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Genomics Links Inflammation With Neurocognitive 
Impairment in Children Living With Human 
Immunodeficiency Virus Type-1
Pratima Rawat,1 Sean S. Brummel,2 Kumud K. Singh,1,a Jihoon Kim,3 Kelly A. Frazer,1 Sharon Nichols,4 George R. Seage III,2 Paige L. Williams,2 
Russell B. Van Dyke,5 Olivier Harismendy,3 Rodney N. Trout,1 and Stephen A. Spector1,6; for the Pediatric HIV/AIDS Cohort Study and the International 
Maternal Pediatric Adolescent AIDS Clinical Trials Network
1Department of Pediatrics, University of California San Diego, La Jolla, California, USA, 2Harvard T.H. Chan School of Public Health, Boston, Massachusetts, USA, 3Department of Medicine, 
University of California San Diego, La Jolla, California, USA, 4Department of Neuroscience, University of California San Diego, La Jolla, California, USA, 5Department of Pediatrics, Tulane 
University School of Medicine, New Orleans, Louisiana, USA, and 6Rady Children’s Hospital San Diego, San Diego, California, USA

Background.  We identified host single-nucleotide variants (SNVs) associated with neurocognitive impairment (NCI) in peri-
natally HIV-infected (PHIV) children.

Methods.  Whole-exome sequencing (WES) was performed on 217 PHIV with cognitive score for age (CSA) < 70 and 247 
CSA ≥ 70 (discovery cohort [DC]). SNVs identified in DC were evaluated in 2 validation cohorts (VC). Logistic regression was used 
to estimate adjusted odds ratios (ORs) for NCI. A human microglia NLRP3 inflammasome assay characterized the role of identified 
genes.

Results.  Twenty-nine SNVs in 24 genes reaching P ≤ .002 and OR ≥ 1.5 comparing CSA < 70 to CSA ≥ 70 were identified in 
the DC, of which 3 SNVs were identified in VCs for further study. Combining the 3 cohorts, SNV in CCRL2 (rs3204849) was asso-
ciated with decreased odds of NCI (P < .0001); RETREG1/FAM134B (rs61733811) and YWHAH (rs73884247) were associated with 
increased risk of NCI (P < .0001 and P < .001, respectively). Knockdown of CCRL2 led to decreased microglial release of IL-1β fol-
lowing exposure to ssRNA40 while knockdown of RETREG1 and YWHAH resulted in increased IL-1β release.

Conclusions.  Using WES and 2 VCs, and gene silencing of microglia we identified 3 genetic variants associated with NCI and 
inflammation in HIV-infected children.

Keywords.   HIV; neurocognitive impairment; HIV perinatal infection; genome-wide exome sequencing; CCRL2, RETREG1; 
YWHAH; 14-3-3η protein.

The pathogenesis of human immunodeficiency virus (HIV)-
associated neurocognitive disorder (HAND) appears to be 
multifactorial [1–3]. Although there is an association in both 
adults and children with high quantities of virus in plasma and 
cerebrospinal fluid with the development of neurological dis-
orders, only a subset of infected persons develop such deficits. 
Additionally, no consistent HIV variant has been identified that 
would explain why only a subset of persons develop cognitive 
impairment. Thus, it has been hypothesized that host genetic 
variation plays a central role in driving the host-virus inter-
actions resulting in central nervous system (CNS) disease.

Multiple genome-wide association studies (GWAS) have 
been performed in adults designed to identify genetic factors 
associated with HAND [4–6]. In a GWAS performed by the 
CHARTER Group on antiretroviral therapy (ART)-era partici-
pants, using the Global Deficit Score to define neurocognitive 
impairment, no single-nucleotide variant (SNV) was identi-
fied that met the predetermined criterion for significance [5]. 
However, multiple SNVs were identified that had previously 
been found to be associated with T-cell function and neurolog-
ical diseases.

In the research presented here, a discovery cohort of HIV-
infected children evaluated prior to initiation of ART had 
whole-exome sequencing to identify potential genetic variants 
associated with cognitive impairment. The genetic variants of 
interest were progressively applied to 2 validation cohorts that 
yielded 3 potential gene candidates. To determine the biolog-
ical link of these polymorphisms to neuroinflammation, knock-
down of these genes was evaluated in a microglial cell model 
of inflammation with each of the 3 genes found to affect the 
activation of the NLRP3 inflammasome and release of inflam-
matory cytokines.
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METHODS

Study Populations

Three cohorts were assessed, 1 discovery cohort and 2 valida-
tion cohorts.

Discovery Cohort
Participants in the discovery cohort were from the Pediatric 
AIDS Clinical Trials Group (PACTG) P152 and P300 studies. 
These patients formed a subset of children with symptomatic 
HIV infection who participated in randomized, double-blinded, 
multicenter protocols P152 (n = 831) or P300 (n = 471) (for de-
tails see [7, 8]).

Validation Cohort 1
Pediatric HIV/AIDS Cohort Study (PHACS) Adolescent 
Master Protocol (AMP) is a contemporary cohort of perinatally 
HIV-infected (PHIV) and perinatally HIV exposed uninfected 
(PHEU) children who have been followed longitudinally since 
their enrollment in 2007–2009 to better understand the effects 
of HIV and ART on children perinatally infected with HIV.

Validation Cohort 2
PACTG P338 and P377 were multicenter, randomized clin-
ical trials that enrolled HIV-infected children younger than 
18  years, had Centers for Disease Control and Prevention 
(CDC) immune category 1 or 2 disease, experienced no new 
CDC clinical category C diagnosis in the previous 12 months, 
had not previously received protease inhibitors, and had re-
ceived continuous nucleoside reverse transcriptase ART for 
at least 16 weeks before study entry (for details see [9, 10]). 
This study was approved by the Human Research Protection 
Program of the University of California, San Diego, and written 
informed consent was obtained from all patients, their parents, 
or legal guardians (Supplementary Methods).

Neuropsychological Measures

Neuropsychological testing was conducted by trained psych-
ologists for all studies using a battery of tests appropriate for 
age (for details see [7–11]). For each age-standardized score 
(mean = 100, SD = 15), neurocognitive impairment was de-
fined as cognitive score for age (CSA) < 70.

Genome-Wide Exome Sequencing
Exome Library Preparation, Sequencing, and Variant Calling
Sequencing libraries were prepared and captured using 
SureSelect Human All Exon 50  Mb kit (246 samples) or 
v4 kit (248 samples) (Agilent Technologies) following the 
manufacturer’s instructions. Sequencing was performed using 
the Illumina HiSeq 2000 system, generating 100-bp paired-end 
reads. The SNVs and indels were called using GATK v2.1-9-
gb90951c UnifiedGenotyper with parameters -stand_call_conf 
20.0, -stand_emit_conf 10.0, and -dcov 800. University of 

California Santa Cruz assembly hg19 and dbSNP137 were used 
as references (Supplementary Methods).

Cell Culture
Peripheral blood mononuclear cells were isolated from whole 
blood of HIV-seronegative donors and human microglial 
cells were differentiated from primary human monocytes 
using methods as described previously [12] (Supplementary 
Methods).

Small Interfering RNA Transfections
Predesigned Dicer-substrate small interfering RNA (DsiRNA; 
Integrated DNA Technologies) were used for silencing C-C 
motif chemokine receptor like 2 (CCRL2), reticulophagy regu-
lator 1 (RETREG1, FAM134B), and tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein eta (YWHAH, 
14-3-3 protein eta) genes in primary human microglia cells. The 
DsiRNA transfections were performed using Lipofectamine 
RNAiMAX transfection reagent (Thermo Fisher Scientific) fol-
lowing the manufacturer’s protocol.

RNA Isolation and Real-Time PCR
Total RNA was isolated using RNeasyMini kit (Qiagen) ac-
cording to the manufacturer’s protocol and 200–500  ng RNA 
was used in 20–40  µL of reverse transcription reaction using 
high-capacity cDNA Reverse Transcription kit (Applied 
Biosystems). TaqMan Gene Expression Assay for CCRL2, 
RETREG1, YWHAH, and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) genes were used for quantitative polymerase 
chain reaction (qPCR) analysis (CCRL2-Hs00243702_s1, 
RETREG1-Hs00375273_m1, YWHAH-Hs00607046_m1, and 
GAPDH-Hs02786624_g1; Applied Biosystems) [13].

Inflammation Activation Assay
For NLRP3 inflammasome activation, microglial cells trans-
fected with DsiRNA targeting CCRL2, RETREG1, YWHAH, 
or negative control siRNA were incubated for 24 hours with 
GU-rich single-stranded  RNA within the HIV long terminal 
repeat (ssRNA40) or vehicle  (LyoVec) (Invivogen). Both cell 
culture supernatants for interleukin-1β (IL-1β) enzyme-linked 
immunosorbent assay (ELISA; R&D Systems) and cell lysates 
for western blot analysis of proIL-1β were collected as previously 
described [14, 15].

Statistical Analysis

Data analysis began from a variant call format (VCF) file of 
918 090 variants across 464 samples from study ART-naive par-
ticipants with neurocognitive data. The phenotype of interest 
was standardized global CSA < 70. The discovery cohort con-
sisted of 217 cases and 247 controls that were successfully exome 
sequenced. The 217 cases were P152/P300 study participants 
that had a CSA < 70 and had peripheral blood mononuclear 

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiaa792#supplementary-data
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cells (PBMC) available for testing. The 247 controls (CSA ≥ 70) 
were matched to cases with regards to age ≤ 2 years or >2 years, 
sex, and self-reported race. Each variant was tested for associa-
tion with CSA < 70. Fisher exact test was applied using PLINK/
SEQ (http://atgu.mgh.harvard.edu/plinkseq).

Counts, means, and percentages were used to summarize 
analyses. Logistic regression and a dominance analysis model 
were used to estimate adjusted odds ratios. To account for mul-
tiple assessments over time in validation cohort 1, generalized 
estimating equations with a logistic link was used. The combined, 
across-study odds ratio (OR) estimate was computed using in-
verse variance weights. Type I  error rates were minimized by 
using multiple validation cohorts. Analyses were conducted 
using SAS 9.4 (SAS Institute) and R 3.2.2 (R Core Team, 2015).

For microglial assays, statistical significance was assessed 
using the 2-tailed Student t test, ANOVA, and Wilcoxon rank 
test as appropriate.

RESULTS

Characteristics of Study Populations
Discovery Cohort
Of the 464 evaluable participants, 51% were female, 62% were 
identified as black, and 27% were Hispanic (Table 1). The me-
dian age was 1.5 years, with a median CD4+ count of 859/mm3 
and median log10 HIV RNA load of 5.4 copies/mL.

Validation cohort 1 consisted of 394 PHIV children with a 
median age of 12 years and 214 PHEU children with a median 
age of 10 years that participated in the PHACS AMP protocol 
(Table 1). In the PHIV group, 53% of participants were female, 
25% Hispanic, and 71% black, which did not differ significantly 
from the uninfected controls. The median log10 HIV RNA was 
2.5 copies/mL with a median CD4+ lymphocyte count of 730/
mm3. Of 394 PHIV, the median CSA was 86, with 54 (14%) 
having a CSA < 70 while 24 (11%) of PHEU had a CSA < 70.

Validation cohort 2 consisted of 357 PHIV children from 2 
PACTG studies that enrolled children who were clinically stable 
for ≥6 months into 3-drug combination therapies. The median 
age for the combined cohort was 6 years with 54% female, 53% 
black, and 34% Hispanic. The median log10 HIV RNA was 4.2 
copies/mL with a median CD4+ lymphocyte count of 668/mm3. 
The median CSA for the cohort was 83 with 54 (15.1%) having 
a CSA < 70 (Table 1).

Genome-Wide Exome Sequencing

A total of 485 samples including 7 duplicates were processed. 
Of the 478 samples from unique individuals, 14 were excluded 
either because of extreme missing rates, extreme heterogeneity, 
or sex discrepancy using PLINK. Thus, as described above, 
464 samples from unique study participants were available for 
analysis.

To identify the potential genes of greatest interest and de-
crease the risk of type 1 error, the variants most associated with 
cognitive impairment, reaching P values lower than .002, odds 
ratios greater than 1.5 or lower than 0.6, and present in at least 
5 participants were selected for validation, yielding 29 variants 
in 24 genes (Table 2). Of these 29 SNVs, 2 pairs were in linkage 
disequilibrium, TMPRSS11B (rs12331141 and rs2319797), and 
PPL (rs61734749) and UBN1 (rs35575708).

Validation Cohorts
The 29 variants identified in the discovery cohort were evalu-
ated in validation cohort 1.  Of these 29, 20 variants had suf-
ficient distribution of frequencies to provide odds ratios, of 
which 3 variants were identified of interest; rs3204849 in the 
gene encoding for CCRL2, rs61733811 encoding for RETREG1 
(FAM134B), and rs73884247 encoding for YWHAH (14-3-
3η) (Table 3). The strongest association was identified for 
rs3204849 (CCRL2) whose minor allele had an odds ratio of 

Table 1.   Baseline Characteristics of Discovery and Validation Cohorts

Characteristic
Discovery Cohort  

(PHIV)
Validation Cohort 1  

(PHIV)
Validation Cohort 1  

(PHEU)
Validation Cohort 2  

(PHIV)

Number 464 394 214 357

Female, No. (%) 236 (50.9) 216 (53.4) 103 (48) 192 (53.8)

Race/ethnicity, No. (%)a     

  Hispanic 123 (26.5) 100 (25.4) 76 (36.0) 120 (33.6)

  Black 286 (61.6) 279 (70.8) 132 (61.7) 190 (53.2)

  White 51 (11) 89 (22.6) 73 (34.1) 44 (12.3)

  Unknown/other 4 (0.9) 26 (6.6) 9 (4.2) 3 (.80.8)

CD4+, count/mm3, median (Q1, Q3) 859 (416, 1490)  730 (522, 953) NA 668 (466, 924)

Log HIV RNA, median (Q1, Q3) 5.4 (4.7, 6.0) 2.5 (1.7, 3.1) NA 4.2 (3.6, 4.7)

Age, y, median (Q1, Q3) 1.5 (0.7, 3.6) 12 (9, 14) 10 (8, 11) 6 (5, 9)

CSA, median (Q1, Q3) 71.5 (58, 89) 86 (75, 95) 87 (78, 99) 83 (74, 93)

  CSA < 70, No. (%) 217 (46.8) 54 (13.7) 24 (11.2) 54 (15.1)

  CSA ≥ 70, No. (%) 247 (53.2) 340 (86.3) 190 (88.8) 303 (84.9)

Abbreviations: CSA, cognitive score for age; NA, not available; PHEU, perinatally HIV exposed uninfected; PHIV, perinatally HIV infected. 
aRace and ethnicity were reported from a single question for the discovery cohort and validation cohort 2. Hispanic ethnicity and race were reported as 2 separate questions for validation 
cohort 1.

http://atgu.mgh.harvard.edu/plinkseq
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0.22. For rs61733811 and rs73884247, the odds ratios for cog-
nitive impairment were 1.82 and 1.19, respectively. Although 
not statistically stable, the odds ratios were in the same direc-
tion as the discovery cohort and considered possible risk alleles. 
Additionally, in the discovery cohort, each of these 3 SNVs re-
mained statistically associated with cognitive impairment when 
study participants with a CSA of <70 were compared to those 
with a score of ≥70, ≥85, or ≥100 (Table 4). To provide further 
support for the inclusion of the 3 SNVs of interest, we examined 
the effect of the SNVs on CSA by HIV status. The interaction 
test P values between HIV status and the SNV were: rs3204849 
(CCRL2) P = .054, rs61733811 (RETREG1/FAM134B) P = .01, 
and rs73884247 (YWHAH/14-3-3η) P = .89. Among the PHEU 
group, for each SNV, OR = 0.69 (95% confidence interval [CI], 
.31–1.54; P = .37) for rs3204849 (CCRL2), OR = 0.24 (95% CI, 
.05–1.10; P = .066) for rs61733811 (RETREG1/FAM134B), 
and OR  =  1.87 (95% CI, .46–7.57; P = .38) for rs73884247 
(YWHAH/14-3-3η).

To further validate the SNVs identified in validation cohort 
1, the 3 SNVs of interest were assessed in the second validation 

cohort. Of the 3 SNVs, only YWHAH (rs73884247) was in the 
same direction as observed in the first 2 cohorts of HIV-infected 
children. However, combining the 3 cohorts, the 3 SNVs re-
mained significantly associated with the risk of having a cogni-
tive score < 70 (Figure 1). For the combined cohorts the overall 
odds ratio for rs3204849 genetic variant was 0.55, indicating 
that the A allele was associated with a decreased risk for cog-
nitive impairment. In contrast, the odds ratios for rs61733811 
(FAM134B) G allele and rs73884247 (YWHAH) G allele were 
1.92 and 2.33, respectively indicating an increased risk associ-
ated with the genetic variant.

Genotype-Function Correlation

To determine the biological plausibility that the specific ge-
netic variants identified have a biological role that can affect 
HIV pathogenesis in the brain, we examined the potential that 
each of the 3 identified SNVs might have an impact on chronic 
inflammation associated with HIV and neurocognitive impair-
ment. These experiments are based on our laboratory’s findings 
and that of others indicating that the NLRP3 inflammasome 

Table 2.   Specific Single-Nucleotide Variants and Genes With Percent Of Homozygous Major Allele Identified in Discovery Cohort Reaching P ≤ .002 and 
Odds Ratios ≥ 1.5 or <0.6 With ≥5 Cases With Cognitive Score for Age < 70

Chromosome  
Number Gene rs Number Major Allele Minor Allele

Homozygous  
Major Allele, % P Value Odds Ratio (95% CI)

1 CR1L rs3085 A G 91 1.60 × 10−3 3.02 (1.50–6.08)

1 IGSF3 rs201676764 C T 67 3.11 × 10−5 3.61 (1.93–6.76)

1 IGSF3 rs61786588 A G 63 1.95 × 10−6 3.84 (2.17–6.79)

1 IGSF3 rs61786589 C G 88 3.33 × 10−5 11.59 (2.61–51.47)

2 GRHL1 rs2303920 G A 53 5.00 × 10−3 0.58 (.39–.83)

2 LINC01237 rs4973668 C G 39 4.83 × 10−4 2.19 (1.40–3.41)

2 STEAP3 rs113158407 G A 96 2.70 × 10−4 8.98 (2.03–39.77)

3 CCRL2 rs3204849 T A 64 8.07 × 10−4 0.52 (.35–.76)

4 TMPRSS11B rs12331141 C T 36 1.81 × 10−4 0.48 (.32–.70)

4 TMPRSS11B rs2319797 A T 36 1.67 × 10−4 0.48 (.32–.70)

5 FAM134B rs61733811 C G 85 3.13 × 10−4 2.62 (1.53–4.50)

6 PREP rs1051484 T C 30 3.72 × 10−4 0.48 (.32–.72)

7 ESYT2 rs2305473 T C 52 5.73 × 10−4 1.92 (1.32–2.80)

7 ESYT2 rs2305477 A C 54 3.26 × 10−4 1.98 (1.36–2.88)

7 KMT2C rs111493987 C A 59 1.95 × 10−6 3.77 (2.15–6.60)

7 VWDE rs73294382 T C 81 1.80 × 10−3 0.46 (.29–.75)

8 PABPC1 rs76261471 A C 81 4.11 × 10−5 0.35 (.21–.59)

10 DCLRE1A rs17235066 T C 83 3.82 × 10−4 2.50 (1.40–4.19)

10 FAM21A rs199520696 C T 57 2.99 × 10−4 2.68 (1.56–4.62)

11 MUC5B rs202127660 A G 83 2.46 × 10−5 3.93 (2.00–7.75)

14 IGHV7-81 rs201928713 C T 72 1.38 × 10−4 0.44 (.29–.68)

16 PPL rs61734749 C T 96 2.46 × 10−4 9.10 (2.06–40.27)

16 UBN1 rs35575708 C T 96 2.46 × 10−4 9.10 (2.06–40.27)

17 CDC27 rs201613328 C A 82 4.04 × 10−5 2.79 (1.68–4.62)

17 CDC27 rs78525224 A T 84 8.21 × 10−6 3.97 (2.08–7.58)

17 ICT1 rs34496172 C T 76 1.25 × 10−4 2.36 (1.51–3.68)

19 ZNF358 rs11555037 A G 95 2.16 × 10−4 7.40 (2.15–25.49)

21 LTN1 rs61735768 T C 85 1.80 × 10−3 2.16 1.34–3.50)

22 YWHAH rs73884247 A G 93 5.29 × 10−4 4.09 (1.73–9.73)

Abbreviation: CI, confidence interval. 
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plays an important role in HAND [15, 16]. We assumed that the 
genetic variants observed to be associated with severe cognitive 
impairment of children resulted in a loss of function. Thus, ge-
netic variants associated with higher cognitive function would 
exhibit less inflammation when microglial cells were silenced 
for the gene of interest, while genetic variants associated with 
CSA < 70 would exhibit greater inflammation when the gene 
was knocked down.

Knockdown of CCRL2, RETREG1 (FAM134B), and YWHAH 
(14-3-3η) in human microglial cells alters the inflammatory re-
sponse to HIV ssRNA and autophagic flux.

Recently, we identified that exposure of primary human 
microglial cells to ssRNA40 from the long terminal repeat 
region of HIV induces the NLRP3 inflammasome with release 
of inflammatory cytokines including IL-1β [15]. Here, we hy-
pothesized in a dominant model of gene expression that knock-
down of genes leading to an increase in release of IL-1β from 
microglia would be associated with an increased risk for de-
velopment of neurocognitive impairment (ie, an increase in in-
flammation), while a decrease in release of IL-1β (ie, a decrease 
in inflammation) would be associated with a decreased risk for 
neurocognitive impairment [15].

Having identified that SNVs in CCRL2 (rs3204849), 
FAM134B (rs61733811), and YWHAH (rs73884247) are as-
sociated with neurocognitive impairment in HIV-infected 
children, we knocked down expression of each of these proteins 
in microglial cells using RNAi and confirmed that there was 
no cytotoxicity (Supplementary Figure 1A). Transfected cells 

were analyzed for knockdown efficiency by qPCR at 48 hours 
posttransfection, following which cells were incubated for 24 
hours with vehicle (LyoVec) or ssRNA40. IL-1β was quantified 
in culture supernatants by ELISA, and cell lysates were prepared 
and analyzed for intracellular expression of IL-1β (proIL-1β) by 
immunoblotting (Supplementary Figure 1B).

CCRL2 is a 7-transmembrane protein that is expressed in 
macrophages, dendritic cells, microglia, and neutrophils and 
its expression is upregulated by many proinflammatory stimuli 
such as lipopolysaccharide [17–22]. Following knockdown of 

Table 3.  Specific Single Nucleotide Variants and Genes Identified in the Discovery Cohort That Could Be Examined Using Percent Homozygous Major 
Allele in Validation Cohort 1

Chromosome  
Number Gene rs Number Major Allele Minor Allele

Homozygous  
Major Allele, % Odds Ratio (95% CI) P Value

1 CR1L rs3085 A G 93 0.95 (.26–3.48) .94

1 IGSF3 rs201676764 C T 93 1.52 (.54–4.33) .42

2 GRHL1 rs2303920 G A 41 0.96 (.54–1.70) .89

2 LINC01237 rs4973668 C G 83 1.32 (.72–2.43) .37

2 STEAP3 rs113158407 G A 94 0.21 (.03–1.52) .12

3 CCRL2 rs3204849 T A 66 0.22 (.09–.55) .001

4 TMPRSS11B rs12331141 C T 35 1.18 (.63–2.21) .61

4 TMPRSS11B rs2319797 A T 35 1.07 (.58–1.99) .82

5 FAM134B rs61733811 C G 82 1.82 (.94–3.53) .08

6 PREP rs1051484 T C 32 1.28 (.69–2.37) .43

7 ESYT2 rs2305473 T C 52 1.12 (.63–1.99) .69

7 ESYT2 rs2305477 A C 54 1.15 (.65–2.02) .63

7 VWDE rs73294382 T C 95 0.55 (.12–2.47) .43

10 DCLRE1A rs17235066 T C 85 0.48 (.19–1.22) .12

10 FAM21A rs199520696 C T 28 1.09 (.57–2.06) .80

11 MUC5B rs202127660 A G 90 0.50 (.15–1.68) .26

16 PPL rs61734749 C T 96 0.34 (.04–2.89) .32

17 ICT1 rs34496172 C T 78 0.94 (.48–1.84) .86

19 ZNF358 rs11555037 A G 68 0.99 (.53–1.84) .98

22 YWHAH rs73884247 A G 96 1.19 (.32–4.39) .79

Abbreviation: CI, confidence interval.

Table 4.   Odds Ratios and P Values for the 3 SNVs of Interest Comparing 
CSAs < 70 vs ≥70, <70 vs ≥85, and <70 vs ≥100 in the Discovery Cohort

Gene SNV

CSA

<70 vs ≥70 <70 vs ≥85 <70 vs ≥100

CCRL2 rs3204849    

  Odds ratio 0.52 0.49 0.33

  95% CI .35–.76 .31–.73 .17–.64

  P value 8.1 × 10−4 1.2 × 10−3 9.1 × 10−4

RETREG1 (FAM134B) rs61733811    

  Odds ratio 2.62 2.84 3.95

  95% CI 1.53–4.5 1.47–5.47 1.17–13.31

  P value 3.1 × 10−4 9.0 × 10−4 9.1 × 10−3

YWHAH (14-3-3η) rs73884247    

  Odds ratio 4.09 5.84 5.48

  95% CI 1.72–9.73 1.72–19.83 .72–41.61

  P value 5.3 × 10−4 6.2 × 10−4 3.4 × 10−2

Abbreviations: CI, confidence interval; CSA, cognitive score for age; SNV, single nucleotide 
variant.
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CCRL2 by approximately 50% in microglial cells (Figure 2A), 
exposure of cells to HIV ssRNA40 led to a 2-fold reduction in 
proIL-1β expression levels (P = .002; Figure 2A) and 2.9-fold 
lower release of IL-1β levels in culture supernatants (P = .002; 
Figure 2A).

Previous studies from our group and others have identified 
dysfunctional autophagy as a mechanism that drives chronic 
inflammation [15, 23–25]. Therefore, we also analyzed if inhibi-
tion of the NLRP3 inflammasome as indicated by a decrease in 
IL-1β release in CCRL2-depleted cells is associated with alter-
ations in autophagy, as indicated by light chain 3 (LC3) lipidation 
and SQSTM1/p62 degradation. Following CCRL2 knockdown, 
LC3B lipidation was increased 2-fold and 1.8-fold in vehicle- or 
ssRNA40-treated cells, respectively (Figure 2B). Similarly, there 
was a 50% and 30% increase in SQSTM1 degradation in ve-
hicle- or ssRNA40-treated cells, respectively (Figure 2B). These 
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findings are consistent with enhanced autophagy following the 
knockdown of CCRL2 associated with decreased inflammation 
on exposure to HIV ssRNA40.

RETREG1 (FAM134B) gene belongs to a family of 3 genes 
(FAM134A, FAM134B, and FAM134C) that encodes cis-Golgi 
transmembrane endoplasmic reticulum (ER) receptor pro-
tein. These proteins have a conserved (DDFELL) microtubule-
associated protein 1A/1B-LC3 and γ-aminobutyric acid 
receptor-associated protein (GABARAP)-interacting region that 
facilitate their interaction with LC3 and GABARAP proteins and 
regulate the turnover of ER [26–28]. FAM134B inhibits Ebola, 
Dengue, Zika, and West Nile virus replication [29, 30]. Following 
the methods described above, microglia were depleted of 
RETREG1 using RNAi. After confirming RETREG1 knockdown 
(70% knockdown, P < .001; Figure 3A), control (siControl) and 
RETREG1-depleted cells (siRETREG1) were exposed to ssRNA40. 
Loss of RETREG1 expression enhanced intracellular IL-1β ex-
pression and secretion in supernatants of ssRNA40-treated cells 
(Supplementary Figure 1C; 2-fold, P = .008; 1.9-fold, P < .001, 
respectively; Figure 3A). Associated with the increased release of 
IL-1β in RETREG1-depleted microglia, there was a concomitant 
increase in LC3B lipidation and inhibition of SQSTM1 degrada-
tion, indicating the inhibition of autophagic flux in both vehicle 
(P < .05, P = .4, respectively Figure 3B) and ssRNA40-treated cells 
(P < .003, P = .13, respectively Figure 3B). Consistent with the 
effects of RETREG1 variant (rs61733811) on HIV cognitive im-
pairment (OR = 1.92), the gene silencing data confirm that loss of 
function for RETREG1 increases inflammation in HIV ssRNA40-
exposed microglia and this effect is associated with the inhibition 
of autophagy in these cells (Figure 3A and 3B).

YWHAH (14-3-3η) belongs to the 14-3-3 protein family, 
which consist of 7 isoforms (β, ε, γ, η, τ, σ, and ζ) in humans en-
coded by 7 genes named YWHAx (x being either B, E, G, H, Q, S, 
or Z) [31]. These proteins are highly abundant in brain and bind 
to several serine/threonine phosphorylated ligands from cell 
cycle and other signal transduction pathways to modulate their 
functions by altering their localization and interactions with 
other proteins [32, 33]. Studies have identified the involvement 
of 14-3-3 proteins in several neurological disorders including 
Parkinson disease, amyotrophic lateral sclerosis, and epilepsy 
[34–37]. Following the approach described above for CCRL2 
and RETREG1, we examined the induction of IL-1β in microg-
lial cells by HIV ssRNA40 following knockdown of YWHAH 
(Figure 3C). YWHAH-depleted microglia exhibited increased 
proIL-1β intracellular expression and IL-1β release in the cul-
ture supernatants (Supplementary Figure 1D; 1.8-fold, P < .05; 
2.1-fold, P < .001, respectively Figure 3C) following ssRNA40 
treatment when compared to control cells. In addition to their 
role in inflammation, 14-3-3 proteins are also known to regu-
late the autophagy activity and expression of TFEB target genes 
by binding to the phosphorylated TFEB (pS211) and control-
ling its cytoplasmic localization [38]. Here, the knockdown of 

YWHAH in microglial cells altered autophagy and was associ-
ated with increased LC3B lipidation and inhibition of SQSTM1 
degradation (1.7-fold, P = .001; >1.5-fold, P < .005, respectively 
Figure 3D) following ssRNA40 treatment. These findings are 
consistent with our hypothesis that the minor allele encoded 
by YWHAH rs73884247 is associated with increased inflamma-
tion and impaired autophagy resulting in cognitive impairment 
(Figure 3C and 3D).

DISCUSSION

Numerous studies have examined host and viral genetics in an 
attempt to identify virus with specific neurotropism and host 
genetic variants that lead to increased susceptibility to CNS dis-
ease [39–44]. Foremost among the genes identified in adults 
has been genetic variants that affect inflammation and immune 
regulation. However, to our knowledge, none of the genome-
wide studies performed in adults has attempted to identify a 
genotype-function association in a biological system to support 
the findings, and no GWAS of neurocognitive disease has been 
performed in HIV-infected children. Thus, to our knowledge, 
this is the first GWAS of cognitive outcomes of HIV-infected 
children. Additionally, we have performed genotype-function 
studies that suggest a biological explanation for how each of the 
SNVs identified could affect neurocognitive outcome.

In the current study, we identified SNVs within 3 genes, 
CCRL2, RETREG1, and YWHAH, which are associated with se-
vere neurocognitive impairment of children with perinatal HIV 
infection. These associations are largely driven by the discovery 
cohort with modest support provided by the validation cohorts. 
Several factors, however, suggest that the findings of the dis-
covery and validation cohorts when combined have identified 
genes of importance in the development of cognitive impair-
ment in HIV-infected children. The discovery cohort is the 
most robust of the 3 cohorts studied although more statistical 
tests were conducted in the discovery cohort. The discovery 
cohort were younger (median age 1.5  years) and occurred at 
a time when children had received no ART and could have 
progressive disease at the time of enrollment. Additionally, all 
children with CSA < 70 with PBMCs available (n = 213) were 
evaluated with controls matched as closely as possible for age, 
sex, and self-reported race. Although the 2 validation cohorts 
were the best available groups to study within the United States, 
each has limitations. Both cohorts had proportionately a lower 
number of children with CSA < 70 (validation cohort 1, 13.7% 
and validation cohort 2, 15.1%) and were older than the dis-
covery cohort. Although the PHACS AMP cohort is the most 
comprehensively studied group of HIV-infected children in the 
United States, when it enrolled in 2007 to 2009, children at entry 
were required to be between 7 and 15 years of age. Thus, most 
of the children were already on effective ART initiated shortly 
after birth, which likely had a significant effect on the number 
of children with CSA < 70. For validation cohort 2, entry into 
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the studies required that children had stable infection and CDC 
category 1 or 2 only. Thus, children with recognized more ad-
vanced or progressing disease were not enrolled into the study. 
Cohort differences, therefore, might partially explain varia-
bility in the cohort-specific point estimates, although the 95% 
CIs generally overlapped, indicating that sampling variability 
is an additional reason why the estimates differed by cohort. 
However, given the above caveats, when validation cohorts 1 
and 2 were combined with the discovery cohort, the 3 genes of 
interest remained associated with children having a CSA < 70.

Having identified SNVs within 3 genes associated with se-
vere cognitive impairment of children, the identification of a 
potential biological mechanism for each of these genes was im-
portant to establish a gene-function relationship that can ex-
plain these findings. Because inflammation is thought to be 
an important mechanism that drives HAND, we sought to de-
termine if the genes identified were potentially involved with 
inflammation within the CNS. Consistent with the hypothesis 
that increased inflammation would lead to an increased risk for 
neurocognitive impairment and decreased inflammation would 
lead to a decreased risk, knockdown of RETREG1 and YWHAH 
were associated with increased NLRP3 inflammasome activa-
tion, while knockdown of CCRL2 was associated with decreased 
NLRP3 activation. Additionally, we found that knockdown of 
RETREG1, YWHAH, and CCRL2 alter autophagy, which is an 
important regulator of NLRP3 inflammasome activity [23, 45].

In summary, 3 SNVs in a dominant genetic model have 
been identified within CCRL2, RETREG1, and YWHAH that 
are associated with neurocognitive impairment of children 
perinatally infected with HIV. Whereas a variant of CCRL2 is 
associated with a decreased risk of cognitive impairment and 
decreased inflammation, variants of RETREG1 and YWHAH 
are associated with an increased risk of cognitive impairment 
and increased inflammation. These findings suggest that thera-
peutic approaches that decrease inflammation may be of benefit 
to HIV-infected children with impaired cognitive function.
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supernatants by ELISA (n = 6); median is plotted as horizontal line. B, Left, representative immunoblots for LC3B lipidation (LC3B-II) and SQSTM1 degradation assessment. 
Center and right, densitometry quantification values were collected after ACTB normalization (see Supplementary Methods for details) and plotted based on 6 different 
donors as means ± SEM. C, Left, nonspecific control siRNA (a nontargeting DsiRNA that does not interact with any sequence in human genome; siControl) and YWHAH 
siRNA (siYWHAH) transfected human microglia were collected at 48 hours for YWHAH mRNA expression analysis by qPCR. Both control and YWHAH-depleted cells were 
incubated with LyoVec (vehicle) or ssRNA40 (5 µg/mL) for an additional 24 hours. Culture supernatants were collected for ELISA, cells were collected, lysed, and lysates 
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