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Abstract

Objective—We evaluated the association of single nucleotide polymorphisms (SNPs) in TLRs

with infant HIV-1 acquisition and viral control.

Design—Infant HIV-1 outcomes were assessed in a Kenyan perinatal HIV-1 cohort.

Methods—Infants were genotyped for six candidate and 118 haplotype-tagging polymorphisms

in TLRs 2, 3, 4, 7, 8, and 9, MYD88 and TIRAP. Cox proportional hazards and linear regression

were performed to assess associations with time to HIV-1 acquisition, time to infant mortality, and

peak viral load (VL).

Results—Among 368 infants, 56 (15%) acquired HIV-1 by month 1 and 17 (4.6%) between 1

and 12 months. Infants with the TLR9 1635A (rs352140) variant were more likely to acquire

HIV-1 by 1 month (HR=1.81, 95% confidence interval [CI] =1.05-3.14, p=0.033) and by 12

months (HR=1.62, CI=1.01-2.60, p=0.044) in dominant models adjusted for maternal plasma
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HIV-1 RNA level and genetic ancestry. Among 56 infants infected at ≤1 month of age, ≥1 copy of

the TLR9 1635A allele was associated with a 0.58 log10 c/ml lower peak VL (p=0.002). Female

infants with ≥1 copy of the TLR8 1G (rs3764880) variant had a 0.78 log10 c/ml higher peak VL

(p=0.0009) and having ≥1 copy of the C allele for a haplotype tagging TLR7 variant (rs1634319)

was associated with a 0.80 log10 c/ml higher peak VL in female infants (p=0.0003).

Conclusions—In this African perinatal cohort, we found several TLR polymorphisms associated

with HIV-1 acquisition and progression. Defining mechanisms for these TLR associations may

inform HIV-1 prevention strategies that leverage innate responses.
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Background

Recent studies demonstrate that innate immune responses play a critical role in HIV-1

acquisition and control [1-3]. This may be especially true in infants whose adaptive

responses are still under development. Pattern Recognition Receptors (PRRs) are key

effectors of the innate response that also bridge to adaptive immune response pathways.

PRRs recognize evolutionarily conserved pathogen-associated molecular patterns (PAMPs)

and PAMP recognition triggers activation of signal transduction pathways and downstream

effector responses [4].

Toll-like receptors (TLRs) were the first mammalian PRRs discovered and 10 TLR genes

have been identified in humans [5, 6]. Each TLR recognizes specific PAMPs characteristic

of fungi, bacteria, viruses and/or parasites; TLRs 1, 2, and 4-6 preferentially recognize

bacterial and fungal PAMPs while TLRs 3 and 7-9 preferentially recognize viral nucleic

acids [2, 7]. Although TLR2 and TLR4 predominantly recognize bacterial motifs, they may

also recognize viral components [5, 7]. TLR3 recognizes double-stranded RNA; TLRs 7 and

8 bind single-stranded RNA, and TLR9 recognizes unmethylated cytidine-phosphate-

guanine (CpG) DNA motifs of bacteria and viruses [6].

All TLRs contain an extracellular leucine-rich repeat domain and an intracellular Toll/IL-1

Receptor homology (TIR) domain that binds to adaptor molecules involved in TLR-

associated signaling cascades [4, 6, 8]. Biologic responses to TLR PAMP recognition are

dependent on which TIR domain containing adaptor molecules are recruited and which

signaling pathways are initiated. The TIR domain containing adapter-inducing interferon-β

(TRIF)-dependent pathway induces the production of type I interferons and results in

antiviral and immunoregulatory responses [4, 9] while the myeloid differentiation factor 88

(MyD88)-dependent pathway induces the production of proinflammatory cytokines and

chemokines and induction of genes involved in antiviral response [8]. TIR domain

containing adaptor protein (TIRAP), another TLR-adaptor molecule, functions mainly in

TLR4 and TLR2 signaling either independently or in combination with MyD88 in the

MyD88-dependent signaling pathway to upregulate NF-κB and MAPKs [4, 8].
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Because of their sentinel role in pathogen recognition and initiation of antiviral response,

genetic variation in TLR and TLR-associated genes may influence HIV-1 acquisition and

progression. Previous studies evaluating polymorphisms in TLR2-TLR4 and TLR7-TLR9

have shown that single nucleotide polymorphisms (SNPs) in TLR genes may contribute to

differences in HIV-1 disease progression and acquisition [10-17]. Most notably, the TLR9

1635A/G variant has been associated with HIV-1 progression [12-14, 16]. However, the

direction and strength of associations of this variant with HIV-1 progression differ between

studies. The only study to date to evaluate associations between variants in TLR9 and HIV-1

acquisition found a higher risk of HIV-1 acquisition in European children carrying a

haplotype that included TLR9 1635A/G [17]. Studies in adults have also reported differences

in HIV-1 disease progression or HIV-1 virus levels associated with SNPs in TLR2 (597T/C),

TLR4 (896A/G and 1196C/T), TLR7 (32A/T) and TLR8 (1A/G) [10, 11, 13, 14]. Studies

evaluating TLR variant associations with the presence of HIV-1 infection found that the

TLR7 32A/T variant was detected more frequently in HIV-1 infected women compared to

uninfected women [10] and the TLR3 1234C/T variant was significantly overrepresented in

HIV-1-exposed seronegative (HESN) individuals when compared to healthy controls [15].

Other studies have shown correlations between levels of TLR mRNA, TLR protein

expression, and TLR protein function with HIV-1 disease progression and acquisition in

adult cohorts, further supporting the potential importance of TLR genetic variations for

HIV-1 outcomes [11, 15, 18, 19].

The role of the innate immune system generally, and PRRs specifically, in pediatric HIV-1

infection remain largely unstudied. Furthermore, few HIV genetic studies have been

conducted in African populations. We tested whether polymorphisms in TLR and TLR-

associated genes are associated with altered risk of infant HIV-1 acquisition or disease

progression in a perinatal African cohort.

Methods

Study Population and Sample

Our study used biological samples and phenotypic data collected from a cohort of mother-

infant pairs recruited and followed between 1999 and 2005. As previously described, this

cohort included 510 HIV-1-infected pregnant women who were enrolled at ~32 weeks

gestation and mother-infant pairs were followed up to 2 years postpartum [20-23]. Briefly,

HIV-1 seropositive pregnant women received standard antenatal care and short course

zidovudine (ZDV) from 34-36 weeks gestation through delivery for the prevention of

mother-to-child transmission (MTCT) [24]. Women were counseled on safe infant-feeding

practices and elected to either breastfeed or formula feed their infants. Infants were

evaluated monthly during the first year of life. Infant HIV-1 status was determined by DNA

PCR assays at 48 hours of birth and at 2 weeks and 1, 3, 6, 9, and 12 months of age. We

limited the analysis to DNA samples linked to infants of known sex and for whom time to

HIV-1 acquisition could be determined. All participants provided written informed consent

for the primary research study and for use of samples and data in future research. The

Kenyatta National Hospital Ethical Review Committee (ERC) and the University of
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Washington Institutional Review Board (IRB) specifically approved use of these biological

samples and phenotypic data for this study.

Data Collection

Infant CD4 and CD8 percentages and lymphocyte counts were determined using a FACScan

flow cytometer (Becton Dickinson, Franklin Lakes, NJ) at the University of Nairobi, Kenya.

Viral load was measured at the Fred Hutchinson Cancer Research Center in Seattle

Washington, USA. Specifically, plasma HIV-1 RNA levels were quantified using the Gen-

Probe transcription-mediated amplification assay. Previous studies have demonstrated that

this assay is appropriate for quantifying the HIV-1 A, C, and D subtypes that are prevalent

in Kenya [25]. Infant peripheral blood mononuclear cells (PBMCs) were isolated from

EDTA anti-coagulated blood using a Ficoll gradient (Lymphocyte Separation Medium;

Organon, Teknika), washed in RPMI 1640 medium (Sigma-Aldrich), and counted using

trypan blue staining under a hemocytometer. Cells were cryopreserved at the University of

Nairobi and sent to the United States for DNA extraction.

Cryopreserved cells were thawed and washed in R-10 media (RPMI with 10% FCS) and 1%

PBS (Sigma-Aldrich). DNA was extracted using the Gentra Puregene Blood Kit (Qiagen,

Valencia, CA) and eluted in 20, 25, and 50μl of hydration buffer depending on estimated

cell pellet size. DNA was quantified using a Spectra Max Gemina (Molecular Devices,

Sunnyvale, CA) fluorimeter and the Quant-iT PicoGreen dsDNA Assay (Invitrogen, New

York). Samples lacking 1μg of DNA (N=45) were whole genome amplified (WGA) using

the REPLI-g Whole Genome Amplification Kit (Qiagen, Valencia, CA). Samples were

genotyped using an Illumina Custom Oligo Pooled Assay (OPA) microarray platform

(Illumina, Inc., San Diego, CA) designed for this study.

SNP Selection

We genotyped 124 SNPs in six TLR genes (TLRs 2, 3, 4, 7, 8 and 9) and two TLR-

associated genes (MYD88 and TIRAP). SNPs were selected using haplotype tagging and

candidate SNP approaches. Haplotype tagging SNPs (TagSNPs) were selected using the

LDSelect algorithm available through the University of Washington’s genome variation

server (http://www.gvs.gs.washington.edu/GVS/) using the r2 threshold value of 0.8 and a

minor allele frequency (MAF) cutoff value of 5% in the Yoruba (YRI) HapMap population

[26, 27]. TagSNPs were augmented with six candidate SNPs, selected based on previously

identified associations between variants in TLRs and HIV-1 outcomes [10-14]

(Supplemental Table 1). To assess population stratification, we genotyped 144 ancestry

informative markers (AIMS) distinguishing Asian, European and African (West and East)

ancestry.

Quality Control

We excluded samples in which there was a discrepancy between the reported and

experimentally determined sex (n=5) or which had >10% missingness (n=24). SNPs were

excluded from the analysis if they were monomorphic (n=2), had >10% missingness (n=8),

or violated Hardy-Weinberg equilibrium (p<0.001) (n=1). TagSNPs with a MAF <5% in our

sample population were also excluded (n=18). Overall, 29 of 397 infants and 29 of 118
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SNPs did not meet quality control criteria and were excluded from this analysis

(Supplemental Figure 1). In addition, five samples were genotyped in duplicate to estimate

concordance rates in our genotyping platform. The genotype concordance rate was 100% for

all successfully genotyped markers. Post-genotyping quality of WGA samples was evaluated

and genotype frequencies for WGA and non-WGA samples were similar.

Data Analyses

Cox proportional hazards regression was performed to assess TLR polymorphism

associations with time to HIV-1 acquisition by month 1 and month 12. Because viral load,

CD4 count and ZDV use are collinear measures of maternal HIV-1 disease progression,

genetic acquisition analyses were only adjusted for maternal viral load at 32 weeks

gestation. Adjustment for population stratification was performed using the first principle

component defined by EIGENSTRAT [28] analysis of genotyped AIMS.

Cox proportional hazards regression was performed to assess TLR polymorphism

associations with time to infant mortality by 24 months in infants infected by month 1.

Linear regression was performed to assess peak HIV-1 RNA levels in infected infants for

infants infected by month 1 and month 12. All progression analyses were adjusted for

genetic ancestry using the same method as the acquisition analysis.

All regression analyses were performed using Intercooled STATA 11.0 (College Station,

USA). Sex-stratified analyses of the X chromosome genes, TLR7 and TLR8, were

conducted. For analysis with candidate TLR SNPs previously shown to be associated with

HIV-1-specific outcomes, we did not adjust for multiple comparisons. All TagSNPs were

adjusted for multiple comparisons using a Bonferroni correction to account for the 89

quality-controlled SNPs. All analyses were first performed assuming an additive model of

inheritance. All candidate SNP analyses and TagSNPs showing uncorrected significant (p<.

05) associations in additive models were rerun using dominant and recessive models of

inheritance and the model best representing the association was selected.

Results

Cohort characteristics

Among 510 mother-infant pairs initially enrolled in a perinatal HIV-1 transmission cohort,

368 had samples available, passed quality control procedures, and were included in this

analysis. Characteristics of these mother-infant pairs are provided in Table 1. Among the

infants, 56 (15%) acquired HIV-1 by 1 month of age and 17 (4.6%) acquired HIV-1 between

1 and 12 months of age. Maternal CD4 counts at 32 weeks gestation were significantly

lower in those who transmitted HIV-1 compared to those who did not (406 vs. 483 cells/μl,

p =0.011). Plasma HIV-1 RNA levels were significantly higher among women who

transmitted HIV-1 compared to those who did not, both at 32 weeks gestation (5.11 vs. 4.56

log10 copies/ml, p <0.001) and at delivery (4.66 vs. 3.93 log10 copies/ml, p <0.001). Most

women (89%) reported use of zidovudine for the prevention of mother-to-child

transmission. Women who transmitted HIV-1 before one month were significantly less

likely to report zidovudine use than those who did not transmit (OR=0.338, 95% confidence
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interval [CI]: 0.159, 0.717; p-value=0.005). A similar association was noted for 12-month

transmission (OR=0.43, 95% CI: 0.2, 0.89; p=0.023).

HIV-1 infected children experienced high rates of mortality with 45% of infants infected by

1 month of age dying before 12 months and 18% of infants infected between months 1 and

12 dying before reaching 12 months. Among the 56 infants HIV-1 infected at ≤1 month, the

mean peak plasma HIV-1 RNA level was 6.8 log10 copies/ml (log10 c/mL) (Table 1).

HIV-1 Acquisition

The primary analysis endpoint was HIV-1 acquisition in infants. Infants with one or more

copies of the candidate variant TLR9 1635A (rs352140) were more likely to acquire HIV-1

by 1 month (HR=1.81, 95% CI: 1.05, 3.14; p=0.033) and 12 months (HR=1.62, 95% CI:

1.01, 2.60; p=0.044) in dominant models adjusted for maternal plasma HIV-1 RNA levels

and genetic ancestry (Figure 1). The TLR9 1635A allele association with time to HIV-1

acquisition remained significant at both time-points when evaluated using an additive model

of inheritance and showed a trend for association at both acquisition time-points when

assessed using a recessive model of inheritance. No other candidate or TLR, TIRAP or

MyD88 haplotype tagging SNPs were significantly associated with HIV-1 acquisition in

analyses adjusted for multiple comparisons (Supplemental Table 2).

Peak Viral Load

We found associations between TLR9 1635G/A (rs352140), TLR8 1A/G (rs3764880), and

TLR7 rs1634319 variants and peak plasma HIV-1 RNA levels in HIV-1 infected infants

(Figure 2 and Table 2). The presence of one or more copies of the TLR9 1635A allele was

associated with 0.58 log10 c/ml lower peak plasma HIV-1 RNA levels (95% CI: -0.95, -0.22;

p=0.002) in infants infected by month 1 and with 0.49 log10 c/ml lower peak plasma HIV-1

RNA levels (95% CI: -0.85, -0.12; p=0.009) in infants infected by month 12 using dominant

models of inheritance. The association remained significant for both time points in additive

models of inheritance and showed a trend for association with a recessive model of

inheritance in infants infected by 1 month of age.

Female infants infected by 1 month of age and having one or more copies of the TLR8 1G

allele (rs3764880) had a 0.78 log10 c/ml higher peak viral load (95% CI: 0.35, 1.21;

p<0.001); a similar association was seen in female infants infected by 12 months (0.65 log10

c/ml higher peak viral load; 95% CI: 0.21, 1.10; p=0.005). The association remained

significant at both infection time-points in additive models but not recessive models of

inheritance. There was no significant association between peak plasma HIV-1 RNA levels

and the TLR8 1A/G variant in male infants (Supplemental Table 3).

We also found an association between a haplotype tagging intronic variant in TLR7

(rs1634319) and peak plasma HIV-1 RNA levels. Female infants infected by 1 year of age

with ≥1 copy of the TLR7 rs1634319 C allele had a 0.80 log10 c/ml higher peak viral load

(95% CI: 0.40, 1.20; corrected p=0.027 assuming a dominant model of inheritance and

controlling for genetic ancestry. A similar association was noted among female infants

infected by ≤1 month (mean difference=0.75; 95% CI: 0.30, 1.19; corrected p=0.17), but this
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association was not significant after controlling for multiple comparisons. This variant

showed no significant associations with peak plasma HIV-1 RNA levels in male infants. No

other candidate or TLR, TIRAP or MyD88 haplotype tagging SNPs were significantly

associated with peak plasma HIV-1 RNA levels in analyses adjusted for multiple

comparisons (Supplemental Table 3).

Mortality

Because of potential survival bias, we evaluated time to death only in infants infected by 1

month of age. We found no significant associations with time to death by any TLR, TIRAP

or MyD88 haplotype tagging SNP included in this analysis after adjusting for multiple

comparisons and found no significant associations with candidate SNPs; however we had

limited statistical power to evaluate associations with mortality. We noted a trend for

association with mortality for two candidate SNPs (TLR2 1350T/C and TLR7 32A/T)

(Supplemental Table 4). In infants infected by 1 month of age, the TLR2 1350CC

(rs3804100) genotype had a trend for association with increased risk of mortality (HR=6.36;

95% CI: 0.97, 51.24; p=0.082) using a recessive model of inheritance and controlling for

genetic ancestry. However the minor allele frequency for this polymorphism was low

(4.92%) and only 1 infected infant had this genotype. We also saw a trend for association

between each additional copy of the TLR7 32T (rs179008) allele and time to mortality in

female infants infected by month 1 (HR=2.84, 95% CI: 0.87, 9.23; p=0.082).

Discussion

Few studies have evaluated the role of TLR genetic variation in infant HIV-1 acquisition and

progression [16, 17] and our study is the first to evaluate the influence of TLR

polymorphisms in a perinatal African cohort. We found that TLR9 1635G/A was associated

with both HIV-1 acquisition and peak HIV-1 viral load, and TLR8 1A/G and the haplotype

tagging TLR7 variant (rs1634319) were associated with peak plasma HIV-1 RNA level.

We found that TLR9 1635G/A was associated with a higher risk of HIV-1 acquisition early

(<1 month of age), and by the end of the first year of life. This supports a trend observed in a

previous study evaluating TLR9 genetic variations in HIV-1 MTCT [17]. However, in

contrast, this variant was also reported to be associated with protection from HIV-1

acquisition in an African heterosexual serodiscordant couples cohort suggesting that this

variant may exert different effects in heterosexual and vertical transmission [29]. While this

seeming discrepancy in findings could reflect population differences in LD, it is notable that

the two cohorts that had the greatest likelihood for differences in population stratification

with one African and the other European, shared a common biological mode of HIV-1

transmission and had similar TLR9 association results. Conversely, the African heterosexual

couples and our vertical transmission cohorts share a common population background

(Eastern African) but were distinct in the biological mode of HIV-1 transmission. These

findings could suggest that the source of the discrepancy is in the functional role that TLR9

plays in heterosexual HIV-1 acquisition compared to mother-to-child HIV-1 acquisition.

We also found that the TLR9 1635A allele was associated with a decrease in peak VL. The

protective effect we found associated with the 1635A allele is consistent with one previous
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study in adults of European ancestry [13] but contradicts the findings of two other HIV-1

progression studies in adults of European ancestry [12, 14] and one study in HIV-1 infected

children of European ancestry [16]. Differences between these cohorts, including HAART

use, population ancestry, and progression measures observed could have led to differences

in TLR associations. Specifically, the timing during HIV disease course when these variants

are being evaluated may have an impact in the observed phenotype for specific TLR

variants. A differential effect of TLR variants on HIV-1 set point was noted in acute verses

chronically infected African adults [29], and in a functional evaluation of TLR signaling in

acute versus chronic infection [30]. In early HIV-1 infected infants, there is delayed

containment or non-containment of HIV-1, making it difficult to evaluate set-point

comparably to adults [31] and may contribute to the different effect we observed of TLR9

1635A on HIV-1 progression.

Our observation that TLR9 1635G/A was associated both with higher HIV-1 acquisition risk

and lower peak viral load in HIV-1 infected infants may be explained by potentially distinct

effects of TLR9 on HIV-1 acquisition versus progression. In the context of HIV-1

uninfected infants, this response could increase recruitment of activated CD4+ T cells that

serve as targets for HIV-1 replication. We could speculate that the TLR9 variant was

associated with recruitment of activated immune cells to infant mucosal environments where

they serve as HIV-1 susceptible targets. However, TLR9 is primarily expressed on

plasmacytoid dendritic cells and mediates interferon-α release and antigen presentation

thereby linking the innate and adaptive immune responses [12]. Thus, TLR9-mediated pro-

inflammatory cytokine release could also initiate anti- HIV mechanisms that limit viral

replication in already infected infants and decrease peak HIV-1 RNA levels.

The specific function of the TLR9 1635G/A variant in HIV-1 disease remains unknown. The

G to A variation is a synonomous change in exon 2, making it difficult to infer any specific

functional outcome. However, an intronic TLR9 1174A/G variant associated with decreased

TLR9 transcriptional activity [32] is found in high linkage disequilibrium (LD) (r2=0.98)

with 1635G/A in European but not African cohorts. This could explain the observed

differences in association of the TLR9 1635G/A variant and HIV-1 disease progression in

these distinct ancestral populations. Thus, it is possible that, in our sampled African cohort,

the TLR9 1635G/A variant is in high LD with a different currently unidentified causal SNP.

Alternatively, TLR9 1625G/A could alter mRNA splicing or stability, or protein expression

or function, which has been documented for other synonymous changes [33].

We found that TLR8 1A/G was associated with peak HIV-1 RNA level. We found that one

or more copies of the TLR8 1G allele was associated with a 0.78 log10 c/ml higher peak

HIV-1 RNA level in female but not male infants. In contrast, Oh et al. found that the TLR8

1G variant was protective against rapid CD4+ T-cell depletion in males of European

ancestry [11]. This difference in associations could be due to differences between adult and

pediatric HIV-1 progression, gender differences, or differences in outcome measure assessed

[34, 35]. Infants have much more rapid HIV-1 disease progression than adults which may be

due to the relatively weaker adaptive immune response in infants [35]. We also identified a

novel TLR7 variant (rs1634319) associated with higher peak plasma HIV-1 RNA levels in

female infected infants. TLR7 viral RNA recognition can lead either towards immune
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activation and viral replication or an effective antiviral response [8]. The rs1634319 variant

we identified is intronic but could influence TLR7 expression or be in linkage

disequilibrium with another causal variant.

While previous studies evaluating genetic variations in TLR2 and TLR4 have found positive

associations with HIV-1 progression outcomes, our study did not confirm these associations

or identify new associations with TLR2 or TLR4, nor did our study confirm a previously

observed association between a TLR7 variant (32A/T) and HIV-1 progression in adult males

[10]. Our study found no associations between genetic variations in TIRAP or MYD88 and

HIV-1 acquisition or progression. We may not have detected specific associations because

of relatively limited statistical power, unique properties of vertical HIV-1 transmission that

differ from sexual HIV-1 transmission, or differences in allele frequencies in our population

compared to other previously published cohorts.

In summary, this study is the first to evaluate the association between TLR polymorphisms

and HIV-related outcomes in a perinatal African cohort and confirms that variations in TLRs

may contribute to pediatric HIV-1 outcomes. Further studies are needed to define

mechanisms underlying these associations and the specific functions of TLRs during the

course of HIV-1 disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Time to HIV-1 Acquisition by TLR9 Genotype
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Figure 2.
SNP Variations Associated with Peak Plasma HIV-1 RNA Levels (log10 copies/ml) in

Infants Infected with HIV-1 by 1 and 12 Months of Age*

NOTE: Log10 peak plasma HIV-1 RNA levels are displayed separately for infants who

acquired HIV-1 by 1 month of age and all infants who acquired HIV-1 by 12 months of age.

Each graph presents the mean and standard deviation of peak plasma HIV-1 RNA level

stratified by genotype and the p-value corresponding to the mean difference. The number of

individuals in each genotypic category is specified on the x-axis next to the genotype.

* Uncorrected p-values are displayed for the TagSNP TLR7 rs1634319
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