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Abstract
Background—Vitamin D deficiency is common in HIV infection and has been associated with
advanced disease. This study investigated whether vitamin D related genetic variants were
associated with disease progression in HIV-infected children.

Methods—The Fok-I (C/T), Bsm-I (G/A), GC (A/C), DHCR7 (G/T) and CYP2R1 (G/A) genetic
variants were detected by RT-PCR in HIV-infected children who participated in the PACTG P152
and P300 protocols which pre-dated the availability of effective combination antiretroviral
therapy. The primary endpoints included time to progression to the first HIV-related disease end-
point (≥2 OI's, weight-growth failure) or death, which constituted the progression-free-survival.
Analyses were performed for age >2 years and ≤2 years separately adjusting for race and
treatment effect.

Results—Of the 998 children evaluated, 139 experienced HIV disease progression. For children
>2 years, rapid disease progression was associated with the DHCR7 G allele compared to the T
allele (G/G vs. T/T: HR=5.0, p=0.035, G/T vs. T/T: HR=4.5, p=0.042, G/G+G/T vs. T/T: HR=4.8,
p=0.036), and the Bsm-I A allele compared to the G allele (A/G vs. G/G: HR=2.2, p=0.014 and A/
G+A/A vs. G/G: HR=2.0, p=0.026). In children ≤2 years, the Bsm-I A allele increased the risk of
disease progression in Hispanics (A/A vs. G/A+G/G: HR=2.8, p=0.03; A/A vs. G/G: HR=2.8,
p=0.046) and whites (A/A vs. G/G: HR=6.6, p=0.025; A/A vs. G/A+G/G: HR=3.6, p=0.038).

Conclusions—Vitamin D related host genetic variants that alter the availability and activity of
vitamin D are associated with risk of HIV disease progression in children, and may vary by age
and race.
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Vitamin D is traditionally associated with calcium homeostasis and bone mineralization, but
recent work has shed light on its role as an important regulator of both innate and adaptive
immunity (1-3). The immune modulating effects of vitamin D are mediated by the binding

Correspondence: Stephen A. Spector, M.D., Address: 9500 Gilman Drive, Stein Clinical Research Building, MC 0672, La Jolla, CA,
92093-0672. saspector@ucsd.edu, Phone: 858 534 7170, Fax: 858 534 7411.

Conflicts of Interest: The authors have no conflicts of interest or funding to disclose Presented in part at CROI 2012, 19th

Conference on Retroviruses and Opportunistic Infections, Seattle, March 5-8, 2012

NIH Public Access
Author Manuscript
Pediatr Infect Dis J. Author manuscript; available in PMC 2014 November 01.

Published in final edited form as:
Pediatr Infect Dis J. 2013 November ; 32(11): . doi:10.1097/INF.0b013e31829e4d06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of biologically active 1,25 dihydroxy (OH) vitamin D to vitamin D receptors (VDRs) within
macrophages, dendritic cells, neutrophils, B cells, and activated T lymphocytes (4,5).
Vitamin D regulates the release of specific cytokines, modifies T lymphocyte proliferation
and function, and increases the production of antimicrobial peptides like cathelicidin (3,6-8).
Furthermore, vitamin D has been shown to increase autophagy, a cellular process utilized by
immune cells to kill intracellular pathogens through increased phago-lysosomal fusion
(9,10). In vitro studies have demonstrated that autophagy induced by physiological
concentrations of 1,25(OH) vitamin D, leads to inhibition of human immunodeficiency virus
type-1 (HIV) replication in HIV-infected macrophages (11). Low levels of vitamin D have
been associated with increased susceptibility to several infectious diseases including HIV,
and have been associated with worse outcomes in these patients (12-14).

Children, adolescents and adults who are infected with HIV have been reported to have a
high prevalence of vitamin D deficiency (15-23). In large studies of European and North
American HIV-infected adults, low levels of vitamin D (defined as 25 hydroxy vitamin D
levels <30 ng/ml) were found in 89% and 70.3% of patients, respectively (15,16). Children
infected with HIV were found to have a similarly high prevalence of vitamin D insufficiency
and deficiency (17,20). Low levels of both 25(OH) vitamin D and biologically active
1,25(OH) vitamin D have been associated with advanced clinical stage of HIV infection,
lower CD4 counts and increased mortality (16,23,24). In HIV infected pregnant women not
receiving HAART, vitamin D deficiency was associated with progression to World Health
Organization HIV stage III or greater, severe anemia and all cause mortality (13). Infants
born to these mothers had a significantly higher risk of acquiring HIV infection during the
perinatal and postnatal period, and were more likely to die during follow-up regardless of
HIV infection status (25). Furthermore, these infants had an increased risk of stunting and
being underweight (26).

Factors associated with low vitamin D levels in HIV infection include obesity, black or
Hispanic race, exposure to HIV drugs like efavirenz, renal insufficiency, darker skin
pigmentation, higher latitude, inadequate vitamin D dietary intake and lower exposure to
ultraviolet light (15,19,20,23,27). Host genetic variants associated with low serum 25(OH)
vitamin D levels have been described in large genome-wide association studies but not in
HIV-infected persons (28-30). Genetic variants that lead to altered activity of vitamin D,
however, have been reported in adult HIV-infected intravenous drug users and include
single nucleotide polymorphisms (SNPs) in the vitamin D receptor (VDR) gene (31-34).
Taken together these findings suggest that factors that alter the availability or function of
biologically active vitamin D are important in determining susceptibility to HIV infection
and in predicting the rate of progression to advanced disease.

The present study investigated the role of five vitamin D related host genetic variants (GC
[group-specific component (vitamin D binding) protein], Fok-I, Bsm-I, DHCR7 and
CYP2R1) in HIV disease progression in a cohort of HIV-infected children who participated
in the Pediatric AIDS Clinical Trials Group (PACTG) P152 and P300 protocols that pre-
dated the availability of effective combination antiretroviral therapy (35,36).

Methods
Patient population

The PACTG protocols, P152 and P300, were multicenter, prospective, randomized, double
blind placebo controlled studies that assessed the efficacy of mono- or dual-nucleoside
reverse transcriptase inhibitor (NRTI) treatment regimens in symptomatic HIV infected
children in North America, prior to the availability of effective combination therapy (35,36).
Subjects were eligible to participate if they had received less than 8 weeks of prior anti-
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retroviral therapy (ART). The P300 protocol assessed the efficacy and safety of combination
zidovudine/lamuvudine compared with either didanosine (ddI) monotherapy or combination
zidovudine/ddI. The P152 protocol assessed the efficacy of treatment with zidovudine alone
compared to either ddI monotherapy or combination zidovudine/ddI. Stored DNA samples
from children in both studies (n=998) were screened for the presence of vitamin D related
genetic variants.

Baseline characteristics of the subjects, eligibility criteria, study end points, markers of
disease progression, and neuropsychological tests used have been previously described
(35,36). Informed consent was obtained from the parents or legal guardians of study
participants, and the study followed the human experimentation guidelines of the US
Department of Health and Human Services and of the institutional review board of the
University of California, San Diego. The use of specimens for genetic testing was approved
by the IMPAACT Network. All specimens were given a patient identification number
during the original studies and were processed without any access to or knowledge of study
participants.

Genotyping
Five vitamin D related single nucleotide polymorphisms (SNPs) were detected using real-
time PCR with melting curve analysis (Lightcycler; Roche, Indianapolis, Indiana) as
described previously (37). Two SNPs within the vitamin D receptor gene rs1544410 (Bsm-I
G/A) and rs2228570 (Fok-I C/T) were investigated. These SNPs were selected for their
identified functional effects on VDR transcriptional efficiency (rs2228570) and VDR
messenger RNA stability (rs1544410). Furthermore, these SNPS have been associated with
increased susceptibility to HIV infection and rapid HIV disease progression in adults
(31-34). Three additional SNPs that influence vitamin D synthesis: rs12785878 (DHCR7/
NADSYN1 G/T), vitamin D transport: rs2282679 (GC A/C) and vitamin D hydroxylation:
rs10741657 (CYP2R1 G/A) were also studied (28-30).

The Fok-I SNP which occurs in the translation initiation codon of the vitamin D receptor
gene was detected using a 338 base pair (bp) fragment that was amplified by the forward
primer 5′-CCAGCTATGTAGGGCGAATC-3′ and the reverse primer 5′-
CCTTCACAGGTCATAGCATTGA-3′. The fluorescein sensor probe sequence was 5′-
TTCTTACAGGGACGGAGGCA-3′ and the LCR640 (Light Cycler Red 640 fluorophore)
anchor probe sequence was 5′-TGGCGGCCAGCACTTCCCTG-3′. The Bsm-I SNP which
occurs in the 3′ untranslated region (UTR) of the vitamin D receptor gene was detected
using a 150 bp fragment that was amplified by the forward primer 5′-
TAGGGGGGATTCTGAGGAACTA-3′ and the reverse primer 5′-
AGTTTTGTACCCTGCCCGC-3′. The fluorescein sensor probe sequence was 5′-
AGTATTGGGAATGCGCAGGCC-3′ and the LCR640 anchor probe (LCR640 – Light
Cycler Red 640 fluorophore) sequence was 5′-TCTGTGGCCCCAGGAACCCTG-3′. The
GC (rs2282679) SNP on chromosome 4p12 was detected using a 192 bp fragment that was
amplified by the forward primer 5′-TGACCTTGTGATCCACCC-3′ and the reverse primer
5′-CTGATTCTACACTGTGAGCCA-3′. The fluorescein sensor probe sequence was 5′-
ACCTGGCTTTGTGAGATAATTAAGAG-3′ and the LCR640 anchor probe sequence was
5′-CAGAGATTTGCTGGGCATGGTG-3′. The rs10741657 SNP located near the CYP2R1
gene on chromosome 11p15 was detected using a 279 bp fragment that was amplified by the
forward primer 5′-AGAGGGAAGAGCAATGACATG-3′ and the reverse primer 5′-
TTAAGCCATCAGATTGGTGG-3′. The fluorescein sensor probe sequence was 5′-
ACAGCCCTCGCCTGCTAAAG-3′ and the LCR640 anchor probe sequence was 5′-
ATCTCCCCAACCACCAGGCGTTT-3′. The rs12785878 SNP which is located within an
intron in the DHCR7/NADSYN1 locus on chromosome 11q12 was detected using a 128 bp
fragment that was amplified by the forward primer 5′-TCACCTAAGTGCCAAGGGA-3′
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and the reverse primer 5′-GTCAGGCTCACGAGACGAT-3′. The fluorescein sensor probe
sequence was 5′-CTTCTATCCTCTCCTGGCCCCG-3′ and the LCR640 anchor probe
sequence was 5′-GGCCGGATCTTCTCCTGGGCT-3′.

Statistical Analysis
The primary end points for the analyses were either time to progression to the first clinical
HIV-related disease end-point or death, which constituted the progression-free-survival
(PFS). Criteria for disease progression included weight-growth failure and ≥2 opportunistic
infections (OI). In the P152 study, weight-growth failure was defined as a weight-growth
velocity under the third percentile at week 24 or two consecutive 6-month growth velocities
under the third percentile after more than 24 weeks of study follow-up. In the P300 study,
weight growth failure was defined as three consecutive months with less than the third
percentile for age-specific and gender-specific 6-month weight growth velocities. Children
with an acute illness or explainable cause of abrupt weight loss (overweight children on a
diet, cases of neglect or food deprivation) during the week preceding the time of weight
calculation were not assigned this endpoint. A significant number of children who reached
the weight-growth failure endpoint before the other endpoints (death, OI) died shortly
afterwards. All-cause mortality and weight-growth failure were investigated because vitamin
D deficiency has been associated with increased mortality (25), stunting and growth failure
(26) in HIV infected children. A summary of end points by age group (age >2 years and ≤2
years) is listed in Table 1.

The analyses of the association between the vitamin D related genetic variants and time to
disease progression (i.e. PFS) were performed using Cox Proportional Hazards models. As
age and race are known to be associated with serum vitamin D levels (38,39), the analyses
were done for age >2 years and ≤2 years separately adjusting for race and treatment effect.
Baseline variables like CD4 count, CD4 percentage and HIV viral load were not included in
the adjusted analyses as vitamin D has been reported to modulate innate immune responses
to HIV infection and decrease HIV viral replication (11). For allelic variants with significant
genotype*race interaction (p<0.1), individual Cox proportional hazard models were fitted to
each race separately to evaluate the hazard ratios between genotypes/genotype
combinations.

Results
Characteristics of the children

Of the 998 children included in the analysis, 543 (54%) were female. The majority were
classified as non-Hispanic black (61%), followed by Hispanic (25%) and non-Hispanic
white (14%). The subjects' ages ranged from 1 month to 18 years with a median age of 2.3
years. Median baseline CD4 count was 775 cell/mm3 (1259 cell/mm3 for age ≤2 years and
583 cell/mm3 for age >2 years, P<0.001) and median CD4 percent was 24% (27% for age
≤2 years and 22% for age >2 years, P<0.001). The median baseline log HIV RNA viral load
was 5.15 copies/ml (5.67 copies/ml for age ≤2 years and 4.73 copies/ml for age >2 years,
P<0.001). Children were followed for signs of disease progression over a median period of
18.3 months (range 0.2 months to 4 years). During this time, 139 (14%) children developed
a study defined clinical endpoint; (89 (19%) in children age ≤2 years and 50 (9%) in those
>2 years). Weight-growth failure which is an important clinical sign of HIV disease
progression in children, accounted for a significant number of the clinical endpoints reached,
especially in children >2 years of age (84%). Characteristics of the children are summarized
in Table 1.
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Distribution of Vitamin D genotypes
The distributions of vitamin D related genotypes were similar between sex and age groups
(≤2 years and >2 years), but not race/ethnicity. In children >2 years, black children were
more likely to be GG homozygous for Bsm-I (rs1544410), GG homozygous for DHCR7
(rs12785878), AA homozygous for GC (rs2282679), and CC homozygous for Fok-I
(rs2228570) than Hispanic and white children. In children ≤2 years, blacks and Hispanics
were more likely to be GG homozygous for CYP2R1 (rs10741657), GG homozygous for
DHCR7, and AA homozygous for GC (rs2282679) than white children. Apart from the
higher prevalence of the AA genotype reported for the GC (rs2282679) SNP, all the other
genotypes with high allelic frequencies in black and Hispanic children have been associated
with either low vitamin D levels (28-30), or increased risk of HIV disease progression
(31-34). Genotype distributions by age and race are presented in Table 2.

Association between disease status at study entry and Vitamin D related polymorphisms
At study entry, the DHCR7 G allele (related to lower serum vitamin D levels) was
associated with lower HIV log10 RNA levels than the T allele (5.49 vs. 5.88 copies/ml,
p=0.020) in all children ≤2 years of age. In all children >2 years of age, the GC (rs2282679)
A allele was associated with higher HIV log10 RNA levels compared to the C allele (4.74 vs.
4.46 copies/ml, p=0.005) but this was not clinically significant. There were no significant
associations between genotypes and other baseline variables including CD4+ lymphocyte
count or CD4+ percentage. Additionally, no associations were found between genotypes and
neurocognitive status at baseline or during follow-up.

Association between HIV disease progression and Vitamin D related polymorphisms in
children ≤2 years

The Bsm-I A allele (associated with increased susceptibility to HIV infection) demonstrated
an association with disease progression based on the identified race of the study participants.
Due to the marginally significant genotype*race interaction (p=0.08), an individual Cox
proportional model was fitted for each race. For children who were identified as Hispanic,
an increased risk of disease progression was observed (A/A vs. G/G: HR=2.8, p=0.046; A/A
vs. G/A+G/G: HR=2.8, p=0.03) for the A allele. Similarly, for children identified as white,
the Bsm-I A allele was associated with disease progression (A/A vs. G/G: HR=6.6, p=0.025;
A/A vs. G/A+G/G: HR=3.6, p=0.038) (Figure 1). In contrast, in children identified as black,
non-Hispanic the A allele did not show an increased risk of disease progression.

Association between HIV disease progression and Vitamin D related polymorphisms in
children >2 years

In children >2 years the incidence of disease progression or death was lower than in children
<2 years of age (9% of subjects versus 19% of subjects) (Table 1). Despite fewer endpoints,
an effect was still observed for two of the SNPs, Bsm-I (rs1544410) and DHCR7
(rs12785878). The genotype*race interactions were not significant (P>0.1) for either of the
two SNPS so an overall effect of the specific genotypes for each SNP was investigated,
separately adjusting for race. In all children >2 years the Bsm-I A allele was associated with
more rapid disease progression than the G allele (G/A vs. G/G: HR=2.2, p=0.014, and G/A
+A/A vs. GG: HR=2.0, p=0.026) (Figure 1). The DHCR7 G allele (associated with lower
serum vitamin D levels) was associated with rapid HIV disease progression compared to the
T allele (G/G vs. T/T: HR=5.0, p=0.035; G/T vs. T/T: HR=4.5, p=0.042 and G/G+G/T vs.
T/T: HR=4.8, p=0.036) (Figure 2).
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Discussion
Vitamin D insufficiency and deficiency is common in HIV infection and is associated with
worse outcomes in adults and children. The causes of low vitamin D levels in HIV infection
are multifactorial and include host genetic factors, factors directly associated with HIV
infection and factors related to HIV therapy (15,23). In patients with low serum vitamin D
levels, genetic variants that alter the availability of vitamin D or the function of VDR may
further diminish the critical immune regulating effects of this hormone. To our knowledge,
this is the first study that has investigated the role of vitamin D related genetic variants on
HIV disease progression in children. Furthermore, we are unaware of any studies that have
examined the effect of genetic variants that alter serum 25(OH) vitamin D levels on HIV
disease progression.

The VDR gene is known to have over 60 single nucleotide polymorphisms (SNPs) affecting
the promoter, coding and 3′ untranslated region (UTR) with functional effects (31,40). The
VDR Fok-I T→C polymorphism alters the translation initiation codon site of the VDR gene
and results in a shorter VDR that is thought to have increased transcriptional activity (4).
The Fok-I polymorphism in the VDR gene is not in linkage disequilibrium with any other
VDR polymorphism and is therefore considered an independent marker. When biologically
active 1,25(OH) vitamin D binds to VDR the vitamin D/VDR complex acts as a
transcription factor that directly interacts with the promoter regions of 1,25(OH) vitamin D
responsive target genes (1,5). The Fok-I SNP has been associated with bone mineral density,
prostate cancer risk, susceptibility to autoimmune disease and viral infections including HIV
(41,42,31). Heterozygosity (C/T) at the Fok-I site has been associated with rapid HIV-1
disease progression (32) in HIV infected injection drug users, while the C allele has been
associated with lower serum 25(OH) vitamin D levels (30,43). In the current study however,
no significant associations between the Fok-I SNP and HIV disease progression in children
were found.

In this study the Bsm-I A allele was associated with rapid HIV disease progression in all
children older than 2 years of age and in Hispanic and white children <2 years of age. This
finding is consistent with adult studies and suggests that the Bsm-I A allele is an important
marker of HIV disease progression in patients of all ages and across different racial groups.
The Bsm-I A allele did not appear to be associated with increased risk of pediatric HIV
infection when allele frequencies were examined, but no comparison with an HIV
uninfected cohort was made. The exact mechanism by which the Bsm-I G allele confers
protection and the Bsm-I A allele increases risk of disease progression, is not well
understood. The Bsm-I G→A polymorphism occurs in the 3′ UTR of the VDR gene and is
thought to alter VDR messenger RNA stability and has been associated with increased
susceptibility to HIV infection and higher rate of HIV disease progression in Caucasian
adult injection drug users (31-34). Bsm-I is in strong linkage disequilibrium with other 3′
UTR polymorphisms (Apa-I, Taq-I) which have also been associated with HIV disease
progression (40). As the Bsm-I polymorphism is a synonymous mutation, it is possible that
linkage disequilibrium with one or more functional polymorphisms at other sites in the VDR
gene may explain the associations observed (40). However, synonymous mutations rather
than being “silent” may cause changes in protein expression, conformation and function;
thus, the Bsm-1 polymorphisms could also directly alter the vitamin D receptor (44). The
finding that the Bsm-I A allele was associated with disease progression in children older
than 2 years but not in black, non-Hispanic children <2 years of age might be explained by
differences in serum vitamin D levels. Infants and children <2 years of age were likely to
have had higher vitamin D levels as they received formula fortified with vitamin D during
the first year of life to avoid exposure to maternal breast-milk. Any effect of a genetic
variant that lowered vitamin D levels or altered its function would be expected to be less
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pronounced in patients with higher vitamin D levels. Another factor to consider is that
individual functional polymorphisms like Fok-I are expected to have similar functional
effects in different ethnic groups while non-functional polymorphisms like Bsm-I may be in
linkage disequilibrium with different functional alleles that may vary by race (40). This
might explain some of the differences seen between black, white and Hispanic patients for
the different genetic variants examined.

In addition to the VDR genetic variants, three SNPs identified in genome-wide association
studies that were linked to low serum 25(OH) vitamin D levels were also studied. The
presence of all three SNPS (GC (rs2282679), CYP2R1 and DHCR7) more than doubled the
risk of vitamin D insufficiency in a large Caucasian cohort (28). A major limitation of the
present study was that information on vitamin D consumption and nutritional intake was not
available. Furthermore, patient serum was not available to measure vitamin D levels. Thus,
the role of these genetic variants on serum vitamin D levels and the association between
serum vitamin D levels and HIV disease progression could not be assessed. The weight-
growth failure endpoint, which was reached by a significant number of children, required
that a child be less than the third percentile for an extended period of time. While
malnutrition may have contributed to this endpoint, it is more likely that advanced HIV
disease caused this degree of failure to thrive especially given the high rate of subsequent
mortality in these children.

The GC (rs2282679) A→C polymorphism in the vitamin D binding protein gene leads to
lower serum vitamin D binding protein levels and may alter the affinity of the protein for
vitamin D metabolites (28-30). No significant associations between the GC (rs2282679)
SNP and HIV disease progression in children were found. The CYP2R1 G→A
polymorphism is thought to alter the 25 hydroxylation of vitamin D with the G allele
associated with lower serum 25(OH) vitamin D levels (28,29). There were no significant
associations between this genetic variant and HIV disease progression in children.

The DHCR7 gene encodes the enzyme 7-dehydrocholesterol (DHC) reductase which
converts 7-DHC to cholesterol. This activity removes the substrate (7-DHC) from the
vitamin D synthetic pathway (28). The DHCR7 G allele is thought to lower concentrations
of the precursor 7-DHC and has been associated with lower 25(OH) vitamin D levels
(28,29). In all subjects ≤2 years of age the G allele was associated with marginally lower
baseline HIV log RNA levels (5.49 versus 5.88). In children >2 years of age the G allele was
significantly associated with rapid HIV disease progression, especially in Hispanic children.
As mentioned earlier, children older than 2 years of age were more susceptible to having
lower serum vitamin D levels than infants who received formula fortified with vitamin D
during the first year of life. Therefore, the effect of the G allele would be more pronounced
in older children who presumably had lower vitamin D levels.

The findings of this study and others demonstrate that vitamin D related genetic factors are
important determinants of HIV related disease progression in adults and children. The exact
mechanisms by which these genetic variants alter the availability and function of
biologically active vitamin D are not fully understood, but likely impact both innate and
adaptive immune responses to HIV infection. The recent discovery that physiological levels
of 1,25 dihydroxy vitamin D increase autophagy in HIV infected macrophages with
inhibition of HIV replication in a dose-dependent manner suggests that this critical innate
defense mechanism might be sensitive to serum vitamin D levels (11). In a recently
published prospective study, multivitamin supplementation (excluding vitamin D) of HIV
exposed infants in Tanzania was not associated with an improvement in infant mortality,
hospitalizations, clinic visits or diarrheal disease suggesting that associated micronutrient
deficiencies may not be as important as vitamin D in contributing to somatic growth and
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other health outcomes in HIV exposed infants (45). This study provides additional support
to the hypothesis that supplemental vitamin D may be of benefit to HIV-infected individuals
with low serum vitamin D levels. Moreover, host genetics may play an important role in the
optimal utilization of vitamin D and in determining the ideal serum concentration of vitamin
D in individuals of different racial groups.
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Figure 1.
Kaplan Meier plots illustrating progression free survival for Bsm-I genotypes in (A)
Hispanic children ≤2 years, (B) white children ≤2 years and (C) all children >2 years.
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Figure 2.
Kaplan Meier plots illustrating progression free survival for DHCR7 genotypes in (A) all
children ≤2 years and (B) all children >2 years.
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