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Abstract

Neurocognitive impairment (NCI) remains a significant cause of morbidity in human immunodeficiency virus (HIV)-positive
individuals despite highly active antiretroviral therapy (HAART). White matter abnormalities have emerged as a key component
of age-related neurodegeneration, and accumulating evidence suggests they play a role in HIV-associated neurocognitive disor-
ders. Viral persistence in the brain induces chronic inflammation associated with lymphocytic infiltration, microglial prolifera-
tion, myelin loss, and cerebrovascular lesions. In this study, gene expression profiling was performed on frontal white matter from
34 older HIV+ individuals on HAART (18 with NCI) and 24 HIV-negative controls. We used the NanoString nCounter platform
to evaluate 933 probes targeting inflammation, interferon and stress responses, energy metabolism, and central nervous system-
related genes. Viral loads were measured using single-copy assays. Compared to HIV— controls, HIV+ individuals exhibited
increased expression of genes related to interferon, MHC-1, and stress responses, myeloid cells, and T cells and decreased
expression of genes associated with oligodendrocytes and energy metabolism in white matter. These findings correlated with
increased white matter inflammation and myelin pallor, suggesting interferon (IRFs, IFITM1, ISG15, MX1, OAS3) and stress
response (ATF4, XBP1, CHOP, CASP1, WARS) gene expression changes are associated with decreased energy metabolism
(SREBF1, SREBF2, PARK2, TXNIP) and oligodendrocyte myelin production (MAG, MOG), leading to white matter dysfunc-
tion. Machine learning identified a 15-gene signature predictive of HIV status that was validated in an independent cohort. No
specific gene expression patterns were associated with NCI. These findings suggest therapies that decrease chronic inflammation
while protecting mitochondrial function may help to preserve white matter integrity in older HIV+ individuals.
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Introduction

Despite the availability of highly active antiretroviral therapy
(HAART) leading to undetectable viral loads, neurocognitive
impairment (NCI) remains a significant cause of morbidity for
individuals infected with human immunodeficiency virus
(HIV) [1, 2]. Mechanisms underlying the pathogenesis of
HIV-associated neurocognitive disorders (HAND), which in-
clude asymptomatic neurocognitive impairment (ANI), minor
neurocognitive disorder (MND), and HIV-associated demen-
tia (HAD), remain incompletely understood [3]. HIV has been
reported to accelerate aging, characterized by earlier onset of
symptoms due to mechanisms such as immunological senes-
cence and metabolic abnormalities, and to accentuate aging in
virally suppressed individuals on HAART by acting as an
additional risk factor for increased NCI across all ages [4].
HIV DNA remains detectable in the brain, particularly in
white matter, in most HIV+ individuals despite plasma viral
suppression on HAART, indicating a persistent reservoir for
HIV reactivation from latency [5, 6]. Chronic inflammation,
impaired proteostasis, and cerebrovascular disease are associ-
ated with chronic HIV infection and aging, and may lead to
neurodegeneration and NCI [7-9]. Microglial activation and T
cell infiltration are increased in the white matter of HIV+
individuals with and without HIV-encephalitis (HIVE), nor-
mal aging, and neurodegenerative diseases including
Alzheimer’s disease [10—12]. Gene expression studies have
identified marked changes in the brains of untreated individ-
uals with HIVE, including upregulation of genes related to
interferon responses, antigen presentation, and complement
components; these changes are similar but milder in
HAART-treated individuals [13, 14]. Additional factors con-
tributing to HAND pathogenesis are likely to include effects
of some antiretroviral drugs and comorbidities common in the
HIV+ population, including drug and alcohol use and co-
infections (e.g., hepatitis C virus) [15-17].

White matter dysfunction has emerged as a key component
of age-related neurodegeneration and HIV-associated
neurocognitive impairment, likely due to the role of white
matter axons in brain connectivity. Premortem neuroimaging
studies have identified white matter abnormalities in HIV-
infected individuals on HAART as well as older uninfected
individuals, including increased white matter hyperintensities
and other white matter lesions, decreased white matter integ-
rity, and increased gap between predicted and chronological
brain age [16, 18-22]. Histological correlates of white matter
lesions include myelin pallor, tissue rarefaction, oligodendro-
cyte loss, diffuse axonal injury, and reactive gliosis, as well as
vascular abnormalities including small-vessel
arteriolosclerosis, microinfarcts, and hemorrhages [19].
These nonspecific findings are also frequent in HIV+ patients
without HIVE, suggesting overlapping mechanisms [11, 23,
24]. Decreased oligodendrocytes and myelin density are
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associated with aging and vascular dementia, due in part to
the susceptibility of myelin-associated glycoprotein (MAG) to
ischemia, and accumulation of degenerating myelin basic pro-
tein (MBP) [19]. Ischemic injury is associated with increased
production of reactive oxygen species and oxidative stress,
which can be counteracted by various protective mechanisms
including activity of the detoxifying enzyme heme
oxygenase-1 (HO-1) and regulation of mitochondrial biogen-
esis by transcriptional factor A (TFAM) [25, 26]. In astrocytes,
HIV-associated inflammation and oxidative stress are associ-
ated with elevated calcium levels, activation of the unfolded
protein response, and mitochondrial dysfunction [27]. To bet-
ter understand pathways underlying HAND pathogenesis, we
assembled a cohort of 58 subjects (34 HIV+ and 24 HIV-)
with available postmortem frozen brain tissue and evaluated
gene expression patterns (n = 933 genes) in frontal lobe sub-
cortical white matter using the NanoString nCounter platform.

Methods
Cohort Selection and Characterization

A cohort of older HIV+ patients (defined as > age 45 at death)
and age-matched HIV-negative controls with available frozen
autopsy brain tissue collected between 2000 and 2014 was
assembled from the National NeuroAIDS Tissue Consortium
(NNTC) sites (Texas NeuroAIDS Research Center, National
Neurological AIDS Bank, Manhattan HIV Brain Bank, and
California NeuroAIDS Tissue Network). All subjects were
enrolled with written informed consent and institutional re-
view board (IRB) approval at each study site. Autopsy tissue
samples and demographic, clinical, and laboratory data were
collected and coded to protect participants’ confidentiality in
accordance with IRB-approved protocols at the University of
Texas Medical Branch, University of California Los Angeles,
Icahn School of Medicine at Mount Sinai, University of
California San Diego, and Dana-Farber Cancer Institute. To
identify older HIV— controls, we searched the NNTC database
for persons aged 45-80 years with no history of HIV. To
identify older HIV+ cases, we searched for participants aged
45-80 years on HAART for at least 1 year, including the year
prior to death, with a recorded last premortem plasma viral
load (VL) within 12 months prior to death of < 1000 HIV
RNA copies/mL or undetectable (< 50 or 400 copies/mL,
depending on the year that testing was performed). Cases with
fatal stroke, CNS hemorrhage, multiple sclerosis, and active
CNS infections were excluded. The following cases not meet-
ing all search or exclusion criteria were included: three cases
under age 45 (range 40-43) and two HIV+ cases with last
plasma VL > 1000 copies/mL (range, 4953—-8429). NCI status
was determined based on HAND diagnoses and
neurocognitive 7'scores. Five subjects with diagnoses reported
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as neuropsychological impairment due to other causes (NPI-
0O) were assigned to the unimpaired group because review of
available clinical data suggested a low likelihood of HAND
based on neurocognitive 7'scores near the normal range and/or
confounding by alcohol use. Clinical characteristics of each
HIV+ subject are listed in Table S1.

Neuropathologic Examination

Brains were removed and examined at the individual NNTC
sites [28]. Representative tissue was frozen or formalin-fixed
and paraffin-embedded per consortium protocols, and hema-
toxylin and eosin stains were examined by neuropathologists
at each site, with additional stains performed as necessary for
individual cases. Features evaluated include type and extent of
inflammation, presence of reactive astrocytes including
Alzheimer type 2 astrocytes, presence of microglia or
microglial nodules, evidence of cerebrovascular abnormalities
including arterio- and arteriolosclerosis, age and size of ische-
mic lesions, abnormalities in myelination, presence of primary
or secondary neoplasia, involvement by opportunistic infec-
tions, and evidence of non-HAND neurodegenerative disease.
Cerebrovascular scores were defined as 0 = none, 1 =
hypoxic-ischemic changes limited to cerebellar and/or hippo-
campal neurons, and 2 = arteriosclerosis, atherosclerosis, and/
or ischemic infarcts. HIVE scores were defined as 0 = no or
minimal inflammation, 1 = mild to moderate lymphocytic
inflammation, and 2 = microglial nodules, severe lymphocytic
inflammation, and/or leukoencephalopathy.

Nucleic Acid Extraction and Brain HIV Viral Load
Measurements

Frontal lobe subcortical white matter RNA and DNA were
simultaneously extracted from 10-15 mg frozen tissue using
the AllPrep DNA/RNA isolation kit according to the manu-
facturer’s instructions (Qiagen, Valencia, CA). Thirty-four
paired samples of RNA and DNA from the HIV+ cases were
assayed for HIV brain viral loads by the HIV Molecular
Monitoring Core (HMMC) (Frederick National Laboratory
for Cancer Research, Frederick, MD) using the HMMC gag
assay [29], which measures an HIV-1 gag target. Input nucleic
acid from 1-2 million cell equivalents (0.5-2 pg) was assayed
in 12 replicates for each RNA and DNA sample. HIV-1 RNA
values from two subjects were excluded from further analysis
due to HIV-1 DNA contamination, evaluated by omission of
reverse transcriptase. No inhibition was observed in any of the
RNA or DNA samples, as assessed by spiking with HIV-1 gag
transcript. DNA cell equivalent-recoveries were assessed
using the hCCRS5 assay [30] with each diploid cell containing
two copies of the hCCRS gene, which was used to normalize
cellular HIV-1 RNA and DNA viral loads.

Gene Expression Profiling

The workflow for gene expression analysis is shown in Fig. 1.
RNA content and quality (RNA integrity number, RIN) were
evaluated using the Agilent BioAnalyzer (Agilent
Technologies, Santa Clara, CA). mRNA hybridization, detec-
tion, and scanning were performed using NanoString
nCounter technology and software (NanoString
Technologies, Seattle, WA) [31] at the Dana-Farber/Harvard
Cancer Center Molecular Biology core facility, as described
[24]. The probeset consisted of 770 probes from nCounter
PanCancer Immune Profiling Panel and 163 custom probes,
targeting genes involved in stress responses (oxidative stress,
ER stress, heat shock proteins, sirtuins), autophagy, energy
metabolism, tryptophan metabolism, lipid metabolism,
blood-brain barrier, neurodegeneration, and cell-type markers
of neurons, astrocytes, oligodendrocytes, myeloid cells, and
endothelial cells. The probes are listed in Table S2, and genes
used as cell-type markers are listed in Table S3. Quality con-
trol checks were performed using nSolver 3.0 software
(NanoString Technologies, Seattle, WA). Normalization

58 White matter RNA samples
n=34 HIV+, 24 HIV-
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Nanostring gene expression profiling (933 probes)
PanCancer Immune panel + Custom probes
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Fig. 1 Workflow for analysis of gene expression data. RNA was
extracted from frozen frontal lobe subcortical white matter from 34
HIV+ and 24 age-matched HIV-negative subjects. Expression of 933
genes was analyzed to identify co-expression modules, differentially
expressed genes, and SVM-based 15-gene signature. DEG, differentially
expressed genes
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between samples was performed using the cyclic loess method
in the R /imma package [32]. To adjust for background, mean
signals from four negative control probes with the lowest
mean counts were subtracted from all probe counts on a per-
sample basis. Following initial analysis of RNA from 64
cases, 6 cases were excluded due to low RNA quality or high
expression of neuronal markers (GRIN1, GRIN2A, GRIN2B,
SNAP25, SYN1), leaving 58 cases for analysis of gene
expression.

Data Analysis

Group differences in cohort characteristics, laboratory data,
and neuropathological evaluation were determined by
Student’s ¢ test or Fisher’s exact test for continuous and cate-
gorical variables, respectively (P values < 0.05). For fold-
change analysis of gene expression using NanoString technol-
ogy, P values were calculated using Welch’s ¢ test (P < 0.05)
and Pearson’s correlation analyses were performed using R
version 3.3.1. False-discovery rates (FDR) for gene expres-
sion profiling were estimated using the fdrfool package in R.
Semi-supervised heatmaps, imputations for missing values
based on k-nearest neighbors (KNN) [33], principal compo-
nent analysis (PCA), k-means clustering, and support vector
machine (SVM) analysis were performed using Qlucore
Omics explorer software package version 3.3 (Qlucore AB,
Lund, Sweden). Networks were generated using Ingenuity
Pathways Analysis software (IPA; QIAGEN Inc., https://
www.qiagenbio-informatics.com/products/ingenuity-
pathway-analysis).

Results
Cohort Characteristics

HIV-positive and HIV-negative cases from four sites in the
National NeuroAIDS Tissue Consortium were combined to
form a cohort of 34 HIV+ subjects and 24 HIV— controls.
HIV+ subjects were further divided into groups with (n = 18)
or without (n = 16) neurocognitive impairment (NCI), based on
the available clinical data and neuropsychological evaluations.
Demographics, clinical characteristics, and laboratory data are
summarized in Table 1. HIV+ and HIV— groups were similar in
age (median 54 and 58 years, respectively) and race (53% and
42% white), while the HIV+ group had more males (82% vs.
54%, P = 0.04). Illicit drug use (P <0.001) and hepatitis C virus
infection were more common in HIV+ subjects, and diabetes
was more common in HIV— controls, while there was no sig-
nificant difference in rates of hypertension, hyperlipidemia,
body mass index, cancer history, cardiovascular disease, or ce-
rebrovascular disease. Lack of available laboratory data in the
control group precluded comparison with HIV+ cases. HIV+
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subjects had a median of 19 [IQR 13-22] years duration of HIV
infection prior to death; 100% were on HAART, with a
perimortem median CD4 count of 283 [IQR 123-414] cells/
uL (67% above 200 cells/uL), and the majority had undetect-
able plasma (62%) and cerebrospinal fluid (81%) viral loads at
the last premortem study visit.

Premortem neurocognitive evaluations identified 18 HIV+
individuals with neurocognitive impairment, including five
with HIV-associated dementia (HAD), two with mild
neurocognitive disorder (MND), one with asymptomatic
neurocognitive impairment (ANI), and ten with neuropsycho-
logical impairment attributed to other causes (NPI-O), while
the remaining 16 HIV+ individuals were classified as unim-
paired. Age, gender, race, duration of HIV infection, and CD4
counts were similar in HIV+ groups with vs. without NCI, but
fewer NCI subjects were virally suppressed in plasma (50% vs.
81%, P =0.08) or CSF (67% vs. 100%, P = 0.1). NCI subjects
had higher rates of smoking, hypertension, hyperlipidemia,
cancer, cardiovascular disease, and cerebrovascular disease,
but there were no significant differences in illicit drug use,
diabetes, or body mass index. Hepatitis C virus infections were
more common in the no-NCI group (50% vs. 22%, P = 0.01),
with corresponding elevations in median ALT and AST indi-
cating liver dysfunction. Total cholesterol was slightly higher in
the NCI group (181 vs. 141 mg/dL, P = 0.04), while there were
no significant differences in HDL, LDL, or triglycerides.
APOE genotyping revealed 10 subjects with at least one E4
allele, but no significant difference by neurocognitive status.

Neuropathologic Features

Postmortem evaluation was performed within 24 h of death in
all but one case. There was no significant difference in post-
mortem interval between HIV+ and HIV— groups, or between
HIV+ groups with and without NCI. The brain gross and
histopathologic findings are summarized in Table 2.
Inflammation, consisting predominantly of perivascular lym-
phocytes, mild lymphocytic or macrophage infiltrates, or oc-
casional foci of macrophages/microglia, was reported in 29%
of HIV+ subjects and none of the HIV— controls (P = 0.009).
Reactive gliosis (41%, P < 0.001), myelin pallor (24%, P =
0.02), and microgliosis (12%, P = 0.3) were reported only in
HIV+ subjects. Both HIV+ subjects and HIV— controls exhib-
ited atherosclerosis, ischemic infarcts, Alzheimer type 2
astrogliosis, and non-HIV-associated neurodegenerative dis-
ease, with no significant differences between groups.
Compared to subjects without NCI, HIV+ subjects with NCI
had decreased gross brain weights (1270 vs. 1420 g, P =
0.054, when adjusted for gender), more reactive gliosis
(67% vs. 13%, P = 0.002), and inflammation (44% vs. 13%,
P =0.06). Myelin pallor was identified only in HIV+ individ-
uals with NCI (44% vs. 0%, P = 0.003). There were no sig-
nificant differences in proportions of subjects with Alzheimer
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Table 1 Characteristics of the study cohort

HIV— (n =24) HIV+ (n = 34) HIV+ no NCI (n = 16) HIV+ NCI (n = 18)
Age at death (years), median [IQR] 58 [49-67] 54 [50-59] 52 [50-58] 56 [50-61]
Male gender, n (%) 13 (54) 28 (82) 15 (94) 13 (72)
White race, n (%) 10 (42) 18 (53) 10 (63) 8 (44)
PMI (h), median [IQR] 10 [7-17] 13 [8-18] 13 [6-16] 13 [8-19]
Smoking, n (%) NA 15 (44) 530D 10 (56)
Ilicit drugs®, n (%) 0 (0) 21 (62) 10 (63) 11 (61)
Hypertension, n (%) 4 (40) 9 (26) 2 (13) 7(39)
Diabetes, 1 (%) 4 (40) 5(15) 2 (13) 317
Hyperlipidemia, n (%) 4 (40) 11 (32) 3(19) 8 (44)

Body mass index (kg/m?), median [IQR]
Cancer®, n (%)

Cardiovascular disease, 1 (%)
Cerebrovascular disease, n (%)

Hepatitis C virus infection positive, n (%)
FIB4° > 3.25, n (%)

Creatinine (mg/dL), median [IQR]

BUN (mg/dL), median [IQR]

ALP (U/L), median [IQR]

Albumin (g/dL), median [IQR]

Total bilirubin (mg/dL), median [IQR]
Total cholesterol (mg/dL), median [IQR]
LDL (mg/dL), median [IQR]

HDL (mg/dL), median [IQR]
Triglycerides (mg/dL), median [IQR]
APOEH4 positive, n (%)

Duration of HIV (years), median [IQR]
CD4 count (cells/uL), median [IQR]
CD4 < 200 cells/uL, n (%)

CD4 nadir (cells/uL), median [IQR]
Plasma VL (copies/mL), median [IQR]
Plasma VL < 50 copies/mL, n (%)

CSF VL (copies/mL), median [IQR]
CSF VL < 50 copies/mL, 1 (%)
HAART use, n (%)

Protease inhibitor use, n (%)
Neurocognitive impairmentd, n (%)

27.9 [25.4-28.6]
3(30)
5 (50)
7 (44)
1(10)
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

0(0)

22.9[20.5-27.9]
12 (35)

22 (65)

10 (29)

12 (35)

9 (36)

1.0 [0.8-1.3]
15 [11-19]
109 [92-150]
3.8 [2.9-4.3]
0.7 [0.4-1.3]
173 [140-187]
101 [92-118]
40 [35-44]
169 [107-181]
10 (29)

19 [13-22]
283 [123-414]
11 (33)

98 [51-136]
40 [40-82]

21 (62)

40 [40-40]

17 81)
34.(100)

20 (59)

18 (53)

23.7[20.9-27.1]
4(25)

9 (56)

3(19)

8 (50)

6 (60)
1.3[0.7-1.4]
15 [12-19]
121 [98-148]
3.7[2.7-4.2]
0.7 [0.4-13]
141 [110-172]
110 [73-114]
40 [37-43]
167 [94-178]
6 (38)

18 [12-22]
306 [125-329]
5(33)

70 [16-132]
40 [40-44]

13 81)

40 [40-40]

9 (100)

16 (100)

10 (63)

0(0)

22.9 [20.3-28.9]
8 (44)

13 (72)

7(39)

4(22)

3(20)

1.0 [0.8-1.2]
16 [11-20]

95 [84-153]
4.0 [3.6-43]
0.6 [0.3-1.2]
181 [169-207]
100 [95-117]
40 [31-51]
172 [149-180]
4(22)

19 [15-22]
277 [126-411]
6(33)

99 [65-143]
53 [40-109]

9 (50)

40 [40-202]

8 (67)

18 (100)

10 (56)

18 (100)

Abbreviations: ALP alkaline phosphatase, APOE4 apolipoprotein E4, BUN blood urea nitrogen, CSF' cerebrospinal fluid, HAART highly active
antiretroviral therapy, HDL high-density lipoprotein, /OR interquartile range, LDL low-density lipoprotein, NA not available, NCI neurocognitive
impairment, PMI postmortem interval, VL viral load

*Illicit drugs include cocaine, tetrahydrocannabinol, opioids, and stimulants

® Cancer diagnoses include lung carcinoma with brain metastases, lung carcinoma with epicardial metastases, colorectal carcinoma, gastric carcinoma,
hepatocellular carcinoma (n — 2), lymphoma (n — 3), Kaposi’s sarcoma, cancer not otherwise specified, gastrointestinal carcinoma not otherwise
specified, myelodysplastic syndrome/leukemia, germ cell tumor with lung metastases, and carcinoid tumor

¢ Fibrosis 4 (FIB4) calculated from patient age, platelet count, and alanine aminotransferase and aspartate aminotransferase levels; score > 3.25 is 97%
specific for advanced fibrosis with 65% positive predictive value

9Neurocognitive impairment diagnoses include one asymptomatic neurocognitive impairment (ANI), two mild neurocognitive disorder (MND), five
HIV-associated dementia (HAD), and 10 neuropsychological impairment attributed to other causes (NPI-O)
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Table 2  Brain gross and histopathologic features

HIV— (n=24) HIV+ (n=34) Pvalue HIV+noNCI(n=16) HIV+NCI(n=18) P value

Inflammation 0 (0) 10 (29) 0.009 2 (13) 8 (44) 0.06
Reactive gliosis 0 (0) 14 (41) <0.001 2(13) 12 (67) 0.002
AT2 astrocytosis 1(5) 309 1.0 1(6) 2 (11) 1.0
Microgliosis 0 (0) 4(12) 0.3 2 (13) 2 (11) 1.0
Arteriosclerosis 525 6 (18) 0.7 2 (13) 4(22) 0.7
Ischemic infarcts 4 (20) 6 (18) 1.0 1(6) 527 0.2
Myelin pallor 0 (0) 8 (24) 0.02 0 (0) 8 (44) 0.003
Neoplasia 0(0) 1(3) 1.0 0(0) 1(6) 1.0
Neurodegenerative disease 2 (10) 2 (6) 0.6 0 (0) 2 (11) 0.5
Brain weight (g), median [IQR] NA 1310 [1240-1420] - 1420 [1290-1490] 1270 [1170-1380]  0.02
Brain RNA (cps/10° cells)a, median [IQR] — 10.7 [2.6-38.0] - 14.0 [2.3-30.6] 9.6 [2.8-52.8] 04

Brain DNA (cps/10° cells)a, median [IQR] —

9.4 [5.4-19.4]

- 6.9 [3.8-25.2] 10.0 [8.3-15.7] 04

Abbreviations: AT2 Alzheimer type 11, cps copies, IOR interquartile range, NCI neurocognitive impairment

Data are n (%) unless otherwise indicated. Italicized values denote P value < 0.05 (Fisher’s exact or Student’s ¢ test)

? Cell equivalents are based on hCCRS5 with each diploid cell containing 2 copies of the hCCRS gene [30]

type 2 astrogliosis, microgliosis, arteriosclerosis, or ischemic
infarcts. Two HIV+ individuals with Alzheimer’s disease-
related neurodegenerative pathology and one subject with
metastatic lung carcinoma exhibited NCI. Five subjects had
an HIVE score of 2, including three individuals with
microglial nodules, one with leukoencephalopathy, and one
with lymphocytic inflammation.

HIV Brain Viral Loads

Single-copy HIV RNA and DNA VL assays detecting an HIV-
1 gag target [29] were performed on frozen subcortical frontal
white matter from HIV+ subjects. Values for HIV RNA and
DNA VL (HIV gag copies normalized to 10° cell equivalents,
based on 2 copies of hCCRS per diploid cell) are summarized
in Table 2. Among all HIV+ cases, median white matter HIV
RNA VL was 10.7 [IQR 2.6-38.0] copies/10° cells and medi-
an HIV DNA VL was 9.4 [IQR 5.4-19.4] copies/10° cells.
Individuals with non-suppressed plasma HIV RNA VL prior
to death (> 50 copies/mL) had higher HIV DNA levels in
postmortem frontal white matter tissue compared to those with
suppressed plasma HIV RNA (P = 0.006), while no signifi-
cant differences were observed in CSF or brain HIV RNA
levels (Fig. 2a). Non-suppressed subjects with multiple elevat-
ed plasma and CSF HIV RNA VLs in the 10 years prior to
death showed a trend towards higher white matter HIV RNA
and DNA levels compared to those with durably suppressed
plasma and CSF HIV RNA (Fig. 2b). There were no signifi-
cant differences in white matter HIV DNA levels (10.0 vs. 6.9
copies/lO6 cells, P = 0.4) or HIV RNA levels (9.6 vs. 14.0
copies/10° cells, P = 0.4) between HIV+ subjects by NCI
status (Table 2). Brain DNA viral load was higher for subjects
with HIVE score 2 than for those with scores of 0 or 1 (median
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25.0 vs. 8.8 cps/lO6 cells, P = 0.01), while there was no dif-
ference in RNA viral load (30.1 vs. 9.4 cps/ 10° cells, P = 0.7).

Gene Expression Profiling

Targeted gene expression profiling was performed on frozen
white matter for 34 HIV+ and 24 HIV— subjects using
NanoString nCounter technology. The workflow detailing
the samples, probes, and analysis is illustrated in Fig. 1. A
total of 933 unique probes were evaluated, which included
genes related to inflammation/immune functions, stress re-
sponses, energy metabolism, and central nervous system func-
tion. The complete list of probes is listed in Table S2, and the
set of genes used as cell-type markers (e.g., neuronal, astro-
cyte, myeloid, oligodendrocyte) is listed in Table S3.

Among 933 total gene probes, 800 genes shown in the
volcano plot in Fig. 3a had sufficient signal above background
levels and 325 probes produced sufficient signal and variance
to warrant further analysis. Most differentially expressed
genes showed modest fold changes (50 genes were differen-
tially expressed with non-stringent FC > 1.3, P value < 0.1,
FDR < 20%) primarily representing seven functional catego-
ries: interferon response, stress response, myeloid cells, major
histocompatibility complex class 1 (MHC-1), T cells, oligo-
dendrocytes, and energy metabolism (listed in Table S4). The
majority of these genes showed increased expression in HIV+
subjects compared to HIV— controls. In contrast, expression
of several oxidative phosphorylation/energy metabolism
(PARK?2, SREBF1, SREBF2, TXNIP) and oligodendrocyte
(MAG, MOG) genes was decreased in HIV+ subjects.
Given modest fold changes in differentially expressed genes,
we used Pearson correlations to detect seven co-expression
modules representing these functional categories and focused
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Fig.2 Cerebrospinal fluid and brain viral loads in plasma-suppressed and
non-suppressed HIV+ subjects. a Brain HIV DNA, but not brain HIV
RNA or CSF viral loads (VL), was higher in individuals with detectable
VL in plasma (n = 12) compared to individuals with undetectable plasma
VL (n =22; < 50 copies/mL). CSF viral loads were measured within the
last 2 years prior to death. Medians and IQRs are indicated as horizontal
and vertical lines, respectively. Statistical significance was calculated

subsequent analyses on 78 genes identified in these modules
(Fig. 3b). As shown by the Pearson correlation coefficient
matrix in Fig. 3b, interferon response, stress response, mye-
loid cell, MHC-1, and T cell genes correlated positively with
each other, with the strongest correlations observed within
each module. A subset of interferon response genes (IRF1,
IRF7, IFITM2, IF116, CGAS, NFKB2, STAT3) also correlat-
ed with the stress response gene module. Oxidative
phosphorylation/energy metabolism and oligodendrocyte
genes correlated positively with each other, but inversely with
the other co-expression modules, suggesting decreased mito-
chondrial activity (oxidative phosphorylation/energy metabo-
lism genes) and white matter integrity (oligodendrocyte

Time to death (years)

using the Mann-Whitney test. b Plasma and CSF HIV RNA, and post-
mortem brain HIV DNA and RNA viral loads of representative plasma-
suppressed (n = 5) and non-suppressed (n = 5) subjects. Blue and red solid
lines in plasma and CSF panels, respectively, show viral load trajectories
within 10 years prior to death. Horizontal dashed lines represent limit of
assay detection (40 HIV RNA copies/mL)

genes) in the setting of increased inflammation (interferon
response, MHC-1, myeloid, and T cell genes) and reactive
oxygen species (stress response genes). None of these gene
expression changes correlated with brain HIV RNA or DNA
levels (data not shown). Gene expression was also compared
between HIV+ NCI (n = 18) and no-NCI (n = 16) subjects,
which identified only a trend towards differential expression
of some interferon response-related genes (NLRCS, CXCL10,
IRF7, STATI, SIGLECI, IFITM1 with P < 0.1). However, no
genes met the criteria of FC > 1.3, P value < 0.1, FDR < 20%
when we analyzed groups by NCI status (see Table S4).
Expression levels for the 78 genes belonging to co-
expression modules are shown in a heatmap in Fig. 4. K-
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«Fig. 3 Differential expression of genes in frontal lobe white matter in P

HIV+ subjects compared to age-matched controls. a Volcano plot shows
genes differentially expressed in white matter between 34 HIV-positive
versus 24 age-matched HIV-negative subjects. Labeled genes are differ-
entially expressed based on low stringency cut-offs: FC > 1.3, P < 0.1,
FDR < 20%. Dashed vertical lines represent fold change of 1.3 in either
direction. b Pearson correlation matrix of » values for 78 genes from the
34 HIV-positive subjects mapped to the indicated co-expression modules.
Colored bars to the left of the heatmap designate co-expression modules
for each gene row. IFN, interferon; Oligo, oligodendrocyte; OXPHOS,
oxidative phosphorylation/energy metabolism

means clustering identified three distinct subject clusters: clus-
ter 1 (n = 11 HIV+ and 17 HIV— subjects) characterized by
neutral or decreased expression of interferon response, stress
response, and MHC-1 genes; variable expression of myeloid
cell and T cell genes; and increased expression of oligoden-
drocyte and energy metabolism genes; cluster 2 (n = 15 HIV+
and 7 HIV— subjects) characterized by mild to moderately
increased expression of interferon response, stress response,
myeloid cells, MHC-1 upregulation, and T cell genes, and
variable expression of oligodendrocyte and energy metabo-
lism genes; and cluster 3 (n = 8§ HIV+ and 0 HIV— subjects)
characterized by markedly increased expression of interferon
response, stress response, myeloid cell, MHC-1, and T cell
genes, and decreased expression of oligodendrocyte and ener-
gy metabolism genes. Cluster 3 also contained all of the cases
with high levels of CNS inflammation (HIVE score = 2) and a
preponderance of subjects with NCI (6/8, 75%), non-
suppressed plasma HIV VL (75%), brain HIV DNA VL >
10 copies/ 10° cells (50%), and at least one APOE4 allele
(50%). Subjects in this cluster were characterized by histolog-
ical and gene expression evidence of inflammation and myelin
disruption, and gene expression evidence of increased stress
response and decreased mitochondrial function. Among
HIV+ subjects in clusters 1 and 2, there was no significant
difference in any covariates evaluated, including plasma HIV
RNA VL, brain HIV DNA VL, NCI status, cerebrovascular
disease, APOE genotypes, or HIVE score. There was no sig-
nificant difference in the proportion of subjects over 60 years
of age between the three clusters.

Network Analysis

IPA identified three high-scoring networks shown in Fig. Sa—c
for 33 of the top 40 differentially expressed genes shown in
Fig. 5d. The interferon response network included key genes
associated with interferon-related antiviral functions including
recognition of viral nucleic acids (IFIT1, IFIT2, CGAS, IFI16,
IFIH1), inhibition of virus fusion or diffusion within cellular
membranes (BST2, IFITM1, IFITM2), and cell signaling and/
or transcriptional regulation (STAT1, STAT3, IRF1, IRF7).
Four of the most strongly upregulated genes in HIV+ subjects
in this network were interferon response genes ISG15

(ubiquitin-like modifier with multiple functions including
blocking HIV replication and virus release), MX1 (GTPase
that blocks endocytic trafficking of viral components),
OAS3 (producer of 2'-5' oligoadenylates which activate
RNase L), and IFI27 (mitochondria-associated pro-apoptotic
protein) [34-37]. STATs, IRF1, IRF7, and IFI16 were identi-
fied as key transcriptional regulators in this network. A second
network of MHC class 1-associated genes was upregulated in
HIV+ subjects, which included HLA-A, HLA-B, and HLA-C,
regulators of MHC-1 gene expression (NLRCY), transporta-
tion of virus peptides (TAP1), and immunoproteasome sub-
units (PSMB8, PSMB9). A third interconnected network in-
cluded stress response and oxidative phosphorylation/energy
metabolism genes, including upregulated genes involved in
the unfolded protein response and apoptosis (XBP1, CASPI,
CHOP, ATF4) and downregulated genes involved in lipid ho-
meostasis (SREBF1, SREBF2), autophagy of damaged mito-
chondria (PARK?2), and inhibition of antioxidation (TXNIP).
These network models identified several key transcription fac-
tors with altered expression levels, including IRF1, IRF7,
IFI16, STAT1, STAT3, NLRCS, XBP1, ATF4, CHOP,
SREBF1, and SREBF2, consistent with a robust cellular re-
sponse to HIV infection.

Validation of Differentially Expressed Genes
and SVM-Based 15-Gene Signature

Differentially expressed genes identified in the preceding
analyses (34 HIV+ vs. 24 HIV—-) were tested for differential
expression against independent microarray datasets published
by Borjabad et al. (6 HIV+ on HAART vs. 6 HIV—) and
Gelman et al. (14 HIV+ on HAART vs. 6 HIV-) [13, 14].
Twenty-two differentially expressed genes identified in the
present study were also upregulated in at least one of the other
studies, listed in Supplementary Tables S5 and S6. These
genes were predominantly associated with interferon re-
sponses (n = 13), but also included stress response (n = 4)
and MHC-1 (n = 4) genes, and TNFSF10. None of the down-
regulated oligodendrocyte or oxidative phosphorylation genes
were identified in the studies by Borjabad et al. or Gelman
et al., which may reflect greater statistical power in the present
study due to more HIV+ subjects and HIV— controls, younger
age of subjects in these prior studies (median age 45 years vs.
54 years in our study cohort) [14], or earlier calendar period of
the prior studies, which impacts availability of newer antire-
troviral drugs [13, 14].

Support vector machine (SVM) learning identified a core
signature of 15 genes with high predictive accuracy for
predicting HIV status, consisting of genes related to interferon
responses (CXCL10, IFITM1, IRF7, ISG15, MX1, OAS3),
stress responses (ATF4, XBP1, CASP1, WARS), MHC-1
(HLA-A, HLA-B, TAP1), and T cells (CCL5, TNFSF10).
Using fivefold and threefold cross-validation to test prediction
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Fig.4 Gene expression heatmap of white matter gene expression changes
in HIV+ subjects and age-matched controls. K-means clustering of white
matter gene expression for genes in co-expression modules shown in Fig.
3b identified three subject clusters in the HIV+ cohort. Colored bars

accuracy on training (n = 58) and validation (n = 12) sets,
respectively, HIV+ and HIV— subjects were identified with
82% and 79% accuracy, respectively, in the training set (mean
81% accuracy) and 86% and 83% accuracy, respectively, in an
independent test set (mean 85% accuracy) of HAART-treated
HIV+ and HIV— white matter samples from the study by
Borjabad et al. [14]. These 15 genes were significantly upreg-
ulated in HAART-treated HIV+ subjects compared to HIV—
controls (P < 0.05), regardless of white matter HIV DNA VL
above or below 10 copies/10° cells (Fig. 6). Furthermore,
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above the heatmap show covariate values for each subject column.
Colored bars to the left of the heatmap designate co-expression modules
for each gene row

Supplementary Tables S5 and S6 show that 14 of these 15
genes were upregulated in one or both studies by Borjabad
et al. or Gelman et al. [13, 14].

Discussion

This is the largest study to date of gene expression profiling of
brain tissue from HIV+ patients on HAART. Consistent with
prior studies [13, 14], interferon response genes were among
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highlighted in network diagrams in panels a—c
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Fig. 6 Expression levels of a 15-gene signature predictive of HIV status.
Boxplots show expression levels for each gene in the 15-gene signature
discovered by support vector machine learning. Differential expression in
a HIV+ subjects versus age-matched HIV— controls or b HIV+ subjects
stratified by HIV brain DNA VL < 10 copies/10° cells or > 10 copies/10°
cells versus age-matched HIV— controls (P < 0.05). Horizontal bars

the most strongly upregulated genes in HIV+ subjects com-
pared to HIV— controls, reflecting activation of the immune
system in response to ongoing viral infection. Stress response-,
myeloid, MHC-1-, and T cell-associated genes were also up-
regulated in HIV+ subjects, while oligodendrocyte and energy
metabolism genes were downregulated. Machine learning iden-
tified a 15-gene signature, comprised of interferon response-,
stress response-, MHC-1-, and T cell-associated genes, which
predicted HIV status with 81% accuracy in the training set and
85% accuracy in an independent test set from HAART-treated
HIV+ subjects and HIV— controls [14]. The increase in immune
response gene expression had a clear histopathological correlate
in many cases, consisting of perivascular and parenchymal im-
mune cell infiltrates (29% HIV+ vs. 0% HIV—, P = 0.009).
Similarly, myelin pallor, an expected correlate of decreased
oligodendrocyte gene expression [19], was observed in 24%
of HIV+ subjects (all with NCI) and no controls (P = 0.02).
Additional nonspecific histopathological abnormalities were
observed in HIV+ subjects, including reactive gliosis,
Alzheimer type 2 astrocytosis, microgliosis, ischemic infarcts,
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represent medians, boxes span the interquartile range (IQR), and whiskers
extend to extreme data points within 1.5 times the IQR. P values calcu-
lated using Welch’s ¢ test (n = 24 HIV—, n = 14 HIV+ subjects with brain
DNAVL < 10 copies/10° cells, 7 = 18 HIV+ subjects with brain DNAVL
> 10 copies/10° cells)

neoplasia, and neurodegenerative disease. NCI was more fre-
quently associated with inflammation (P = 0.06), myelin pallor
(P =0.003), and reactive gliosis (P = 0.002), despite no differ-
ences in duration of HIV infection, CD4 counts, or HIV DNA
or RNA levels in postmortem brains. NCI+ and NCI— groups
showed no significant differences in age, gender, race, and sev-
eral comorbidities including illicit drug use and diabetes.
Despite histological differences between HIV+ subjects with
and without NCI, we did not identify differentially expressed
genes that reliably distinguished between HIV+ individuals
with or without NCI by fold-change analysis, k-means cluster-
ing, or principal component analysis (Fig. 4, Table S4, and data
not shown). Several interferon response genes (i.e., CXCL10,
IRF7, STAT1, SIGLECI, and IFITM1) exhibited a trend to-
wards increased expression in HIV+ subjects with NCI, consis-
tent with an inflammatory subtype of HAND. However, no
genes were statistically significant after correction for multiple
testing (FDR > 20%).

White matter abnormalities are a critical component in
HAND pathogenesis, supported in our study by decreased
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expression of oligodendrocyte-associated genes including
OLIG1, MBP, MAG, and MOG. Oligodendrocytes synthesize
lipids and proteins to generate and maintain myelin, with ad-
ditional lipids synthesized by astrocytes and transported by
apolipoprotein E [38, 39]. The APOE4 allele has a diminished
capacity for lipid transport, and has been associated with re-
duced white matter intensity and decreased cognitive perfor-
mance in older HIV+ individuals [40]. APOE4 was present in
50% of k-means cluster 3 subjects, a group enriched for white
matter inflammation and NCI (Fig. 4), which also exhibited
the most prominent downregulation of oligodendrocyte-
associated genes. In models of multiple sclerosis,
cholesterol-synthesis pathways are markedly upregulated in
oligodendrocytes during remyelination [39]. Conversely, ste-
rol regulatory element binding transcription factor 1
(SREBF1) and SREBF2, transcription factors that regulate
cholesterol and fatty acid genes [41], were decreased in
HIV+ white matter in the present study. Oligodendrocytes
have been shown to decrease with age [19], a process that
may be accelerated by HIV infection and concurrent cerebro-
vascular or metabolic disease.

While the dense inflammatory infiltrate and multinucleated
giant cells of HIVE are not present in HIV+ patients on
HAART, microgliosis and lymphocytic infiltration are recur-
rent histological findings that contribute to NCI [11].
Inflammation is typically attributed to a direct response to
HIV virions or components; however, inflammatory changes
can also be detected in the absence of productive viral repli-
cation and microgliosis has been associated with some antire-
troviral drugs [17]. Prior gene expression studies and meta-
analyses in HIV+ subjects identified differentially expressed
genes associated with interferon response, antigen processing,
and cytokine signaling [13, 14, 42]. Similar pathways are
active in aging and other neurological/neurodegenerative dis-
orders, raising the possibility of an accelerated aging mecha-
nism [10, 43, 44]. In this study, several interferon response
genes, including ISG15, MX1, IF116, CGAS, and OAS3,
were upregulated in HIV+ individuals compared to negative
controls (Fig. 5a). Interferon gamma-inducible protein 16
(IF116), through binding of dsDNA, is responsible for recruit-
ment and activation of TANK-binding kinase 1 in the stimu-
lator of interferon genes (STING) complex and cyclic GMP-
AMP synthase (CGAS) [45-47]. Following HIV infection,
2'-5'-oligoadenylate synthetase genes, such as OAS3, have
been shown to be upregulated in response to monocyte-
derived interferon, without normalization after initiation of
HAART [48]. Taken together, these findings support chronic
immune activation and persistent interferon response as a
prominent feature and likely instigator of some forms of
HAND.

Oxidative phosphorylation is the major source of energy in
the brain, which has increased energy demands in the setting
of HIV-triggered chronic inflammation [49]. The

accumulation of excess reactive oxygen species leads to oxi-
dative stress, implicated in many neurological diseases.
Downregulation of several oxidative phosphorylation/energy
metabolism-associated genes was observed in HIV+ subjects,
including PARK2, TFAM, and SREBF1, with concurrent up-
regulation in stress response genes including ATF4, XBP1,
CHOP, CASP1, and IL1-f (Fig. 5¢). Diminished PARK?2 ex-
pression (encoding the E3 ubiquitin ligase Parkin) leads to
increased activation of endothelial nitric oxide synthase
(eNOS) and enhanced levels of reactive oxygen species and
mitochondrial dysfunction [50, 51]. While predominantly
expressed in neurons, PARK?2 has recently been shown to
co-localize in white matter astrocytes in multiple sclerosis
lesions [52]. Transcriptional factor A (TFAM) protects mito-
chondrial DNA by binding and preventing damage by reactive
oxygen species, and decreased TFAM activity may contribute
to several neurodegenerative diseases [26, 53]. Thioredoxin
interacting protein (TXNIP) has been reported to increase in-
flammatory responses in stroke and Alzheimer’s disease via
activation of the NOD-like receptor protein (NLRP3)-
inflammasome, and has been proposed as a possible therapeu-
tic target for multiple neurological diseases involving grey and
white matter [54]. NLRP3 expression was increased in
antiretroviral-treated non-responders (CD4 < 350 cells/uL)
compared to responders [55], and the decreased expression
of TXNIP in HIV+ subjects observed here may indicate a
mechanism for decreased NLRP3 expression. SREBF1 regu-
lates cholesterol and fatty acid gene expression, is critical for
myelination, and has also been implicated in lipid-mediated
cellular stress [38, 41, 56]. Activating transcription factor 4
(ATF4), a transcriptional regulator involved in autophagy, ox-
idative stress, and inflammation, has also been shown to be
increased in AD and PD [57]. Caspase-1 and IL-1f3 are asso-
ciated with apoptosis and inflammatory responses, and remain
elevated in SIV infection despite HAART treatment [58].
Dysregulation of oxidative phosphorylation and stress re-
sponse has a clear role in cellular dysfunction and death, and
appears to contribute to HIV-associated white matter
abnormalities.

Taken together, the clinical, laboratory, histological, and
gene expression data suggest a model in which chronic HIV
infection and multiple comorbidities lead to cognitive deficits
due in part to white matter damage. In HIV+ individuals,
expression of inflammation and stress response genes is in-
creased, while expression of oxidative phosphorylation genes
is decreased, consistent with a model in which chronic inflam-
mation and decreased mitochondrial function may both con-
tribute to generation of increased reactive oxygen species
(ROS) and stress responses. Increased ROS may further con-
tribute to mitochondrial dysfunction by damaging mitochon-
drial DNA. Oligodendrocytes are particularly vulnerable to
oxidative damage, providing a potential explanation for
inflammation-mediated myelin pallor, which along with
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arteriosclerosis and vascular compromise leads to white mat-
ter damage and neurological dysfunction. Comorbidities in-
cluding vascular, neurodegenerative, and systemic/metabolic
diseases are all expected to exacerbate the primary effects of
HIV infection. Given this scenario, therapies that decrease
chronic inflammation while promoting mitochondrial integri-
ty may help to preserve white matter integrity in older HIV+
individuals.

Limitations of this study include heterogeneity of the study
cohort, incomplete clinical and laboratory data, and quantity
of postmortem tissue available. HIV+ subjects in the study
cohort originated from four NNTC sites across the USA,
had a median age of 54 years and median duration of HIV
infection of 19 years, and had autopsies performed between
2000 and 2014. Therefore, study subjects received many dif-
ferent antiretroviral drug regimens. The sensitivity of HIV
testing increased over time, and earlier cases reported as un-
detectable may have been reclassified as low positive with
more sensitive current assays. While a large amount of clinical
and laboratory information was available for these subjects,
significant gaps remained, including lack of laboratory data
for the majority of HIV-negative controls, raising the possibil-
ity that certain associations may be under- or over-estimated.
For brain HIV VL testing and gene expression profiling, only
a single anatomical site was tested for each subject, which can
lead to sampling bias and precludes the ability to detect re-
gional differences. Confirming these results in the temporal
lobe, given its prominent roles in neurodegenerative disease
(e.g., Alzheimer’s disease), viral infections (e.g., herpes sim-
plex encephalitis), and aging, would be of particular interest.
The NanoString platform offers significant flexibility in de-
signing panels of probe targets, but has a lower dynamic range
compared to RNAseq. Due to cellular heterogeneity of brain
tissue, it remains difficult to distinguish changes specific to
any particular cell type, which could be addressed with single
cell sequencing in future studies [59, 60].

Conclusions

This is the largest study to date to evaluate gene expression
changes in frontal lobe white matter in HIV+ individuals on
HAART. White matter dysfunction has emerged as a key com-
ponent of normal aging and in neurodegenerative diseases,
and our study supports a critical role in HIV pathogenesis in
the brain of virally suppressed subjects. Differentially
expressed genes were identified and mapped into pathways
and networks, and a core signature predicting HIV status
was identified and validated using results from prior studies.
These findings confirm the critical role of interferon re-
sponse-, stress response-, energy metabolism-, MHC-1-, T
cell-, myeloid-, and oligodendrocyte-associated genes in
HAND pathogenesis. No differentially expressed genes or

@ Springer

specific patterns distinguished HIV+ subjects by cognitive
status, possibly reflecting heterogeneous subtypes within the
NCI+ group, many of which were NPI-O rather than HAND.
Further studies with larger cohorts of individuals who have
neuropsychologically confirmed impairment, multiple ana-
tomic sites, and evaluation of specific cell types at the
single-cell level will aid in better understanding of the cellular
pathways involved and may lead to identification of drug tar-
gets or modifiable risk factors to preserve white matter integ-
rity and cognitive function in the aging HIV+ population.
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