and CXCL12 801 genotypes with HIV acquisition and/or disease 

progression, we calculated composite full risk scores, considering both protective as well as 

susceptibility effects of the CXCL12 801 AA genotype. We observed a very high frequency of the 

CCR5 −2459A allele (0.98) in the PNG population, which together with the absence of Δ32 

resulted in a very high frequency of the HHE haplotype (0.92). These frequencies were 

significantly higher than in any other population (all P-values < 0.001). Regardless of whether we 

considered the CXCL12 801 AA genotype protective or susceptible, the risk scores were 
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significantly higher in the PNG population compared with any other population (all P-values < 

0.001). The results of this study provide new insights regarding CCR5 variation in the PNG 

population, and suggest that the collective variation in CCR2, CCR5, and CXCL12 may increase 

the risk of HIV/AIDS in a large majority of Papua New Guineans.
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1. Introduction

Papua New Guinea (PNG), an Oceania country located ~160 km north of Australia, has one 

of the highest prevalences of HIV and sexually transmitted infections in the Asia-Pacific 

region (Coghlan et al., 2011; Vallely et al., 2010; Vallely et al., 2014). In a meta-analysis of 

community-based studies (n = 9), pooled HIV prevalence was 1.8% in men; 2.6% in 

women; and 11.8% among female sex workers (Vallely et al., 2010). In a recent study 

conducted at two sexual health clinics, HIV prevalence in men and women combined was 

3.3% (Vallely et al., 2014). Based on the most recent HIV estimates (Global AIDS Report 

2012, Papua New Guinea), the national prevalence of HIV among the adult population 15–

49 years is 0.8% (0.55–0.94%) in 2010-2011, and is expected to increase to 1.0% by 2020, 

based on current model. HIV prevalence among pregnant women 15–24 years attending 

antenatal care clinics was 0.6% in 2011, indicating that there is HIV transmission occurring 

among sexually active women in this age group and their heterosexual partners. Genetic 

characterization of HIV-1 in PNG shows that the predominant subtype is C (>90%), and the 

remaining is subtype B (Anyiwo et al., 2010; Ryan et al., 2007).

Limited data exists from PNG regarding the distribution of host genetic markers known to 

be associated with clinical outcomes of HIV/AIDS (Clark and Dean, 2004; Martinson et al., 

2000; Su et al., 1999; Su et al., 2000). Despite small sample sizes (n = 21–96), these studies 

provide important information regarding the distribution of a 32-base pair (bp) deletion 

(Δ32, rs333) in the open reading frame (ORF) of chemokine (C-C motif) receptor 5 (CCR5), 

a single nucleotide polymorphism (SNP, 190G>A [Val64Ile], rs1799864) in the ORF of 

chemokine receptor CCR2, and a SNP (801G>A, rs1801157) in the 3’-untranslated region 

(3’-UTR) of chemokine (C-X-C motif) 12 (CXCL12 [stromal cell-derived factor 1, SDF-1]) 

in PNG. CXCL12 is the only natural ligand for chemokine receptor CXCR4. A variety of 

studies conducted outside PNG have examined the associations between these 

polymorphisms and HIV infection/disease progression, and have revealed that the CCR5 

Δ32 (Dean et al., 1996; Martin et al., 1998; Zimmerman et al., 1997) and the CCR2 190A 

(Hendel et al., 1998; Ioannidis et al., 2001; Kostrikis et al., 1998; Mulherin et al., 2003; 

Mummidi et al., 1998; Passam et al., 2005; Smith et al., 1997) alleles were associated with 

protection against HIV infection and/or delayed disease progression, compared with the 

CCR5 ORF wild type (wt) and the CCR2 190G alleles respectively. However, the 

association between CXCL12 801G>A and HIV infection/disease progression is complex; 

the mutant allele, 801A, may be protective (Hendel et al., 1998; Passam et al., 2005; 

Mehlotra et al. Page 2

Infect Genet Evol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tiensiwakul, 2004; Winkler et al., 1998) as well as susceptible (Daar et al., 2005; Mummidi 

et al., 1998; Petersen et al., 2005).

Among the studies that provided information regarding the distribution of CCR5 Δ32, CCR2 

190G>A, and CXCL12 801G>A in PNG (Clark and Dean, 2004; Martinson et al., 2000; Su 

et al., 1999; Su et al., 2000), only one study included the CCR5 promoter SNP −2459G>A 

(59029G>A/303G>A, rs1799987) (Clark and Dean, 2004). In studies conducted elsewhere, 

the −2459G allele was associated with delayed HIV disease progression (Martin et al., 1998; 

McDermott et al., 1998). Furthermore, two of the PNG studies computed the relative hazard 

(RH) values to evaluate the risk of AIDS onset on the basis of two- and three-locus 

genotypes (Su et al., 1999; Su et al., 2000). However, those RH values were computed 

considering only the protective effects of the CXCL12 801 AA genotype (Winkler et al., 

1998), and not the susceptibility effects of the genotype. Based on this limited assessment, 

PNG populations had the lowest predicted RH values compared with worldwide 

populations, indicating potentially the highest protection from AIDS onset, or even HIV 

infection (Su et al., 1999; Su et al., 2000).

The main aim of the present study was to further understand how CCR2, CCR5, and 

CXCL12 variation may influence the risk of HIV infection/disease progression in PNG. For 

this aim, we genotyped a total of nine CCR2-CCR5 polymorphisms, including CCR5 

−2459G>A, in two populations from PNG, two major racial groups in North America, and 

in populations from five countries in West Africa. Using this data, we determined previously 

characterized CCR5 haplotypes (Gonzalez et al., 1999; Mummidi et al., 2000). We also 

genotyped CXCL12 801G>A in all study populations. Based on the previously reported 

associations of CCR2 190, CCR5 −2459, CCR5 ORF, and CXCL12 801 genotypes with HIV 

acquisition and/or disease progression, we calculated composite full risk scores, considering 

both protective as well as susceptibility effects of the CXCL12 801 AA genotype. Together, 

these results provide new insights regarding CCR5 variation in the PNG population, and 

suggest that the collective variation in CCR2, CCR5, and CXCL12 may elevate the risk of 

HIV/AIDS as opposed to conferring protection indicated by previous studies.

2. Materials and methods

2.1. Study populations and genomic DNA extraction

The study populations and sample collection procedures have been previously described 

(Kasehagen et al., 2007; Mehlotra et al., 2002; Mehlotra et al., 2000; Zimmerman et al., 

1992; Zimmerman et al., 1999). These samples were collected as parts of malaria 

epidemiological studies in PNG (Kasehagen et al., 2007; Mehlotra et al., 2002; Mehlotra et 

al., 2000) and onchocerciasis epidemiological study in West Africa (Zimmerman et al., 

1992). Blood samples were collected from Papua New Guineans (n = 258) from Dreikikir 

(Mehlotra et al., 2000) and the Wosera (Kasehagen et al., 2007; Mehlotra et al., 2002), both 

areas in the East Sepik Province, and from healthy, adult North American random blood 

donors (n = 184) belonging to two major racial groups: Caucasian (CA) and African 

American (AFA) (Zimmerman et al., 1999). DNA samples were collected from West 

Africans (n = 178) from five countries: Senegal, Guinea, Sierra Leone, Ivory Coast, and 

Ghana (Zimmerman et al., 1992). The number of samples in each subgroup is provided in 
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Table 1. The PNG samples were collected from individuals speaking Urat (Dreikikir) or 

Abelam (the Wosera), which belong to Torricelli language family and Sepik language 

family respectively. The race of the North American individuals was self-identified. All 

West African samples were collected from the West Atlantic subgroup of the Niger-Congo 

language family. No information is available regarding HIV exposure and infection status of 

our study populations. All samples were collected under protocols including the procedures 

for informed consent approved by the corresponding institutional review boards (UHCMC 

IRB 08-03-33; PNGIMR IRB 0801; PNG MRAC 07.28).

Genomic DNA was extracted from the PNG and North American blood samples using the 

QIAamp® 96 DNA blood kit (QIAGEN, Valencia, CA).

2.2. Polymerase chain reaction (PCR)

PCR primers and conditions to selectively amplify CCR2 ORF (327 bp), CCR5 promoter 

(1118 bp), and CCR5 ORF (312 [wt] or 280 [Δ32] bp) regions have been described 

elsewhere (Mehlotra et al., 2011). Previously described primers were used to amplify the 

CXCL12 region (301 bp) harboring 801G>A (Passam et al., 2005) under the following 

amplification conditions: 95°C 2 min, 95°C 30 sec 64°C 30 sec 72°C 30 sec (39×), 72°C 3 

min. The PCR buffer and method used to perform agarose gel electrophoresis have been 

described elsewhere (Mehlotra et al., 2011).

2.3. SNP genotyping and CCR5 haplotype determination

After PCR amplification, genotyping of CCR2 190G>A and CCR5 −2459G>A was 

performed using a high-throughput, oligonucleotide ligation detection reaction-fluorescent 

microsphere assay (LDR-FMA) on the Bio-Plex multiplex suspension array system (Bio-

Rad Laboratories, Hercules, CA), as described elsewhere (Mehlotra et al., 2011). Using the 

same assay, we performed genotyping of six other CCR5 promoter (−2773A>G 

[rs2856758], −2554G>T [rs2734648], −2135T>C [rs1799988], −2132C>T [rs41469351], 

−2086A>G [rs1800023], and −1835C>T [rs1800024]) and CXCL12 801G>A SNPs. All 

seven sets of LDR primer sequences and LDR conditions for CCR5 and CXCL12 SNP 

genotyping are provided in the supplementary Table S1. The mean and 95% confidence 

interval (CI) of log-transformed fluorescent values corresponding to each genotype are 

presented in the supplementary Table S2.

The CCR5 haplotype nomenclature system has been previously described (Gonzalez et al., 

1999; Mummidi et al., 2000) (Table S3). Using a total of nine CCR2-CCR5 polymorphisms, 

haplotypes could be organized into seven evolutionarily distinct human haplogroups (HH) 

that are designated HHA, -B, -C, -D, -E, -F (F*1 and F*2), and -G (G*1 and G*2). We 

followed this nomenclature system to determine CCR5 haplotypes in study populations.

2.4. CCR5 promoter sequencing

Sanger sequencing of CCR5 promoter amplicons from the PNG (n = 87; Dreikikir [n = 63] 

and the Wosera [n = 24]), CA (n = 12), AFA (n = 14), and West African (n = 15) samples 

was performed using a modified Applied Biosystems BigDye® Terminator v3.1 Cycle 

sequencing kit protocol. Sequencing reactions were performed on ABI 3730 DNA Analyzer 

Mehlotra et al. Page 4

Infect Genet Evol. Author manuscript; available in PMC 2016 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



system (Applied Biosystems, Foster City, CA). Sequences were analyzed using Sequencher 

v4.6 (Gene Codes Corporation, Ann Arbor, MI).

2.5. Genotype and composite risk scores

We assigned a risk score of 2, 1, or 0 to each of the CCR2 190, CCR5 −2459, CCR5 ORF, 

and CXCL12 801 genotypes (Table 2). These arbitrary risk scores are based on the 

previously reported associations of these genotypes with HIV acquisition and/or disease 

progression. We first assigned these risk scores to the CCR5 −2459 and CCR5 ORF 

genotypes, where a score of 2 denotes susceptibility, 1 denotes partial protection, and 0 

denotes protection. It is important to note that the same risk scores assigned to genotypes of 

different polymorphisms should not be interpreted as being associated with the same effects. 

For example, the effect of a risk score of 2, assigned to CCR5 −2459 AA, is not the same as 

the effect of a risk score of 2 assigned to CCR5 ORF wtwt. However, compared with the GG 

and Δ32Δ32 genotypes, respectively, both were considered susceptible genotypes (Dean et 

al., 1996; Martin et al., 1998; McDermott et al., 1998; Zimmerman et al., 1997) and were 

therefore assigned a risk score of 2.

Most previous studies have shown a protective effect of the CCR2 190A allele (GA+AA 

compared with GG) on HIV disease progression (Hendel et al., 1998; Ioannidis et al., 2001; 

Kostrikis et al., 1998; Mulherin et al., 2003; Mummidi et al., 1998; Passam et al., 2005; 

Smith et al., 1997). We therefore assigned a risk score of 0 to the GA and AA genotypes, 

and 1 to the GG genotype, which was used as reference. The findings regarding the 

association of CXCL12 801 genotypes with HIV infection/disease progression are complex, 

and present four different scenarios: AA is protective compared with GG+GA (scenario I) 

(Hendel et al., 1998; Winkler et al., 1998); GA+AA is protective compared with GG 

(scenario II) (Passam et al., 2005); AA is susceptible compared with GG+GA (scenario III) 

(Mummidi et al., 1998); and GA+AA is susceptible compared with GG (scenario IV) (Daar 

et al., 2005; Petersen et al., 2005). Accordingly, we assigned a risk score of 1 (susceptibility) 

or 0 (protection) to these genotypes (Table 2).

After assigning a risk score to each genotype, we first calculated composite partial risk 

scores, where risk scores of CCR2 190, CCR5 ORF, and CXCL12 801 (only scenario I or II) 

genotypes were included. This analysis is similar to the one performed previously (Su et al., 

2000), as it does not include CCR5 −2459 genotypes and considers only the protective 

effects of the CXCL12 801 AA or GA+AA genotype. Composite partial risk scores ranged 

from 2 to 4, and some examples are provided in the supplementary Table S4. We then 

calculated composite full risk scores, where CCR5 −2459 genotypes were included together 

with CCR2 190, CCR5 ORF, and CXCL12 801 genotypes. All four scenarios of CXCL12 

801 genotypes (I, II, III, or IV) were considered. Composite full risk scores ranged from 3 to 

6. Finally, given the complexities of CXCL12 801 genotype-phenotype associations, we 

calculated a composite simple risk score of each individual, which does not include CXCL12 

801 genotype. Thus, this is the sum of risk scores assigned to CCR2 190, CCR5 −2459, and 

CCR5 ORF genotypes of that individual. Composite simple risk scores ranged from 3 to 5. 

For simplification, we defined composite simple risk scores 3, 4, and 5 as low, medium, and 

high risk respectively.
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2.6. Statistical analysis

From the genotype data, CCR2, CCR5, and CXCL12 allele frequencies were calculated and 

the Hardy-Weinberg exact test was performed for each population using GenePop (http://

genepop.curtin.edu.au/). An online 2 × 2 contingency table for Fisher’s exact test (http://

www.langsrud.com/fisher.htm) was used to calculate differences in allele and haplotype 

frequencies between populations, and a 2-tailed P < 0.05 was considered significant.

Arlequin v3.11 (www.cmpg.unibe.ch/software/arlequin3/) was used to compute CCR5 

promoter haplotype diversity (H; mean value ± standard error [S.E.]) and pairwise 

population differentiation (PA-Fst) based on the SNP genotype as well as nucleotide 

sequence data. Both H and Fst values range from 0 (no diversity, no differentiation) to 1 

(every individual has a different haplotype, fixed difference between populations).

Distributions of composite risk scores were compared to find differences among as well as 

between study populations (PNG, CA, AFA, and West African). First, the composite risk 

score of each population was analyzed using Bartlett’s test of the homogeneity of variances. 

If this test showed heterogeneity of the variances, then non-parametric tests, robust to both 

non-homogeneity of variances as well as unequal sample sizes, were used. To find 

differences among populations using a non-parametric method, the Kruskal-Wallis test was 

used, and if a significant difference was detected, then the Games-Howell pairwise 

comparison test was used. Composite partial risk scores (both scenarios I and II), composite 

full risk scores (scenarios II and IV), and composite simple risk scores were compared using 

this approach. On the other hand, if Bartlett’s test showed homogeneity of variances, then a 

simple one-way ANOVA and Tukey’s Honestly Significant Difference (HSD) test were 

used. Composite full risk scores (scenarios I and III) were compared using this approach. All 

these analyses were conducted in R (http://www.r-project.org/), and a P < 0.05 was 

considered significant.

3. Results

3.1. CCR2, CCR5, and CXCL12 allele frequencies

Distribution of CCR2, CCR5, and CXCL12 allele frequencies in the PNG, North American, 

and West African populations is presented in Table 3. In the PNG populations, CCR2 

190G>A had a low to moderate prevalence, many of the CCR5 promoter SNPs were rare or 

absent, CCR5 Δ32 was absent, whereas CCR5 −2459G>A and CXCL12 801G>A were 

highly prevalent. The CCR5 −2459A (0.98, cumulative) and CXCL12 801A (0.64, 

cumulative) allele frequencies in the PNG populations were significantly higher than in any 

other population (P-values < 0.001).

In addition, inter-population differences in allele frequencies were observed. For example, 

CCR5 −2132C>T was highly prevalent in the populations of African ancestry, whereas Δ32 

was prevalent in the CA population. The CA and AFA/West African populations were 

significantly different at CCR5 −2733A>G, −2086A>G, −1835C>T, and Δ32, and CXCL12 

801G>A (P-values < 0.05).
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We analyzed all polymorphisms among West African samples for each represented country. 

The cumulative allele frequencies in West Africans were largely comparable to those in 

AFA. The relatively small number of samples (varying from 9 to 53) from each country 

limited allele frequency comparisons. In subsequent analyses, all West African samples 

were analyzed as one population.

We calculated expected genotype numbers for each polymorphism in the PNG (two 

populations), North American (two racial groups), and West African (one population) 

populations. For all polymorphisms analyzed, the expected genotype numbers did not differ 

significantly from the observed genotype numbers in any of the populations (data not 

shown). Overall, these allele frequency results are in agreement with those previously 

reported for comparable populations (Clark and Dean, 2004; Gonzalez et al., 1999; 

Gonzalez et al., 2001; Martinson et al., 2000; Su et al., 1999; Su et al., 2000).

3.2. CCR5 haplotype frequencies and diplotype profiles

Based on a total of nine CCR2-CCR5 polymorphisms, we determined CCR5 haplotypes in 

study populations as previously described (Gonzalez et al., 1999; Mummidi et al., 2000). 

For this and subsequent analyses, we combined the two PNG populations. The haplotype 

frequencies are presented in Table 4. As expected from the allele frequency data (Table 3), 

the PNG population had the highest frequency of HHE (0.92), which was significantly 

higher than in any other population (P-values < 0.001). HHB was rare, and inter-population 

differences in other haplotype frequencies were observed. For example, HHD was highly 

prevalent in the populations of African ancestry, whereas Δ32-carrying HHG*2 was 

prevalent in the CA population. The frequencies of HHA and HHC were significantly 

different between the CA and AFA/West African populations (P-values < 0.001).

CCR5 diplotype profiles are presented in the supplementary Table S5. Given the frequency 

of HHE in the PNG population (0.92), it was not unexpected to find that 84% individuals 

were homozygous for this haplotype, and 12% were HHE/HHF*2 heterozygous. HHD/any 

and HHG*2/any diplotypes were common in the populations of African ancestry and in the 

CA population respectively.

3.3. CCR5 promoter sequencing

The PNG population had a very high frequency of −2459G>A, but many of the other 

promoter SNPs were rare or absent. Therefore, we performed sequencing of the promoter 

region in the PNG samples (n = 87), and compared those sequences with the reference 

sequence (GenBank accession number NT_022517, nucleotide coordinates 

46,360,142-46,366,206) and with the sequences from the North American (n = 26) and West 

African (n = 15) samples. After alignment and trimming, sequences of 1009 nucleotides 

were analyzed from all samples. These nucleotides correspond to positions 46,360,151 to 

46,361,159 (NT_022517) and −2752 to −1744, the latter based on the previously described 

nucleotide numbering system (Mummidi et al., 2000). This analysis revealed that (1) the 

genotypes of all seven SNPs in all PNG, North American, and West African samples were 

concordant with the sequence data, (2) no other polymorphism was found in any of the 

North American and West African samples, and (3) in three PNG samples from Dreikikir, a 
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new SNP was identified. Following the previously described nucleotide numbering system 

(Mummidi et al., 2000), three PNG individuals were found to be heterozygous CG at 

position −1918. Thus, the frequency of −1918C>G in the samples from Dreikikir (n = 63) 

and in the total PNG population sequenced (n = 87) was 0.024 and 0.017 respectively. All 

three individuals were HHE homozygous and were not related. The CCR5 promoter 

sequence of a PNG individual, carrying −1918CG within the HHE haplotype, has been 

deposited at GenBank under the accession number KP313871.

3.4. CCR5 promoter haplotype diversity and population differentiation

The PNG population had a very different CCR5 promoter allele-frequency profile compared 

with all the other populations (Table 3). Therefore, we determined CCR5 promoter 

haplotype diversity and differentiation in all populations. For this analysis, we used the SNP 

genotype as well as nucleotide sequence data. The CCR5 promoter H and PA-Fst values are 

presented in Table 5 and Table 6 respectively. H values obtained by using the nucleotide 

sequence data were somewhat lower than those obtained by using the SNP genotype data for 

all populations (Table 5). No such pattern was noticed regarding the PA-Fst values (Table 

6). The PNG population showed much lower haplotype diversity compared with all the other 

populations (Table 5), but much higher differentiation in all pairwise comparisons (Table 6).

3.5. Composite risk scores

Composite partial risk scores of all study populations are presented in Figure 1A. These risk 

scores are without CCR5 −2459 genotypes and include CXCL12 801 genotype risk scores 

only from scenario I or II (AA or GA+AA protective). The composite partial risk scores 

were significantly lower in the PNG population compared with any other population (P-

values ≤ 0.035, Games-Howell test). This is consistent with the findings of the previous 

study (Su et al., 2000).

Full spectrum of composite full risk scores of all study populations is presented in Figure 

1B. These risk scores include CCR5 −2459 genotypes as well as CXCL12 801 genotype risk 

scores from all scenarios (I, II, III, or IV). The overall profile of the PNG population was 

noticeably different from all the other populations. In contrast to the composite partial risk 

scores, the composite full risk scores were significantly higher in the PNG population 

compared with any other population when the 801A allele was considered protective 

(scenario I, P-values < 0.001, Tukey’s HSD test; scenario II, P-values < 0.001, Games-

Howell test). Similarly, these risk scores were also significantly higher in the PNG 

population compared with any other population when the 801A allele was considered 

susceptible (scenario III, P-values < 0.001, Tukey’s HSD test; scenario IV, P-values < 

0.001, Games-Howell test).

Proportions of composite simple risk scores, which do not include CXCL12 801 genotypes 

and are the sum of risk scores assigned to CCR2 190, CCR5 −2459, and CCR5 ORF 

genotypes, in all study populations is presented in Figure 2. Unlike all the other populations, 

most individuals in the PNG population had high risk (84% with a risk score of 5) and no 

individual had low risk (a risk score of 3). In the other populations, individuals with high 

risk varied from 5–19%. Proportions of individuals with low (a risk score of 3) or high (a 
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risk score of 5) risk were also noticeably different between the CA and AFA/West African 

populations.

Distributions, means, and medians of composite simple risk scores of all study populations 

are presented in Figure 3. These distributions were significantly different (P-values < 0.001, 

Kruskal-Wallis test). Pairwise comparisons showed that the risk score was significantly 

higher in the PNG population compared with any other population (P-values < 0.001, 

Games-Howell test). Consistent with the proportions of individuals with a risk score of 3 or 

5 in the CA vs. AFA/West African population (Figure 2), the risk score was significantly 

higher in the CA population compared with the AFA (P = 0.035, Games-Howell test) or 

West African (P = 0.0009, Games-Howell test) population.

4. Discussion

Utilizing samples from PNG, North America, and West Africa, this study provides evidence 

that the collective variation in CCR2, CCR5, and CXCL12 may affect the occurrence of HIV 

infection and disease in PNG, more so than in the other regions.

4.1. CCR5 variation in PNG

−2459A and ORF wt alleles—We found that in the PNG population, the frequency of 

the −2459A allele was the highest yet reported (0.98). Only one other study, using a total of 

49 samples from highland and lowland population groups in PNG (which may be different 

from those in our study) has reported the frequency of this allele (0.85) (Clark and Dean, 

2004). In most populations, the frequency of the −2459A allele ranges from 0.35 to 0.55 

(Clark and Dean, 2004; Gonzalez et al., 2001; Mehlotra et al., 2011). We also found that the 

Δ32 allele was absent in PNG (Clark and Dean, 2004; Martinson et al., 2000; Su et al., 

2000).

We, and others, have found that the −2459G and Δ32 alleles were associated with 

significantly reduced in vitro promoter activity, CCR5 expression, and HIV propagation, 

compared with the −2459A and ORF wt alleles respectively (Hladik et al., 2005; Kawamura 

et al., 2003; McDermott et al., 1998; Mummidi et al., 2000; Salkowitz et al., 2003). These 

findings provide a biologic basis for understanding certain aspects of host genetic 

susceptibility to HIV-1 propagation and progression to AIDS. Furthermore, they parallel the 

genetic susceptibility studies performed in large cohorts of HIV-infected individuals, 

showing that the −2459G and Δ32 alleles were associated with protection against HIV 

infection and/or delayed disease progression, compared with the −2459A and ORF wt alleles 

respectively (Dean et al., 1996; Martin et al., 1998; McDermott et al., 1998; Zimmerman et 

al., 1997). Thus, a very high frequency of the −2459A allele, together with the absence of 

the Δ32 allele in PNG populations, may indicate a greater predisposition to HIV infection 

and disease.

HHE haplotype—The most prevalent −2459A allele-carrying CCR5 haplotype is HHE, 

the frequency of which ranges from 0.2 to 0.32 in most populations (Gonzalez et al., 1999; 

Gonzalez et al., 2001). We found that in the PNG population, the frequency of HHE was 

0.92 and 84% individuals were homozygous for this haplotype.
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Along the line that the −2459G/A and ORF wt/Δ32 alleles show differences in phenotypic 

effects in vitro as well as in HIV/AIDS cohorts, different CCR5 haplotypes influence HIV 

infection and disease outcomes differently (Gonzalez et al., 1999; Huik et al., 2014; 

Kostrikis et al., 1999; Mangano et al., 2001; Tang et al., 2002a; Tang et al., 2002b). Among 

the CCR5 haplotypes, the consistency of the associations of HHE homozygosity (E/E 

diplotype) with unfavorable outcomes is noteworthy. The E/E diplotype was significantly 

associated with disease acceleration, particularly an accelerated progression to death in 

Caucasians (Gonzalez et al., 1999). The E/E diplotype was also significantly associated with 

HIV-1 seroconversion, higher early HIV-1 RNA levels, and shorter time to AIDS in diverse 

North American cohorts (Tang et al., 2002a; Tang et al., 2002b). Association between HHE 

and rapid HIV-1 disease progression was also observed in patients from Rwanda (R.A. 

Kaslow et al., 8th Conference on Retroviruses and Opportunistic Infections, Chicago, IL, 

2001, Abstract #45B), Spain (Li et al., 2005), and Thailand (Nguyen et al., 2004). There was 

a strong association between the E/E diplotype and susceptibility to perinatal transmission of 

HIV-1, accelerated rate of progression to AIDS, and a more rapid progression to death in 

Argentinean children (Mangano et al., 2001). Recently, a study investigating the association 

between CCR5 haplotypes and HIV tropism in Estonian Caucasians found that HHE was 

associated with the presence of HIV-1 X4-tropic viruses (Huik et al., 2014). Such 

consistency across racial/ethnic groups and populations suggest that HHE confers similar 

effects against distinct genetic backgrounds, and therefore may increase the risk of HIV 

infection and rate of disease progression in PNG as well.

Twelve percent individuals were HHE/HHF*2 heterozygous (Table S5). HHF*2 carries the 

CCR2 190A (64Ile) allele, and consistent with the protective effects of the 190A allele on 

HIV infection and/or disease progression, HHF*2 was found to be protective in various 

cohort studies (Gonzalez et al., 1999; Mangano et al., 2001; Tang et al., 2002a). However, 

its effects, when paired with HHE are unclear (Mangano et al., 2001; Tang et al., 2002a).

CCR5 promoter haplotype diversity and population differentiation—Genetic 

differentiation among populations reflects the action of both random processes (e.g., genetic 

drift) and natural selection. The 5’ cis-regulatory region of CCR5 has been shown to have 

undergone balancing selection in humans, under a wide range of demographic histories 

(Bamshad et al., 2002; Ramalho et al., 2010), whereas there appears to have been a selective 

sweep in chimpanzee (Wooding et al., 2005). Thus, natural selection may appear to have 

played a role in the pattern of genetic differentiation observed at CCR5 promoter in the PNG 

population. To investigate this possibility, the present data is limited, and further analysis of 

the patterns of genetic variation in and around the CCR5 locus is warranted. Regardless of 

whether demography or natural selection is responsible for the observed pattern of 

population differentiation, our results can still be regarded as a starting point in identifying 

the contribution of variation in CCR5 promoter to HIV infection/disease progression in 

PNG.

4.2. CXCL12 801G>A in PNG

We found that in the PNG population, the frequency of the 801A allele was 0.64. A previous 

study has reported that the frequency of this allele in three PNG populations (details of 
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which were not provided) was 0.66–0.72 (Su et al., 2000). Globally, the distribution of the 

801A allele varies extensively, from being absent to as high as 0.43 (Su et al., 1999; Su et 

al., 2000).

CXCL12 801G>A, SDF-1 levels, and HIV infection/disease—The findings 

regarding the association of CXCL12 801 genotypes with HIV infection/disease progression 

are complex; the mutant allele, 801A, may be protective (Hendel et al., 1998; Passam et al., 

2005; Tiensiwakul, 2004; Winkler et al., 1998) as well as susceptible (Daar et al., 2005; 

Mummidi et al., 1998; Petersen et al., 2005). That the 801A allele may be protective as well 

as susceptible may depend in part on the relationship between the allele and SDF-1 protein 

levels, and between the SDF-1 protein levels and HIV infection/disease progression. The 

801 AA genotype may be associated with higher (Tiensiwakul, 2004) or lower (Soriano et 

al., 2002) protein levels, or there may be no association between the genotype and protein 

levels (Petersen et al., 2005; Verma et al., 2007). Similarly, there may be a positive 

(Derdeyn et al., 1999) or negative (Ikegawa et al., 2001) correlation between the SDF-1 

protein levels and disease progression, which may depend on the stage of infection/disease 

(Ikegawa et al., 2001). Thus, the interrelationship of the 801A allele, SDF-1 protein levels, 

and HIV infection/disease may be population and/or stage specific.

Composite risk scores – role of CXCL12 801G>A vs. CCR5 −2459G>A—In order 

to further understand how CCR2, CCR5, and CXCL12 variation may influence the risk of 

HIV infection/disease progression in PNG, we first calculated composite partial risk scores, 

without including CCR5 −2459G>A and considering only the protective effects of the 

CXCL12 801A allele. Similar to the previous study (Su et al., 2000), we found that these risk 

scores were significantly lower in the PNG population compared with any other study 

population (Figure 1A), indicating high-level protection from AIDS onset, or even HIV-1 

infection (Su et al., 1999; Su et al., 2000). However, it seems not to be the case because 

when CCR5 −2459G>A was included, the composite full risk scores were significantly 

higher in the PNG population compared with any other study population (Figure 1B). In 

addition, due to a complex interrelationship of the 801A allele, SDF-1 protein levels, and 

HIV infection/disease, we calculated composite full risk scores by considering both 

protective (scenarios I and II) and susceptibility (scenarios III and IV) effects of the 801A 

allele. Regardless of whether we considered the 801A allele protective or susceptible, the 

risk scores were significantly higher in the PNG population compared with any other study 

population (Figure 1B). The only possible explanation for this is that a large majority of the 

individuals carried CCR5 −2459G>A (−2459 AA), which resulted in most individuals with 

high risk (Figure 2) and a significantly higher composite simple risk score of the population 

(Figure 3). Therefore, it is plausible that among the genetic variants included in this study, 

CCR5 −2459G>A alone may be a significant risk factor for a large majority of the PNG 

population.

4.3. Limitations

We acknowledge that this study has some limitations. First, PNG samples came from two 

areas in the same province, and may not truly represent the countrywide CCR5 variation. 

Therefore, we genotyped all nine CCR2-CCR5 polymorphisms in a total of 41 samples 
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collected from 12 out of 20 total provinces, which were provided by Dr. Mark Stoneking 

(Max Planck Institute for Evolutionary Anthropology, Germany) for a malaria 

epidemiological study (Mehlotra et al., 2005). In these samples, the CCR5 −2459A allele 

frequency was 0.89 and the distribution of CCR5 haplotypes was as follows: HHC, 0.11; 

HHE, 0.65; and HHF*2, 0.24. Forty-six percent of the samples (19/41) were HHE 

homozygous, and 32% (13/41) were HHE/HHF*2 heterozygous. These results suggest that 

the CCR5 −2459A allele and HHE haplotype are quite predominant in PNG.

Second, that we used an arbitrary risk score of 2, 1, or 0 to each of the CCR2 190, CCR5 

−2459, CCR5 ORF, and CXCL12 801 genotypes (Table 2), and calculated composite partial/

full/simple risk scores (range 2–6, Figures 1-3), could be considered a limitation. Although 

these arbitrary risk scores are based on the previously reported associations of these 

genotypes with HIV acquisition and/or disease progression, it is important to recognize that 

they per se are not indicative of any genetic association. The scoring that we used is unable 

to take into account differing strengths of genetic effects in the same direction and that is 

one of its weaknesses. Nevertheless, it does allow for some comparison across populations. 

On the other hand, the RH values computed in previous studies (Su et al., 1999; Su et al., 

2000) also have limitations: they were computed considering only the protective effects of 

the CXCL12 801 AA genotype (Winkler et al., 1998), and not the susceptibility effects of 

the genotype. In addition, and importantly, the contribution of CCR5 −2459G>A was not 

considered in those studies.

Finally, this study was not designed to analyze other host genes potentially important in 

HIV/AIDS pathogenesis. An example is CCR5 ligands RANTES and macrophage 

inflammatory protein 1α (Clark and Dean, 2004; Gonzalez et al., 2001; Gonzalez et al., 

2005; McDermott et al., 2000). Outside the chemokine receptor-ligand nexus, host genetic 

factors that are associated with viral load control have been identified by recent genome-

wide association studies (van Manen et al., 2012). Variation in immune response genes – 

human leukocyte antigen complex and killer cell immunoglobulin-like receptor (Bashirova 

et al., 2011; Martin and Carrington, 2013), β-defensin (Hardwick et al., 2012; Mehlotra et 

al., 2012), and toll-like receptor (Willie et al., 2014) – has been found to affect the natural 

history of HIV infection and disease progression. Therefore, future studies that include these 

additional genetic variants could provide more comprehensive insights regarding HIV/AIDS 

pathogenesis in PNG, and could potentially alter the interpretation of a risk score as 

employed here.

4.4. Conclusion and future directions

A very high frequency of the CCR5 −2459A allele and absence of Δ32, resulting in a very 

high frequency of the HHE haplotype, together with the susceptibility effects of the CXCL12 

801A allele suggests that a large majority of the PNG population may be at greater 

predisposition to HIV infection and disease. Therefore, to better estimate the effects of 

polymorphisms involved in HIV infection/disease progression in PNG, large-scale, 

comprehensive genetic association studies are necessary. More specifically, an association 

between the HHE haplotype and CCR5 expression in vitro, as well as between the HHE 

haplotype and susceptibility to HIV infection/disease dynamics in clinical cohorts should be 
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analyzed. In addition, further genotyping of CCR5 −1918C>G needs to be performed, and 

its role in CCR5 transcriptional regulation vis-à-vis HIV/AIDS outcomes needs to be 

defined. These approaches may strengthen the identification of at-risk individuals, design 

and implementation of beneficial treatment strategies, and development of strategies to 

eliminate the threat of HIV/AIDS in PNG and the Asia-Pacific region.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A: Representation of composite partial risk scores (as mean ± S.E.) of various study 

populations. PNG, Papua New Guinea; CA, Caucasian; AFA, African American; WA, West 

African. In scenarios I and II, the CXCL12 801 genotypes AA and GA+AA, respectively, 

were considered protective.

B: Representation of composite full risk scores (as mean ± S.E.) of various study 

populations. PNG, Papua New Guinea; CA, Caucasian; AFA, African American; WA, West 

African. In scenarios I and II, the CXCL12 801 genotypes AA and GA+AA, respectively, 

were considered protective, whereas in scenarios III and IV, these genotypes, respectively, 

were considered susceptible.
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Figure 2. 
Proportions of composite simple risk scores in various study populations. PNG, Papua New 

Guinea; CA, Caucasian; AFA, African American; WA, West African. For simplification, 

composite simple risk scores 3, 4, and 5 were defined as low, medium, and high risk 

respectively.
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Figure 3. 
Violin plots showing distributions, means, and medians of composite simple risk scores of 

various study populations. PNG, Papua New Guinea; CA, Caucasian; AFA, African 

American; WA, West African. The violin plot is a cross between a box plot and a kernel 

density plot. These violin plots show not only the mean and median risk scores of each 

population, but also make it simple to see the differences in risk score value distributions of 

populations.
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Table 1

Number of individuals in populations/subgroups.

Population Subgroup n

Papua New Guinean 258

Dreikikir 173

The Wosera 85

North American 184

Caucasian 89

African American 95

West African 178

Senegal 9

Guinea 35

Sierra Leone 53

Ivory Coast 45

Ghana 36
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Table 2

Risk scores associated with various genotypes.

Risk score CCR2 190
CCR5
−2459

CCR5
ORF

CXCL12
801 (I)

CXCL12
801 (II)

CXCL12
801 (III)

CXCL12
801 (IV)

2 - AA
a

wtwt
a

- - - -

1 GG
b

GA
c

wtΔ32
c

GG
b
, GA

b
GG

b
AA

a
GA

a
, AA

a

0 GA
d
, AA

d
GG

d
Δ32Δ32

d
AA

d
GA

d
, AA

d
GG

b
, GA

b
GG

b

Roman numerals I, II, III, and IV represent four different scenarios, described in Materials and methods.

a
Susceptibility/risk

b
Reference genotype

c
Partial protection

d
Protection
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Table 4

CCR5 haplotype frequencies in various populations.

Population HHA HHB HHC HHD HHE HHF*1 HHF*2 HHG*1 HHG*2

Papua New Guinean 0 0 0.02 0 0.92 0 0.06 0 0

Caucasian 0.06 0 0.34 0 0.37 0.01 0.05 0.07 0.10

African American 0.20 0 0.16 0.19 0.22 0.03 0.15 0.04 0.02

West African 0.29 0.01 0.07 0.25 0.15 0.06 0.11 0.05 0

HH stands for human haplogroups, as described by Gonzalez et al. (1999) and Mummidi et al. (2000).
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Table 5

CCR5 promoter haplotype diversity in various populations.

Population
H (mean ± S.E.)

a
H (mean ± S.E.)

b

Papua New Guinean 0.155 ± 0.021 0.142 ± 0.036

Caucasian 0.874 ± 0.011 0.790 ± 0.045

African American 0.912 ± 0.01 0.862 ± 0.028

West African 0.888 ± 0.009 0.825 ± 0.044

a
Haplotype diversity based on the seven SNPs shown in Table 3.

b
Haplotype diversity based on 1009 nucleotide sequences.
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Table 6

CCR5 promoter haplotype-based pairwise population differentiation.

West African AFA CA

Papua New Guinean
0.509

a 0.566 0.588

0.640
b 0.603 0.513

West African 0.011 0.084

0.007 0.082

AFA 0.051

0.057

CA = Caucasian

AFA = African American

a
First row, population differentiation based on the seven SNPs shown in Table 3.

b
Second row, population differentiation based on 1009 nucleotide sequences.
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