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Objective: We evaluated genetic variants in 51 candidate genes
encoding proteins that interact with HIV-1 during the virus life cycle
for association with HIV-1 outcomes in an African cohort.

Methods: Using a nested case–control study within a cohort of
heterosexual HIV-1–serodiscordant couples, we genotyped 475
haplotype-tagging single-nucleotide polymorphisms (tagSNPs) and
18 SNPs previously associated with HIV-1 transmission and/or pro-
gression (candidate SNPs) in 51 host genes. We used logistic and
Cox proportional hazard regression with adjustment for sex, age, and
population stratification to detect SNP associations with HIV-1
acquisition, plasma HIV-1 set point, and a composite measure of

HIV-1 disease progression. Significant thresholds for tagSNP, but
not candidate SNP, associations were subjected to Bonferroni cor-
rection for multiple testing.

Results: We evaluated 491 HIV-1–infected and 335 HIV-1–uninfected
individuals for 493 SNPs, 459 of which passed quality control filters.
Candidate SNP PPIA rs8177826 and tagSNP SMARCB1 rs6003904
were significantly associated with HIV-1 acquisition risk (odds ratio =
0.14, P = 0.03, and odds ratio = 2.11, Pcorr = 0.01, respectively). Fur-
thermore, the TT genotype for CCR5 rs1799988 was associated with
a mean 0.2 log10 copies per milliliter lower plasma HIV-1 RNA set point
(P = 0.04). We also identified significant associations with HIV-1 dis-
ease progression for variants in FUT2 and MBL2.

Conclusions: Using a targeted gene approach, we identified
variants in host genes whose protein products interact with HIV-1
during the virus replication cycle and were associated with HIV-1
outcomes in this African cohort.
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INTRODUCTION
A variety of host proteins interact with HIV-1 during

the replication cycle of the virus, such as the CCR5 chemo-
kine receptor (CCR5) and the chemokine (C-C motif) ligand 3
(CCL3). Variation in genes encoding these and other host
proteins may influence the efficiency of HIV-1 replication.
Specifically, variants in host genes mediating HIV-1 cell
entry, nuclear localization and integration, transcription, cap-
sid formation, intracellular trafficking/virus budding, and
viral restriction may contribute to defining the risk of
HIV-1 acquisition, plasma HIV-1 RNA levels, and the pace
of HIV-1 disease progression. This was first evident in studies
of a 32 base pair deletion in the cellular CCR5 chemokine
receptor (CCR5D32) that serves as a coreceptor for HIV-1
cell entry. CCR5D32 was shown to be strongly associated
with resistance to HIV-1 infection and delayed disease pro-
gression.1 However, it is absent or extremely rare in Africans,
where 65% of global HIV-1 disease burden is concentrated.2

This observation highlights the need for independent discov-
ery and confirmation of host genetic variants influencing
HIV-1 acquisition and pathogenesis in global populations.
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Such efforts offer the potential to identify biological factors
and pathways to target in vaccine or drug development and
may also help stratify vaccine trial participants by HIV-1
susceptibility risk.

In the context of recent HIV-1 prevention trials in
Eastern and Southern Africa, we have prospectively followed
cohorts of HIV-1–serodiscordant couples (one partner HIV-1
infected and the other HIV-1 uninfected). These trials have
provided us with a unique opportunity to evaluate host genetic
associations with HIV-1 outcomes in African populations
while allowing us to control for epidemiologic factors known
to alter the risk of HIV-1 acquisition (eg, plasma HIV-1 level
of the HIV-1–infected partner, frequency of unprotected sex,
and circumcision status of male HIV-1–uninfected partners).
Such factors can be used to classify individuals according to
HIV-1 exposure, thus reducing misclassification.3

Recently, we performed a genome-wide association
study (GWAS) to evaluate common variants for association
with HIV-1 acquisition and set point viral load. This analysis
found no variants associated with GWAS statistical signifi-
cance.4 However, given the large number of common variants
tested, this analysis was only powered to identify factors with
large relative risks (RR) [eg, RR . 3.2 for variants with minor
allele frequency (MAF) of 5%]. Furthermore, the low level of
linkage disequilibrium (LD) present in African populations
may have reduced the capacity of standard GWAS chips to
broadly capture genome-wide disease associations.

Recognizing these limitations, we performed a targeted
gene evaluation of single-nucleotide polymorphisms (SNPs) in
51 genes previously demonstrated to interact with HIV-1
during the virus life, thus selecting a set of variants with
a higher a priori likelihood of being associated with HIV-1
outcomes and which have been understudied for susceptibility
to or disease progression/reactivation from HIV. Here we
report the association of these candidate and haplotype-tagging
SNPs (tagSNPs) with HIV-1 outcomes in the same population
previously evaluated through a genome-wide analysis.

METHODS

Study Subjects
Study participants originated from 2 cohorts of HIV-1–

serodiscordant couples in East and Southern Africa (the
Couples Observational study and The Partners in Prevention
HSV/HIV Transmission Study), as previously described.4,5

Briefly, these studies collected prospective clinical, epidemio-
logic, and laboratory data and specimens at quarterly visits
from both partners in heterosexual couples who were HIV-1
serodiscordant at the time of enrollment. Laboratory confirma-
tion of HIV-1 transmission linkage within a partnership was
performed through HIV-1 env and gag sequencing of plasma
virus from both partners.6 For this analysis, we used a nested
case–control study design to match 126 couples with HIV-1
transmission to 250 couples without transmission based on
estimated levels of HIV-1 exposure (Fig. 1), for a total enroll-
ment of 376 couples. HIV-1 exposure scores represent the risk
of infection at enrollment and were derived from data on
HIV-1 plasma RNA levels of the infected partner, unprotected

sex, age, sex, and male circumcision.4 We further augmented
the set of uninfected controls with 94 HIV-1–exposed seroneg-
ative (HESN) participants with high levels of HIV-1 exposure
to improve our power to detect protective alleles.3 HIV-1–
infected partners were defined as with either seroincident
HIV-1 infections who seroconverted during study follow-up
or seroprevalent HIV-1 infections who were HIV-1 infected
before study enrollment and most likely in chronic phase
HIV-1 infection. Overall, this study included 846 subjects com-
prised of 502 HIV-1–infected cases (375 seroprevalent and 127
seroincident) and 344 HIV-1–uninfected controls (250 matched
to cases and 94 unmatched) enrolled at 10 study sites. The study
sites included 4 from Southern Africa: (1) Gaborone, Botswana;
(2) Cape Town, South Africa; (3) Johannesburg, South Africa;
and (4) Orange Farm, South Africa, and 6 from East Africa: (1)
Thika, Kenya; (2) Eldoret, Kenya; (3) Kisumu, Kenya; (4)
Nairobi, Kenya; (5) Moshi, Tanzania; and (6) Kampala, Ugan-
da. The epidemiology of HIV-1 subtypes for these 10 study
sites is consistent with the global epidemiology, wherein sub-
type C predominates in Southern Africa and subtypes A and D
dominate in East Africa. In this cohort, neither subtype was
associated with increased risk of HIV-1 transmission nor did
plasma RNA viral load significantly differ between C and non-
C subtypes.7,8 All participants provided written informed con-
sent, and the study was approved by the institutional review
boards at the University of Washington, the University of Mich-
igan, and all local study sites and affiliated institutions.

DNA Isolation and Genotyping
DNA was isolated from archived venous blood using

Qiagen’s (Valencia, CA) Puregene DNA purification system
according to the manufacturer’s instructions. Candidate genes
(n = 51) were selected from 6 categories of proteins (Table 1).
Each gene encodes a protein that was either predicted or dem-
onstrated empirically to interact with HIV-1 during its life cycle,
including entry into the host cell,1 capsid formation,9,10 integra-
tion into the host genome,11 intracellular restriction,12 intracel-
lular trafficking,13–16 and genes identified through small
interfering RNA knockdown.17 Haplotypes were inferred for
each of the 51 candidate genes using the Haplotype Mapping
Project (HapMap) Yoruba from Ibadan, Nigeria. SNPs that
tagged each haplotype with a frequency.5% in this population
were selected to be genotyped. In addition, previously identified
SNPs with known association with HIV-1 resistance/suscepti-
bility (candidate SNPs) were also selected for genotyping.

In total, 638 SNPs were genotyped using an Illumina
Custom Oligo Pooled Assay that included 475 tagSNPs, 18
candidate SNPs, and 144 ancestry informative markers
(AIMs) (see Table S1, Supplemental Digital Content,
http://links.lww.com/QAI/A506). AIMs were included to
adjust for population stratification and therefore chosen based
on their ability to distinguish among East Asian, European, West
African, and East African populations. Details, including allele
frequencies in the parental populations, DNA sequences, and the
genomic positions of SNPs, are provided in Table S2 (see
Supplemental Digital Content, http://links.lww.com/QAI/A506).
Principal components (PCs) were estimated from the 144 AIMs
using EIGENSTRAT.18

Bigham et al J Acquir Immune Defic Syndr � Volume 66, Number 2, June 1, 2014

128 | www.jaids.com � 2014 Lippincott Williams & Wilkins



Quality control (QC) was applied to the 493 candidate
and tagSNPs and included filtering monomorphic SNPs
(n = 6), those with $10% missing data among cases and
controls (n = 31), and those violating Hardy–Weinberg equi-

librium (P , 0.001, n = 6) in controls. No SNPs were
excluded based on MAF. Because these categories were not
mutually exclusive, a total of 39 SNPs were excluded leaving
459 SNPs, including 442 tagSNPs and 17 candidate SNPs for
association analysis (see Table S1, Supplemental Digital
Content, http://links.lww.com/QAI/A506).

We also excluded individuals from our analysis who failed
QC metrics. Fourteen individuals (8 cases and 6 controls) failed
a sex check that compared reported sex with genotypic sex based
on X chromosome heterozygosity, which is likely because of
sample processing errors. Six individuals (3 cases and 3 controls)
displayed genotypic missingness $10%. These 20 individuals
were excluded from further analysis. Thus, 826 study par-
ticipants (491 HIV-1–seropositive cases and 335 seronega-
tive control individuals) were included in the analysis.

Statistical Analyses
SNP associations with HIV-1 acquisition risk were

performed using standard logistic regression analysis in
PLINK version 1.07 (http://pngu.mgh.harvard.edu/purcell/
plink/). Odds ratios (ORs) were calculated for the minor

TABLE 1. Candidate Genes (n = 51) Were Selected From 6
Categories of Proteins Interacting With HIV-1 During
Replication

Category
No.

Genes SNPs*

QC-
Passed
SNPs

SNPs Included
on Lingappa
et al,4 GWAS

Capsid formation 1 4 4 2

Cell entry 10 115 111 66

Intracellular restriction 7 47 39 27

Intracellular trafficking 4 40 39 19

Integration 3 62 58 25

Other (eg, small interfering
RNA knockdown)

26 225 208 132

Total 51 493 459 271

*SNPs include tagSNPs and candidate SNPs. For tagSNPs, only one SNP per
haplotype bin was selected to be included on the custom Oligo Pooled Assay.

FIGURE 1. Selection of study population.
HIV-1–uninfected partners were chosen to
have a distribution of HIV-1 exposure risk
scores that could have resulted in trans-
mission (A). Four analyses were performed
looking at SNP associations with (1) HIV-1
acquisition; (2) HIV-1 acquisition using an
extreme phenotype design, wherein only
high-exposure highly exposed seronegative
(HESN) controls were included; (3) HIV-1
disease progression; and (4) HIV-1 plasma
RNA set point. Sample sizes are shown in
parentheses (B).
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allele, defined based on the allele frequencies in this study
population. Sex, age, and population stratification using the
first 5 PCs were included as covariates in the model. For
tagSNP associations, Wald P values were subjected to Bon-
ferroni correction for multiple (n = 442 for autosomal and X
chromosome tests and n = 434 for autosomal tests) tests (with
a significant threshold of P , 0.0001, a = 0.05, or Pcorr ,
0.05). Allelic association was determined using 2 · 2 contin-
gency table analysis in PLINK version 1.07 (http://pngu.mgh.
harvard.edu/purcell/plink/). ORs and P values for SNPs with
cell values below 2 were calculated in R (version 3.0.1) using
the median unbiased estimation, an exact method. P values for
candidate SNPs were not corrected for multiple comparisons
because these tests sought to validate previously observed
associations. Although our primary analysis evaluated all cases
and controls that passed QC, to maximize our ability to detect
genetic associations for HIV-1 acquisition, we also used a sec-
ondary extreme phenotype design that compared all 491 sero-
positive cases (367 seroprevalent and 124 seroincident) with
HIV-1–seronegative controls (high HESN) with a baseline
exposure risk score $4 (n = 232), wherein values ranged from
0 (lowest exposure) to 7 (highest exposure).

In addition to testing for associations with HIV-1
acquisition, we also used linear regression to test SNPs for
association with plasma HIV-1 RNA set point among prevalent
and incident seropositive cases. For this analysis, plasma
HIV-1 RNA set point was calculated as the average log10
plasma HIV-1 RNA level for each individual after excluding
all plasma HIV-1 RNA levels after implementation of antire-
troviral therapy (ART) or after CD4 counts dropped below
200, as previously described.4 We also used a previously
defined composite measure of HIV-1 disease progression19

(first occurrence of death, CD4 count ,200 cells/mm3, or of
ART) to test for SNP associations with disease progression
using Cox proportional hazard regression and Kaplan–Meier
curves. In addition to including sex, age, and population strat-
ification (using the first 5 PCs) as covariates in these models, we
also adjusted for the study drug arm (acyclovir versus placebo)
from the Partners in Prevention HSV/HIV Transmission study
because acyclovir was demonstrated to reduce plasma HIV-1

RNA5 and disease progression.19 We adjusted for these cova-
riates in both the disease progression and plasma HIV-1 set
point analyses.

RESULTS

Subject Characteristics
Of the 826 participants included in this analysis, 491

were HIV-1 infected and 335 were HESN controls. Among
the HIV-1–infected cases, 367 were seroprevalent and 124
seroincident. Among the 335 HESN controls, 232 were clas-
sified as having high HIV-1 exposure (high HESN). Com-
pared with controls with low HIV-1 exposure, high-exposure
HESN had HIV-1–infected partners with higher plasma
HIV-1 RNA levels [5.16 log10 copies/mL (c/mL) versus
4.30 log10 c/mL in low exposure, P , 0.001]. However,
levels of unprotected sex were similar in the 2 groups (24%
in low exposure versus 26% in high exposure, P = 0.9). Sub-
ject characteristics are provided in Table 2. Our decision to
aggregate across study sites was based on our previous data
showing that transmission risk and plasma HIV-1 RNA level
are not modified by HIV-1 subtype (an important confounder
for geographical study site) and our use of PCs to control for
population stratification. Nevertheless, there was variation in
MAFs among study sites (see Table S20, Supplemental
Digital Content, http://links.lww.com/QAI/A506). The extent
to which unappreciated geographical factors may have con-
founded our analysis is best evaluated through replication of
our findings in additional cohorts.

SNP Associations With HIV-1 Acquisition
We tested 434 autosomal tagSNPs and 17 candidate

SNPs for associations with HIV-1 acquisition risk
using dominant, recessive, and additive models of inheri-
tance (see Tables S3–S5, Supplemental Digital Content,
http://links.lww.com/QAI/A506). After adjusting for multi-
ple comparisons, no significant tagSNP associations
with HIV-1 infection were observed when comparing

TABLE 2. Subject Characteristics

Variable
Cases Seroprevalent

(n = 367)
Cases Seroincident

(n = 124)
Controls, High Exposure

(n = 232)
Controls, Low Exposure

(n = 103)

East African, % 84 (81–88) 81 (75–88) 87 (82–91) 87 (81–94)

Age, yrs 33 6 8.4 32 6 9.7 33 6 10 33 6 11

Female, % 54 (49–60) 45 (36–54) 50 (44–56) 41 (31–50)

Male circumcision, % 31 (24–38) 43 (31–54) 33 (24–41) 41 (29–53)

HIV-1 RNA set point (log10 c/mL) 4.75 6 0.72 4.31 6 1.04 NA NA

Any unprotected sex with partner 32 (27–36) 46 (37–55) 50 (43–56) 26 (18–35)

HIV-1 exposure score NA 4.0 6 1.7 5.4 6 0.9 1.93 6 1.1

Enrollment CD4+ count (cells/mm3) 479 6 225 NA NA NA

Enrollment CD4 ,200, % 2 (0.5–3) NA NA NA

Death during follow-up, % 4 (2–5) NA NA NA

Values are reported for study subjects included in the HIV-1 seroconversion case–control analysis. All individuals who failed the QC analysis have been removed. All
characteristics are reported as the mean 6 SD or 95% CI for proportions.

NA, not available.

Bigham et al J Acquir Immune Defic Syndr � Volume 66, Number 2, June 1, 2014

130 | www.jaids.com � 2014 Lippincott Williams & Wilkins



HIV-1–infected cases with all HESN controls. When restricting
our analysis to high-HESN controls, a single tagSNP SMARCB1
(also known as INI1) rs6003904 was significantly associated
with HIV-1 acquisition in a dominant model (OR = 2.11,
95% confidence interval (CI): 1.50 to 3.98, Pcorr = 0.01)
(Fig. 2, Table 3; see Tables S8–S11, Supplemental Digital
Content, http://links.lww.com/QAI/A506). One candidate
SNP, PPIA rs8177826, was associated with decreased risk of
HIV-1 infection in an allelic model that included all HESN (OR
= 0.15, 95% CI: 0.01 to 0.98, P = 0.04) (Table 3; see Table S7,
Supplemental Digital Content, http://links.lww.com/QAI/A506).
This SNP had low prevalence with an MAF = 0.004;
the minor (G) allele was present in 0.1% of HIV-1–seropositive
cases compared with 0.7% of controls. After restricting
our analysis to high-HESN controls, this association was
modestly strengthened (OR = 0.13, 95% CI: 0.01 to 0.94,
P = 0.04) (Table 3; see Table S12, Supplemental Digital
Content, http://links.lww.com/QAI/A506).

SNP Associations With Plasma HIV-1 RNA
Set Point

The mean plasma HIV-1 RNA set point among all HIV-
1–seropositive cases was 4.61 log10 c/mL. When stratified by
stage of HIV-1 infection (ie, seroprevalent, chronically infected,
or seroincident, recent infection), seroprevalent cases exhibited
higher mean plasma HIV-1 RNA set point (4.75 log10 c/mL)
compared with seroincident cases (4.31 log10 c/mL). Among all
the HIV-1–seropositive cases, we identified a single candidate
SNP association with plasma HIV-1 RNA set point for the
CCR5 59 UTR SNP rs1799988 (dominant: b = 0.20, 95%
CI: 0.01 to 0.40, P = 0.04). Using a dominant model of inher-
itance, the CC and CT genotypes displayed a higher mean
plasma HIV-1 set point (4.65 log10 c/mL) than the TT homo-
zygote (4.46 log10 c/mL). However, there were no associations
with plasma HIV-1 levels in the analyses stratified by seropre-
valent or seroincident infection, perhaps because of the lower
statistical power.

SNP Associations With HIV-1 Progression
Four candidate SNPs were significantly associated with

HIV-1 progression to CD4+ T-cell counts,200 cells per cubic
millimeter, initiation of ART, or death among participants with

baseline CD4 counts .200. SNP rs601338 in FUT2 [hazard
ratio (HR) = 1.49, 95% CI: 1.05 to 2.11, P = 0.02] was asso-
ciated with increased progression, and SNP rs5030737 in
MBL2 (HR = 0.22, 95% CI: 0.05 to 0.92, P = 0.04) exhibited
protective effects. Two CCL3 SNPs, rs35511254 (HR = 0.03,
95% CI: 0.004 to 0.27, P = 0.001) and rs1130371 (HR = 0.04,
95% CI: 0.004 to 0.30, P = 0.002), were also associated with
protection (see Table S18, Supplemental Digital Content,
http://links.lww.com/QAI/A506). However, the MAF for both
SNPs was low (MAF = 0.001), with only 2 out of 1648 alleles.
These 2 SNPs were not in strong LD (r2 = 0.25).

DISCUSSION
Sixty-five percent of the ;34 million people worldwide

infected with HIV-1 live in sub-Saharan Africa.2 Yet, our
knowledge of genetic risk factors for HIV-1 outcomes in Afri-
can populations is limited. Our results are an important first
step toward extending genotype–phenotype association studies
of HIV-1 phenotypes to African populations and provide sup-
port to the idea that host genetic variants modify HIV-1 acqui-
sition risk and disease progression. Importantly, our analysis
benefited from the HIV-1–serodiscordant couples’ study
design by incorporating epidemiological quantification of
HIV-1 exposure to capture a population of HIV-1–uninfected
individuals with similar HIV-1 exposures as HIV-1 sero-
converters and to assess the interaction of this exposure with
protection by specific SNPs.3

We identified PPIA rs8177826 as a variant with pro-
tective association with HIV-1 acquisition. Notably, we also
found that the magnitude of this association increased when
we restricted the analysis to comparing cases with control
individuals with the highest levels of HIV-1 exposure. PPIA
encodes the protein cyclophilin A, which has been shown to
bind to HIV-1 capsid shortly after viral membrane fusion.20

Cyclophilin A facilitates virus uncoating, thereby promoting
replication and infectivity.13 PPIA SNP rs8177826 has been
previously associated with progression to AIDS in African
Americans with 1 or 2 copies of the minor (G) allele associ-
ated with more rapid CD4+ T-cell loss.21 In contrast to the
study of disease progression by An et al,21 we did not detect
an effect of this SNP on progression or viral levels. In addi-
tion, we also found this same variant to be associated with
decreased risk of acquisition. It is possible to have divergent

FIGURE 2. Manhattan plot of2log10
(P values) for the HIV-1 tagSNP
acquisition analysis restricted to
seronegative controls with an expo-
sure risk score $4 using a dominant
model of inheritance. SNP position is
shown along the x axis. The dashed
line indicates the Bonferroni-corrected
P value threshold for 442 tests (P ,
0.0001, a = 0.05). The SMARCB1 SNP
rs6003904 was significantly associated
with HIV-1 transmission in this expo-
sure-restricted cohort.
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genetic associations with HIV-1 acquisition and progression
as host mutations may simultaneously influence target cell
susceptibility while enhancing effective immune responses
to contain the infection. These differences in results may also
be attributable to cohort differences, different measures of
disease progression, or the relatively short follow-up duration
(2 years) for our study cohort.

We also identified an association between SMARCB1
rs6003904 and increased risk of HIV-1 acquisition. The
SMARCB1 protein is thought to interact with HIV-1 inte-
grase during the process of HIV-1 integration into the host
genome.22,23 Recently, in vitro studies have demonstrated that
a truncated 111-amino acid mutant fragment of SMARCB1
also interferes with HIV-1 trafficking, inhibiting the early
stages of HIV-1 assembly before particle formation and bud-
ding.24 However, rs6003904 is an intronic SNP whose hap-
lotype bin does not encompass this 111-amino acid mutant
fragment of SMARCB1. Thus, a mechanistic role for this SNP
in regulating HIV-1 replication remains undefined.

Our analysis identified a single SNP (rs1799988) in the
CCR5 59 UTR associated with plasma HIV-1 set point. A
CCR5 open reading frame deletion variant, CCR5D32, pro-
vides almost complete resistance to HIV-1 infection among
homozygous carriers from European populations1 but has not
been found to date in sub-Saharan African populations. The
rs1799988 promoter region variant has been identified pre-
viously in both European American and African American
cohorts, showing associations with set point and disease pro-
gression between both.25,26 Additionally, in vitro work has
shown that this polymorphism influences both CCR5 expres-
sion and the magnitude of HIV-1 propagation.27 Furthermore,
recent studies have reported associations between CCR5 and
CCR5/CCR2 haplotypes with control of HIV-1 in Zam-
bians.28 Our results support these previous findings and may
extend to a wider range of African populations insofar as
participants with this variant were identified from Eastern
and Southern African sites in our analysis, with the C allele
frequency among Eastern and Southern Africans, 51% and
40%, respectively.

Finally, we also identified 4 candidate SNPs having
significant associations with our measure of HIV-1 disease
progression, FUT2 rs601338, MBL2 rs5030737, and CCL3
rs35511254 and rs1130371. However, the MAF of the 2
CCL3 SNPs (MAF = 0.001) is too low to consider this sta-
tistical association as meaningful. The FUT1 and MBL2 var-
iants have been shown previously to be associated with HIV-
1 disease progression in European ancestry cohorts.26,29

Again, our results underscore that these associations may be
more broadly relevant to sub-Saharan Africans. All these
genes have known functions related to innate immune
response (MBL2) or biosynthesis of innate response factors
(FUT2 for complement factor H and blood group antigens).
Both variants are predicted to result in protein sequence alter-
ations: FUT2 rs601338 introduces a stop codon at position
154/343 of the protein, whereas MBL2 rs5030737 is a mis-
sense mutation. A previous study in a cohort of European
ancestry found that individuals homozygous for the FUT2
rs601338 nonsense mutation were associated with reduced
levels of blood group antigens and reduced HIV-1 disease
progression.29 Similarly, mannose-binding lectin (MBL)
binds envelope glycoproteins and has been implicated in
HIV-1 pathogenesis, including a study of West Africans
showing MBL2 variants associated with susceptibility to
infection.30,31 The rs5030737 variant associated with disease
progression in our cohort introduces an arginine to cysteine
amino acid change in exon 1. This missense mutation has
been shown to reduce the amount of functional MBL and
has been associated with increased risk of infection among
European Americans and Brazilians.26,32,33

In line with the previous genome-wide and targeted
SNP HIV-1 association studies, our study design combined
all HIV-1–positive cases into a single case group, thus max-
imizing the power of our cohort.4,26,34,35 However, given the
variety of factors that potentially modify the risk of hetero-
sexual transmission, it is important to consider differences in
exposure risk between the seroincident and the seroprevalent
infections that may have affected our results. To look into this
potential caveat, we explored associations between HIV-1

TABLE 3. Summary of Significant SNP Associations With HIV-1 Transmission, Plasma RNA Set Point, and HIV-1 Disease
Progression

Disease Model* Inheritance Model SNP Gene Chr Function Minor Allele MAF OR/b†/HR P‡ Pcorr

HIV-1 transmission

All exposure scores Allelic rs8177826 PPIA 7 59 UTR G 0.004 0.15 0.048

Exposure scores $ 4 Allelic rs8177826 PPIA 7 59 UTR G 0.004 0.13 0.042

Dominant rs6003904 SMARCB1 22 Intron G 0.491 2.11 — 0.01

Plasma RNA set point Dominant rs1799988 CCR5 3 59 UTR C 0.488 0.2 0.044

Disease progression NA rs601338 FUT2 19 Nonsense A 0.433 1.49 0.024

NA rs5030737 MBL2 10 Missense T 0.005 0.22 0.038

ORs are reported for the minor allele.
*Four disease models were used: HIV-1 transmission models compared HIV-1–seropositive cases with HIV-1–seronegative controls either without regard to controls’ exposure

score (all exposure scores) or restricted to high-exposure controls (exposure score $ 4); the plasma HIV-1 RNA set point model evaluated SNP associations with plasma HIV-1 RNA
set point for all seropositive cases; disease progression model assessed SNP associations with HIV-1 progression.

†ORs are reported for HIV-1 transmission and HIV-1 transmission exposure score $4. b Coefficients are reported for RNA set point. HRs are reported for disease progression.
Dominant analyses were corrected for population stratification, sex, and age with the plasma HIV-1 set point model corrected for Partners in Prevention HSV/HIV study arm.

‡TagSNP P values were corrected for multiple tests using the Bonferroni correction. No correction was applied for candidate SNPs.
Chr, chromosome; NA, not available.
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seroconversion and SNP genotype in an analysis restricted
to HIV-1–seroincident infections. The point estimates for
the variants presented in the larger analysis (seroincident
and seroprevalent infections combined) were similar to
the point estimates for the seroincident-restricted analysis
(see Tables S21 and S22, Supplemental Digital Content,
http://links.lww.com/QAI/A506). However, owing to the
restricted sample size (124 QC-passed HIV-1–seroincident
infections), no associations within this seroincident subset
reached statistical significance. Taken together, this analy-
sis suggests that combining seroincident and seroprevalent
into a single HIV-1 seroconverter group increased the
power of our analysis without modifying the relevant
associations.

Our targeted evaluation of host genes associated with
HIV-1 replication identified variants significantly associated
with HIV-1 acquisition and plasma HIV-1 set point despite
our previous GWAS in the same cohort that failed to identify
significant associations with these traits. Several SNPs with
significant statistical associations with HIV-1 outcomes in
this study were not included on the GWAS platform (PPIA
rs8177826) or were not tested for an association with disease
progression in the GWAS (FUT2 rs601338 and MBL2
rs5030737). A single SNP, CCR5 SNP rs1799988, was
included on the GWAS SNP platform but failed QC and
was excluded from the analysis. A second SNP, SMARCB1
SNP rs6003904, was significantly associated with HIV-1 dis-
ease outcomes and found to be not associated with HIV-1
outcomes in the GWAS. However, the GWAS association
was in the same direction as the association identified here
(b = 2.86 versus b = 2.11, respectively), but it did not reach
genome-wide significance. There are 3 major reasons that
could explain these discrepant results. First, the GWAS was
powered to detect variants with strong effect sizes (eg, RR .
3.2 for a variant with a 5% MAF) and therefore had more
limited power to detect variants with a lower risk association,
such as SMARCB1. Second, the GWAS analysis was per-
formed using genotyping data that were primarily supported
by common variants identified in populations of European
ancestry. The targeted gene approach described here used
tagSNPs and candidate SNPs present in Africans, thus giving
them a higher a priori relevance to this cohort. Third, because
the GWAS analysis evaluated a limited number of common
variants across the genome, it depended on LD between
genotyped and nongenotyped variants to broadly capture
gene–disease associations.36 LD is low in many African pop-
ulations37; thus, the GWAS approach has a significant risk of
missing important gene–disease associations in these popula-
tions.38 Despite the limitations of the GWAS to detect asso-
ciations with HIV-1 outcomes given the size of this cohort,
the associations reported will require confirmation through
replication in other cohorts. Furthermore, although tagSNP
variants were initially selected to have MAFs greater than
5%, some had rare prevalence in this population making rep-
lication of these findings of even greater importance. Many of
these considerations also apply to GWASs that have specifi-
cally failed to identify variants influencing HIV-1 acquisition
in European35 and African39 cohorts. These studies of HIV-1
acquisition also differed from our analysis insofar as they did

not explicitly quantify HIV-1 exposure among the population
of HIV-1–exposed uninfected individuals studied.

In summary, our study supports the view that variants
in genes that interact with HIV-1 during viral replication may
modify HIV-1 outcomes in sub-Saharan Africans. If repli-
cated, such findings may identify cellular pathways that can
be exploited for future preventive and therapeutic interven-
tions particularly relevant to African populations.
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APPENDIX
Partners in Prevention HSV/HIV Transmission study team (for

genomic studies): University of Washington Coordinating Center and Central
Laboratories, Seattle, WA: C.C. (principal investigator), Anna Wald (protocol
cochair), J.R.L. (medical director), Jared M. Baeten, Mary S. Campbell,
Lawrence Corey, Robert W. Coombs, James P. Hughes, Amalia Magaret,
M.J.M., Rhoda Morrow, and J.I.M.

Study site principal investigators and study coordinators relevant to
this analysis: Cape Town, South Africa (University of Cape Town): David
Coetzee; Eldoret, Kenya (Moi University, Indiana University): Kenneth Fife,
Edwin Were; Gaborone, Botswana (Botswana Harvard Partnership): Max
Essex, Joseph Makhema; Kampala, Uganda (Infectious Disease Institute,
Makerere University): Elly Katabira, A.R.; Kisumu, Kenya (Kenya Medical
Research Institute, University of California San Francisco): Elizabeth Bukusi
and Craig Cohen; Moshi, Tanzania (Kilimanjaro Christian Medical College,
Harvard University): Saidi Kapiga and Rachel Manongi; Nairobi, Kenya
(University of Nairobi, University of Washington): Carey Farquhar, G.J.-S.,
and James Kiarie; Orange Farm, South Africa (Reproductive Health Research
Unit, University of the Witwatersrand): Sinead Delany-Moretlwe and Helen
Rees; Soweto, South Africa (Perinatal HIV Research Unit, University of the
Witwatersrand): G.D.B., Glenda Gray, and James McIntyre; Thika, Kenya
(University of Nairobi, University of Washington): N.R.M.
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