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Abstract

Background—CD4+ T-lymphocyte (CD4) counts and HIV plasma RNA concentration (RNA) 

are two key HIV disease markers. The complex interplay between virus and host genetics may 

contribute to differences in viral set point and CD4 status. Determining the effects of host genetic 

variation on HIV disease markers is often complicated by the use of antiretroviral therapy. In this 

study, the association between genetic variants and baseline HIV RNA and CD4 counts was 

examined in a large cohort of antiretroviral naïve children.

Methods—Specimens from 1053 HIV-infected children were screened for single nucleotide 

polymorphisms (SNPs) in 78 regions from 17 genes. Linear regression with a robust variance 

estimator was used to test the association between genetic markers with HIV RNA and CD4count, 

controlling for age, race/ethnicity and study. False discovery rate (FDR) controlling was used to 

adjust for multiple testing.

Results—The study population was 60% black, 26% Hispanic and 13% white; median age 2.35 

years; 55% female. Baseline median CD4 count was 780/mm3; median log10 HIV RNA was 5.17 

copies/mL. For analyses of the associations of genetic makers with baseline CD4+, 6 HLA and 4 

additional markers exhibited p-values <0.05, but none met the criteria for statistical significance 

with FDR controlled at 0.05. For baseline HIV RNA, HLA DRB1*15, DRB1*10, B-27/57, B-14, 

Cw-8, B57 were statistically significant with FDR controlled at 0.05.

Conclusions—These results provide strong evidence that HLA DRB1*15, DRB1*10, B-27/57, 

B-14, Cw-8, B57 are associated with HIV RNA, and play a role in HIV pathogenesis in infected 

children.
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CD4+ T-lymphocyte cell (CD4) count and HIV plasma RNA concentration (RNA) are the 

two most commonly used prognostic markers of disease status and clinical progression of 
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human immunodeficiency virus type-1 (HIV) infection. Due to the complex interplay 

between the virus, its human host and the environment, individuals infected with HIV differ 

with respect to viral set point, extent of CD4 count decline and response to treatment. Host 

genetic variants may account for some of this variation. However, due to the successful use 

of antiretroviral therapy (ART) in current clinical practice, it is difficult to examine the 

direct relationship between host genetic variation and HIV disease markers because: 1) HIV-

infected patients starting ART typically experience a rapid decline in HIV RNA levels and a 

steady increase in CD4 count, decreasing the amount of HIV RNA/CD4 count variability 

that may be explained by other factors, including host genetics; and 2) the relationship 

between host genetics and HIV RNA/CD4 count may be mediated by specific forms of 

therapy, if host genetics are related to the pharmacokinetics of antiretroviral drugs used for 

treatment. Thus, studying populations that are ART naïve can be helpful in understanding 

the effects of host genetics on the pathogenesis of HIV infection as measured by HIV RNA 

and CD4 count (1).

In HIV-infected adults, host genetic factors impact on the HIV viral set point before the 

initiation of antiretroviral therapy. In 131 antiretroviral naïve HIV-infected adults of 

Caucasian origin, different Fas or FasL polymorphisms were associated with an increase in 

CD4 count and/or a decrease in HIV RNA (2). In a study of the effect of HLA class II 

alleles on HIV disease outcome and HIV-specific T cell responses in a cohort of 426 

antiretroviral therapy-naive, HIV-1 clade C-infected, predominantly female black South 

Africans, the presence of HLA class II DRB1*1303 was associated with reduced viral loads 

in chronic HIV-1 clade C and B infection (3). In another study of 110 antiretroviral-naive 

Ugandans, slow progressors with known protective HLA B*allele-associated multi-clade 

gag T-cell recognition had marginally significantly lower mean plasma viral loads than 

those who lacked those B alleles (4). Additionally, the presence of CCR5-wt/d32 

heterozygous variant was associated with a lower viral load early in infection (5, 6, 7).

In the research presented here, we have examined the baseline, pre-treatment relationship 

between HIV RNA/CD4 count and host genetic markers that have previously been identified 

or hypothesized to alter the progression to HIV-related clinical endpoints in a unique 

antiretroviral naïve cohort of HIV-infected children. The goal was to estimate the strength of 

association between specific host genetic variants and pre-treatment CD4 count and HIV 

RNA.

SUBJECTS AND METHODS

Subjects

1053 children with symptomatic HIV infection from Pediatric AIDS Clinical Trial Group 

(PACTG) protocols P152 (8) and P300 (9) were included in the analyses. P152 and P300 

were multicenter, prospective, randomized, double blind, placebo controlled protocols that 

assessed the efficacy of single or combination nucleoside reverse transcriptase inhibitor 

(NRTI) treatment regimens in symptomatic HIV-infected children in the United States, prior 

to the availability of highly active antiretroviral therapy (HAART). Important eligibility 

criteria included an age range of 3 months-18 years with symptomatic HIV-1 infection for 

P152 (8), an age range of 42 days-15 years with symptomatic HIV-1 infection for P300 (9), 
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and meeting the requirements that the original Centers for Disease Control (CDC) 

classification system had established to diagnose HIV-1 infection in children at the time of 

these studies (10, 11). In these two protocols, CD4 count and percentage and HIV RNA 

were measured at entry, prior to initiation of therapy. The current study uses these baseline 

CD4 and HIV RNA data as dependent variables and tests whether their values are associated 

with host genetic variants. HIV RNA measurements were dependent on the technology 

available at the time of the studies; for P152 the NASBA HIV-1 RNA QT Amplification 

System was used (12) and for P300 the Roche Amplicor quantitative RNA PCR assay was 

used (9). Of the 1053 subjects, 1045 had baseline CD4 count and 871 had baseline HIV 

RNA data. The summary statistics of baseline CD4 count and HIV RNA, as well as other 

baseline characteristics of these antiretroviral naïve children, are described in Table 1. This 

study followed the human experimentation guidelines of the US Department of Health and 

Human Services and the University of California San Diego Institutional Review Board.

Genotyping

Stored DNA samples from the 1053 children were screened for the presence of 

polymorphisms in host genes hypothesized to play a role in HIV-associated disease 

progression. Total genomic DNA was extracted from peripheral blood mononuclear cells 

(PBMCs) using mini blood DNA kits (Qiagen, Carlsbad, CA). Whole Genome 

Amplification (WGA) of DNA was performed using Qiagen WGA kits (13). Although there 

is potential for non-uniformity of DNA amplification with WGA, we have found 100% 

correlation when SNP and HLA data are compared between genomic DNA and WGA DNA. 

Seventy-eight single nucleotide polymorphisms (SNPs) from 17 genes including HLA, 

APOBEC3G, APOE, CCR5, CCR2, CX3CR1, TNF, SDF1, RANTES, PRMT6, MCP1-

alpha, IL10, IL4, IRGM, MBL2, MCP1 and CCL3L1 copy number were detected, using 

real-time PCR as previously described (14, 15, 16, 17, 18).

Statistical Analyses

In order to correct for heterogeneity of variance in the data, linear regression with a robust 

variance estimator (19) was used to test the association between the genetic markers and two 

outcome measures, HIV RNA and CD4 count. For each genetic marker, we used a 

multivariate test of the co-dominant model to determine whether there was an overall 

association across all categories of the variants and each of the outcome variables (HIV 

RNA and CD4 count) (20). The minor allele homozygotes with a frequency less than 2.5% 

were combined with the heterozygotes to avoid sparsely populated groups. Although genetic 

markers are invariant with age, because children ≤ 2 years old have more rapid disease 

progression than those >2 years old and have immature immune systems, it was 

hypothesized that the effects of host genetics on HIV disease may be different between 

younger and older children. Therefore, the interaction between each genetic marker and age 

group (age ≤2 years and >2 years) was investigated. For the genetic markers with at least a 

marginally significant genotype by age interaction (p<0.1), linear regression models were 

fitted to each age group separately. In the adjusted analyses, potential confounders, 

including age, race/ethnicity and study (P152 vs. P300) were used as adjusting covariates, 

which also removes the bias of the difference in CD4 count with respect to age.
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In the context of performing exploratory analyses on a large number of genetic markers, 

setting the experiment-wise type one error rate to an exact, pre-specified level, using a 

procedure such as the Bonferroni correction (21), can be overly conservative, such that 

potentially important associations, which should be studied further, are not discovered. 

Conversely, without an appropriate correction, the probability of discovering false positive 

findings due to chance can be quite high. Thus, in exploratory research, where the goal is to 

generate hypotheses for further analysis while avoiding spurious findings that are due to 

chance, it is important to control the false discovery rate (FDR). In this paper, we apply the 

FDR controlling procedure developed by Benjamini and Hochberg (22) and evaluate the 

results with the FDR value set at 0.1, as well as 0.05, in order to discard findings likely due 

to chance, while identifying marginally significant, as well as highly significant, findings for 

further study. All genetic associations with a p-value <0.05 were included in the summary 

tables with 95% confidence intervals (CI). However, only P-values that correspond to a set 

of predictors with an FDR controlling at 0.05 were considered to be statistically significant, 

while p-values that correspond to an FDR between 0.1 and 0.05 were considered to be 

marginally significant.

RESULTS

Of the 1053 subjects, 60% were non-Hispanic black, 26% were Hispanic, 13% were non-

Hispanic white, and 1% was of other or unknown race/ethnicity. Ages ranged from 44 days 

to 18 years (median age 2.35 years); 55% were female; 56% were from protocol P300 and 

44% from protocol P152.

Baseline CD4 count, CD4% and log10 HIV RNA, stratified by the covariates age, race/

ethnicity, and study are presented in Table 1. Of the 1053 subjects, 1045 had baseline CD4 

measurements, with a median of 780 cells/mm3 and a median CD4% of 24%; 871 had 

baseline HIV RNA measurements, with a median log10 HIV RNA value of 5.11. Age was 

categorized as ≤2 years and >2 years, providing a roughly balanced number of children in 

each age group. The older subjects, as would be expected, had significantly lower baseline 

CD4 count and log10 HIV RNA values, but also lower CD4%, compared to the younger 

subjects. Both baseline CD4 count and log10 HIV RNA are higher in subjects from P152 

compared to the subjects in P300. Although the baseline CD4 count and log10 HIV RNA did 

not differ significantly across race/ethnicity and sex, these variables were included as 

covariates in the adjusted analyses presented below, because they had been specified a-priori 

as potential confounders.

Table 2 presents the results of multivariate analyses regressing baseline CD4 count on 

genetic markers, controlling for the covariates. For genetic markers whose effects on these 

outcome variables interacted at least marginally with age (P < 0.1), the regressions are 

presented separately for subjects ≤ 2 years and >2 years of age. A listing of all SNPs which 

were studied, along with their minor allele frequencies, which includes data from all of the 

1053 subjects for whom the genetic allele data are available, is available upon request. 

Minor allele homozygotes with frequencies of less than 2.5% were marked with ‘*’.
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With respect to the association of the genetic variants with baseline CD4 count, 6 HLA 

markers and 4 additional markers exhibited p-values <0.05 in the multivariate tests (Table 

2). The presence of two of these HLA markers, A-24 and DRB1*7, exhibited no interaction 

with age, and their results are pooled across age groups. The effects of the 4 other HLA 

markers with p-values <0.05 did vary as a function of age, with the effects of 3 (DRB1*3, 

B-27/57, A-68) confined to the ≤ 2 year old age group and the effects of 1 (Cw-1) only 

apparent in the >2 year old group [Note that B-27/57 indicates that B27 and/or B57 were 

present]. All of the 4 non-HLA markers with p-values <0.05 had significant interactions 

with age, with the effects of 3 (APOBEC3G_197193-T/C, CCR5_wt/Δ32, IRGM_313-C/T) 

only evident in the ≤ 2 year old group and those of MBL2_A/O confined to the >2 year old 

group. The SNPs in Table 2 are presented from the largest (least significant) to the smallest 

in the multivariate Wald test p-values, along with the corresponding p-values at which the 

effects of each successive marker would be considered significant, when an FDR of 0.1 is 

applied. However, although these SNPs had exhibited nominal p-values < 0.05 for their 

associations with CD4 count, none met the criteria for statistical significance with the FDR 

controlled at 0.1.

With respect to the association of the genetic variants with baseline HIV RNA values, 10 

HLA markers and 5 additional markers exhibited nominal p-values <0.05 in the multivariate 

tests (Table 3). Eight of these HLA markers exhibited no interaction with age (HLA_C 

homozygote/heterozygote, A-3, DRB1*15, DRB1*10, B-14, Cw-8, B57, B-27/57), and their 

results are pooled across age groups. The effects of HLA_A homozygote/heterozygote were 

only evident in the ≤2 year age group, while those of HLA_Cw-6 were confined to the >2 

year age group. Four of the 5 non-HLA markers with p-values <0.05 had no significant 

interactions with age (MBL2_X/Y, CX3CR1_280-T/M, CCL3L1_Copy_Number, CCR5wt/

Δ32), while effects of RANTES_28-C/G were confined to the younger group. The SNPs in 

Table 3 are presented from the largest (least significant) to the smallest in the multivariate 

Wald test p-values, along with the corresponding p-values at which the effects of each 

successive marker would be considered significant when an FDR of 0.1 is applied. Seven of 

the HLA markers, including A-3, DRB1*15, DRB1*10, B-27/57, B-14, Cw-8, B-57, along 

with CCR5_wt/Δ32 were marginally significant (FDR set at 0.1), while HLA markers 

DRB1*15, DRB1*10, B-27/57, B-14, Cw-8, B57 were statistically significant with the FDR 

set at 0.05.

DISCUSSION

Analyses examining the associations between genetic variants and baseline CD4 count and 

HIV RNA values in antiretroviral naïve HIV-infected children provide a unique opportunity 

to identify genetic markers that are related to HIV disease progression before antiretroviral 

therapy takes effect. The findings presented above allow the most promising genetic markers 

to be classified with respect to their potential as predictors of HIV disease status, measured 

by CD4 count or HIV RNA, as: 1) Strong evidence of association with FDR=0.05; 2) 

Promising evidence of association with nominal p <0.05 and FDR=0.1; and 3) Possible 

association, but considerable probability of chance findings, with nominal p <0.05 but FDR 

>0.1. The remaining markers exhibited less evidence of an association with HIV disease 

status with p ≥0.05 and FDR >0.1. Biological plausibility and consistency with previously 
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reported results must be taken into consideration in evaluating these findings and their 

implications for the role of the genetic variants that were studied.

The results presented in Table 3 suggest that HLA plays a key role in the control of HIV 

disease as measured by HIV RNA values. The findings which revealed the strongest 

evidence of a relationship between genomic markers and HIV severity were 6 HLA SNPs 

that were significantly associated with HIV RNA. For these associations, with FDR 

controlled at 0.05, the presence of HLA B-57, B27/57, B14, Cw-8 and DRB1*10 was 

associated with significantly lower baseline log10 HIV RNA values, while HLA DRB1*15 

was associated with significantly higher baseline log10 HIV RNA. HLA A-3, which was 

marginally significant with FDR=0.1, also had the effect of increasing baseline log10 HIV 

RNA. Additionally, several other HLA effects were also observed in the RNA analyses 

where the results failed to meet the FDR criteria for statistical significance, but did show 

nominal p-values <0.05, e.g. HLA Cw-6, HLA_A homozygote/heterozygote, and HLA_C 

homozygote/heterozygote. The single non-HLA marker which exhibited at least a 

marginally significant relationship (FDR=0.1) with baseline log10 HIV RNA was CCR5, 

where children with the wt/Δ32 genotype had lower HIV RNA values than did those with 

CCR5 wt/wt homozygote. Each of these genetic variants has a strong immunologic basis for 

its role in the control of HIV infection (23, 24, 25). These findings suggest that HLA 

mediated adaptive immune responses play a critical role in the control of HIV infection and 

in establishing the viral set point in a given individual. The overwhelming proportion of HIV 

infections in the U.S. is clade B; thus, it is likely that these findings are representative of 

HIV-infected children in the U.S.

Recently, in a study of 572 HIV-infected children from our study population who were 

receiving NRTI treatment, it was shown that the presence of HLA B*57 and B*27/57 alleles 

was associated with delayed disease progression as measured by time to treatment failure 

(17). In a study of chronic HIV-1 infection in the absence of therapy, immunological and 

virologic outcomes for 121 African-American adolescents exhibited consistently favorable 

associations with HLA-B*57 (mostly B*5703) (26). Our current results, showing that B57 

and B27/57 were associated with lower baseline HIV RNA, also suggest that the effects of 

these markers are not mediated by response to treatment, but represent direct immunologic 

control of HIV replication. With respect to the CCR5 gene (Δ32) effect, our results are 

consistent with previously reported findings (5, 6, 7, 14), and indicate that this effect is 

present in the absence of any antiretroviral therapy. This effect is likely mediated by the 

effect of the CCR5-wt/Δ32 on HIV entry into susceptible target cells.

It should be noted that the HIV RNA viral load level may depend upon whether a set point 

has been reached. In most HIV-1 infected individuals, certain host genetic factors, such as 

having a HLA-B57 or HLA-B27 type, have been associated with a lower viral load set point 

(27, 28, 29). A higher viral load set point over time has been associated with an accelerating 

clinical course of infection (30). The majority of children in our sample were perinatally 

infected, and infants usually reach their HIV RNA set-point within 6 months (31). Thus, it is 

possible that some of the youngest infants that we studied (ages 3–6 months) had not 

reached their viral set-points. Of the subjects whose source of HIV infection may have been 

other than perinatal acquisition and who may have been infected too recently to have 
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reached a set point, it was thought that the majority would be older children. Thus, a 

sensitivity analysis excluding children <6 months or >6 years, was conducted to determine 

whether the remaining subjects, who were most likely to have been at a HIV RNA set point, 

had findings consistent with those of the larger sample. The results indicated that this 

subgroup exhibited a similar pattern of associations as did the total sample, suggesting that 

the findings are not confounded by the fact that some subjects may not have been at a viral 

set point.

For the CD4 count analyses, no findings met the FDR criteria for statistical significance, but 

some HLA types had nominal p-values <0.05. This provides a further degree of evidence for 

the key role of HLA in the control of HIV. It is also worth noting that the presence of 

B*57/27 and CCR5 Δ32 heterozygosity were associated with large CD4 count effects of 386 

and 492 cells/mm3, respectively, in the younger age group (p<0.05; FDR >0.1), findings 

which are consistent with their effects on baseline HIV RNA. With sample sizes of 1045 and 

871 subjects for the CD4 count and HIV RNA analyses, respectively, the analyses had 

considerable precision. Thus, the absence of a significant association between a given 

marker and CD4 count and/or HIV RNA suggests that the marker does not have a strong, 

direct effect on HIV when the 95% confidence interval excludes the strong effects (available 

upon request). However, our findings do not exclude the possibility that these genetic 

variants may have an important role in the innate or adaptive immunologic control of HIV.

One potential limitation of this study is that there may have been a selection bias, due to the 

fact that children who died of rapid HIV disease progression associated with a genetic factor 

prior to potential accrual into P152/P300 would not be represented in the study sample. 

However, under the assumption that the probability of surviving depends on the genetic 

marker, but not the outcomes (CD4 count/HIV RNA) after adjusting for age, the regression 

coefficients are not subject to bias if the analyses adjust for age (32). Survivor bias is not 

unique to our dataset and commonly exists in observational studies (33). To examine 

whether survivor bias may have caused certain genetic variants to be overrepresented among 

the older children in the sample, analyses assessing the association between age and genetic 

variants are performed, where strong associations may indicate the presence of a survivor 

effect. The table is not included in the publication of this article, but available upon request.

The current research was aimed at identifying genomic variants which may ultimately play 

key roles in understanding the genomic factors which determine HIV disease status. All of 

the genetic variants examined in this study were chosen because there was reason to believe 

that they might have an effect on HIV disease progression. A comprehensive list of the 

markers that were studied, which includes those where there was no significant evidence of 

an association with CD4 count or HIV RNA is available upon request. These markers had 

biologically plausible potential to affect HIV disease, but failed to exhibit an association 

with baseline CD4 count and HIV RNA. However, it is possible that they may predict HIV 

status as measured by other variables, or may combine with other genetic factors in more 

complex ways to influence CD4 count and HIV RNA.

In summary, accounting for multiple comparisons, for CD4 count no findings met the FDR 

criteria for statistical significance. In contrast, the presence of HLA B-57, B27/57, B14, 
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Cw-8 and DRB1*10 was associated with significantly lower baseline log10 HIV RNA 

values, while HLA DRB1*15 was associated with significantly higher baseline log10 HIV 

RNA. These findings support a strong association between specific HLA types and HIV 

replication in children.
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