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Early in the HIV pandemic, it became evident that people living with HIV (PLWH) develop a
wide range of neurological and neurocognitive complications. Even after the introduction of
combination antiretroviral therapy (cART), which dramatically improved survival of PLWH,
the overall number of people living with some form of HIV-associated neurocognitive
disorders (HAND) seemed to remain unchanged, although the incidence of dementia
declined and questions about the incidence and diagnosis of the mildest form of HAND
arose. To better understand this complex disease, several transcriptomic analyses have
been conducted in autopsy samples, as well as in non-human primates and small animal
rodent models. However, genetic studies in the HIV field have mostly focused on the
genetic makeup of the immune system. Much less is known about the genetic
underpinnings of HAND. Here, we provide a summary of reported transcriptomic and
epigenetic changes in HAND, as well as some of the potential genetic underpinnings that
have been linked to HAND, and discuss future directions with hurdles to overcome and
angles that remain to be explored.
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INTRODUCTION

Human immunodeficiency virus-1 (HIV-1) is a lentivirus of the Retroviridae family, and it is the
causative agent of the acquired immunodeficiency syndrome (AIDS) (Barre-Sinoussi et al., 1983;
Gallo et al., 1984; Hahn et al., 1984; Navia et al., 1986a). HIV-1 infection remains a serious threat to
global health, with around 38 million people living with HIV-1 (PLWH) as of 2020 (Global HIV and
AIDS statistics, 2020). The introduction of combination antiretroviral therapy (cART) decreased
morbidity and mortality associated with HIV infection by effectively suppressing viral replication,
and it changed HIV-1 infection from a fatal to a chronic manageable disease (Palella et al., 1998;
McArthur et al., 2010; Heaton et al., 2011; Vella et al., 2012; Saylor et al., 2016).

Early in the HIV pandemic before anti-retroviral treatments were available, it became evident that
HIV-infection can cause neurological and neurocognitive complications that were referred to as
AIDS dementia complex (ADC) and ranged from minor cognitive and motor disorder (MCMD) to
full-blown HIV-associated dementia (HAD) (Loewenstein and Sharfstein, 1983; Navia et al., 1986b).
At the same time autopsies of many patients who had died from AIDS showed a pronounced
neuropathology that is referred to as HIV encephalitis (HIVE) and was often interpreted as the
histopathological correlate of ADC, although it was noted that not all HAD cases displayed HIVE
(Navia et al., 1986a). Several tools were developed to classify the neurological and neurocognitive
complications of HIV infection, including the Memorial Sloan Kettering classification of HAD
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(MSK) (Price and Brew, 1988; Tross et al., 1988), the criteria of
the American Academy of Neurology (AAN) (listed, 1991), and
the HIV dementia scale (Power et al., 1995). However, the
introduction of cART reshaped the HIV epidemic, including
the incidence of neurological, neurocognitive and
neuropsychiatric complications, which were therefore
collectively reclassified in 2007 as HIV-associated
neurocognitive disorders (HAND) using what is often referred
to as the Frascati criteria (Antinori et al., 2007). HAND categories
range from Asymptomatic Neurocognitive Impairment (ANI) to
Mild Neurocognitive Disorder (MND) to full-blown HIV-
associated dementia (HAD) (Antinori et al., 2007). By
definition, HAND is caused by HIV-1, not an opportunistic
infection or other brain disease associated with the viral
infection. The criteria for a diagnosis of HAND were based on
the poor performance on neurocognitive tests when compared to
a control population that has to be matched for a number of
parameters, in particular age, gender, ethnicity and years of
education, and the criteria were intended for research
(Antinori et al., 2007).

Despite viral suppression, PLWH continue to develop
neurocognitive complications that fall into the HAND
classifications (McArthur et al., 2010; Joseph et al., 2016;
Saylor et al., 2016). The introduction of cART resulted in a
shift from more severe forms of HAND towards less severe
forms, with ANI becoming the most common type of HAND
in the post-cART era (McArthur et al., 2010; Heaton et al., 2011;
Saylor et al., 2016). However, the overall percentage of patients
with HAND appeared not significantly reduced (McArthur et al.,
2010; Heaton et al., 2011; Saylor et al., 2016). A recent meta-
analysis of 35,513 individuals from 123 studies conducted in 32
countries identified a world-wide prevalence of 42.6% for HAND
with an estimated 72% of cases occurring in sub-Saharan Africa
(Wang et al., 2020). However, the attempt to widely use the
current classification to assess the clinical burden of HAND has
revealed a number of challenges regarding the diagnosis
(Nightingale et al., 2021). One is the standardization and
comparability of assessments across different observers
administering the tests, different languages, ethnicities, and
cultural and social backgrounds (Woods et al., 2004). Another
challenge is the fact that performance on neurocognitive tests can
be affected by a variety of factors besides HIV infection and
HIVE, such as brain pathology due to cerebrovascular disease,
other subclinical co-morbidities, lifestyle and complex social
factors beyond education (Nightingale et al., 2021). Thus, it
may not be surprising that over the years the clinical relevance
of HAND, and particularly the diagnosis of ANI, has become a
matter of some debate as many individuals classified as having
ANI show no evidence of limitations in everyday functioning
(Antinori et al., 2007; Saloner and Cysique, 2017; Ciccarelli, 2020;
Nightingale et al., 2021). On the other hand, a CNS HIV
Antiretroviral Therapy Effects Research (CHARTER) study
found that participants who had ANI at baseline had a 2- to
6-fold increased risk for earlier development of symptomatic
HAND than neurocognitive normal individuals (Grant et al.,
2014). Moreover, a recent study (Neuro+3) indicated that an
intensification of cART with increased CNS penetration

effectiveness (CPE) scores can improve neurocognitive
performance of HIV+ individuals, including those with ANI
diagnosis (Force et al., 2021). In response to the challenges
associated with HAND diagnoses, numerous studies that will
be reviewed below have used combinations of scores of
neurocognitive and neuropsychiatric assessments in order to
establish for example a global deficit score (GDS) rather than
placing an individual into a HAND category. Some studies have
also combined GDS and HAND classification. Besides a call for
better international standardization, various modifications have
been proposed for a better consensus on the diagnosis of
neurocognitive impairment in PLWH, such as an adjustment
of the limit score used to distinguish ANI from normal
performance, treating cognitive performance as a continuous
variable, and including clinical history in the diagnosis
(Saloner and Cysique, 2017; Ciccarelli, 2020; Nightingale et al.,
2021). In any case, another challenge that remains for research is
the comparison of neurocognitive and neuropsychiatric
assessments made before and after the introduction of cART
and before and after the establishment of HAND based on the
Frascati criteria. Development of HIV-associated neurocognitive
complications in the cART era may be driven by a combination of
factors, such as small amounts of HIV replication in the central
nervous system (CNS), viral proteins, neuropsychiatric adverse
effects of cART, or substance abuse at any age, medical co-
morbidities, such as coinfections with hepatitis C,
cardiovascular disease and diabetes, aging, gender, and
sociodemographic setting (Becker et al., 2009; Foley et al.,
2010; Wright et al., 2010; Crystal et al., 2012; Ciccarelli et al.,
2013; DeVaughn et al., 2015; Sanchez et al., 2016a; Sanchez and
Kaul, 2017; Saloner et al., 2019; Yuan and Kaul, 2021). The
specific contributions of each of these factors in the pathogenesis
of HAND are still incompletely understood.

The usage of transcriptomic and genetic techniques, such as
microarrays and DNA- and RNA-sequencing (RNA-seq) to study
genome-wide variants and changes in gene expression are powerful
tools to characterize and discover mechanisms leading to the
development of neurocognitive deficits and neuropathology in
PLWH. However, few studies employing these technologies have
investigated human brain samples of individuals with HAND.
Surprisingly, only eight microarray studies (Gelman et al., 2004;
Masliah et al., 2004; Shapshak et al., 2004; Everall et al., 2005;
Borjabad et al., 2011; Gelman et al., 2012; Zhou et al., 2012; Levine
et al., 2013) and a single report of RNA-seq (Canchi et al., 2020)
analyzed brain tissues of HIV+ individuals (Tables 1, 2). Of seven
epigenetic studies analyzing post-mortem brain tissues of HIV+

individuals, only four specifically addressed HAND (Yelamanchili
et al., 2010; Zhou et al., 2012; Levine et al., 2016; Xu et al., 2017) (part
ofTable 3). Of 40 genetic studies testing association of candidate genes
with HIV-associated neurocognitive impairment, neuropsychiatric
problems or HAND, only eight specifically stated that they
analyzed brain tissues (Dunlop et al., 1997; Sato-Matsumura et al.,
1998; Boven et al., 1999; Quasney et al., 2001; Cutler et al., 2004; Diaz-
Arrastia et al., 2004; Levine et al., 2009; Soontornniyomkij et al., 2012)
while most used peripheral blood mononuclear cells (PBMC), whole
blood or other tissues (Table 4). Four genome-wide association
studies have addressed HAND but only three specified the cell
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types used, which were PBMC or whole blood (Levine et al., 2012a;
van Manen et al., 2012; Jia et al., 2017; Hulgan et al., 2019) (Table 4).
Some of the transcriptomic and genetic studies identified genes that
correlated with neuropathological signs of HIV infection or HIVE
which, however, do not always correlate with neurocognitive changes.
Nonetheless, the combined data of all the studies still provide inroads
to discovery, comparison to other neurodegenerative diseases, and
opportunities for cross-validation with animal and cellular models for
the study of HAND. Additionally, analyzing the changes in the
transcriptome of animal models can in turn lead to the discovery
of new mechanisms or molecules driving neurocognitive impairment
in PLWH.

In this review, we summarize the work that has shaped our
current understanding of genetic underpinnings and changes in
gene expression in HAND patients and their use for identification
of disease mechanism. Additionally, we discuss the use of
transcriptomic studies in animal models that can lead to the
discovery of genes of interest for disease mechanisms and that can
subsequently be validated in humans.

TRANSCRIPTOMIC PROFILES OF
HIV-ASSOCIATED NEUROCOGNITIVE
DISORDERS, HIV ENCEPHALITIS, ANDHIV+

BRAIN SAMPLES

Transcriptomic Alterations in HIV
Encephalitis Patients
There are currently nine published reports determining whole-
genome expression changes using human brain samples from

HIV+ individuals in order to determine changes in protein-
coding RNAs, and cellular and molecular pathways altered
during HAND or HIV encephalitis (HIVE) (Gelman et al.,
2004; Masliah et al., 2004; Shapshak et al., 2004; Everall et al.,
2005; Borjabad et al., 2011; Gelman et al., 2012; Zhou et al., 2012;
Levine et al., 2013; Canchi et al., 2020). Table 1 summarizes the
study groups of interest, areas of the brain, and methods used for
each publication. Table 2 summarizes the gene networks and
functions that are differentially regulated or otherwise have been
linked to NCI, HAD, HAND and/or HIVE. A subset of the studies
is briefly discussed below.

Two of the earliest gene expression studies focused on HIV+

brains with and without HIVE, which was diagnosed during autopsy
based on the presence of multinucleated giant cells, microgliosis,
astrocytosis, microglial nodules, and myelin parlor (Masliah et al.,
2004; Everall et al., 2005). Using this classification, Masliah et al.
(2004) showed 74 genes were significantly downregulated, and 59
were significantly upregulated in association with encephalitis. Most
of the genes downregulated were axonal and dendritic components
involved in regulating synaptic plasticity, spine formation, and
synaptic transmission. While most of the genes upregulated were
part of the interferon response. These changes suggested that
changes in synapto-dendritic function could be a causative driver
of HIVE (Masliah et al., 2004).

Everall et al. (2005) used the same comparison of HIV+ brains
with and without HIVE, but added the variable of
methamphetamine use, which is a frequent comorbidity found in
PLWH (Everall et al., 2005; Sanchez and Kaul, 2017). Similar gene
expression changes were observed between the HIV+ brains without
and those with HIVE as observed previously (Masliah et al., 2004);
however, the new transcriptomic analysis revealed an increase in

TABLE 1 | Published Gene Expression Studies. List of the eight microarray, and one RNA-seq studies performed using post-mortem brain tissues of HIV-infected and
uninfected individuals. AD, Alzheimer’s Disease; HIV−/Ctl, uninfected, healthy control; HIVE, HIVE encephalitis; HAND, HIV associated neurocognitive disorders; NCI,
Neurocognitive impairment; HAD, HIV-associated dementia; HIV+/CN, HIV+ cognitive normal subjects; NPI-O, neuropsychologically impaired but not definitely caused by
HIV infection due to comorbid factor; MCMD, minor cognitive and motor disorder; MND, Mild neurocognitive disorder; METH, methamphetamine; WGCNA, weighted gene
co-expression network analysis.

Study Groups included in the study (number of cases) Area(s) of the brain Method References

Masliah et al. (2004) HIV+ with HIVE (n � 9) vs. HIV+ no HIVE (n � 8) Frontal Cortex Microarray Masliah et al.
(2004)

Gelman et al. (2004) HIV+ with HAD (n � 5) or MCMD (n � 2) or NPI-O (n � 2) vs.
HIV-/Ctl (n � 5)

Frontal cortical grey matter and adjacent gyral
white matter

Microarray Gelman et al.
(2004)

Shapshak et al.
(2004)

HIV+ (n � 5 incl. HIVE (n � 3) and/or HAD (n � 3)) vs. HIV-/
Ctl (n � 4)

Frontal cortex Microarray Shapshak et al.
(2004)

Everall et al. (2005) HIV+ HIVE/METH (n � 4) vs. HIV+ HIVE, no METH (n � 4)
vs. HIV+ no HIVE, no METH (n � 5)

Frontal cortex Microarray Everall et al.
(2005)

Borjabad et al.
(2011)

HIV+ HAND (n � 8) vs. HIV+ cART, HAND (n � 7) vs. HIV−/
Ctl (n � 6)

Deep white matter within anterior frontal lobe Microarray Borjabad et al.
(2011)

Gelman et al. (2012) HIV+ with NCI and HIVE (n � 5) vs. HIV+ with NCI, no HIVE
(n � 7) vs. HIV+/CN, no HIVE (n � 6) vs. HIV−/Ctl (n � 6)

Frontal cortex, neostriatum, and white matter
from deep frontal lobe

Microarray Gelman et al.
(2012)

Zhou et al. (2012) HIV+ with HAD (n � 10) vs. HIV+ no HAD (n � 8) Frontal Cortex Microarray Zhou et al.
(2012)

Levine et al. (2013) HIV+ with HAD and HIVE (n � 4) vs. HIV+ with HAD, no
HIVE (n � 7) vs. HIV+/CN, no HIVE (n � 4) vs. HIV−/Ctl (n �
6 (microarray), n � 8 (WGCNA)) vs. AD+ HIV− (n � 20)

Frontal cortex, neo-striatum, and white matter
from deep frontal lobe (see Gelman et al. (2012))

Microarray and
WGCNA

Levine et al.
(2013)

Canchi et al. (2020) HIV+ with HAD (n � 3) vs. HIV+ with MND (n � 10) vs. HIV+
with ANI (n � 10) vs. HIV+/CN (n � 10)

Frontal Cortex RNA-seq Canchi et al.
(2020)

Total n in trans-
scriptomic studies

HIV+ with or without NCI or HIVE (n � 143) vs. HIV−/Ctl
(n � 29)
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TABLE 2 | Top Predicted Networks Altered Based on Transcriptomic Changes. * No canonical pathways altered but genes significantly altered were characteristically expressed
on microvascular endothelial cells, and perivascular cells. # Study specifically looked at ion channel-related genes. @ GAzar software was used to identify top GO pathways
affected. AD, Alzheimer’s Disease; MS,Multiple Sclerosis; ART, antiretroviral therapy. $ IPA was used to predict top canonical pathways altered. & Gene categories designated by
authors, no directionality was provided. *Genes altered were correlated with NCI. to identify common impairment genes. Common genes used for enrichment analysis.

Study Groups included in the study Networks upregulated Networks downregulated

Masliah et al.
(2004)

HIV+ with HIVE vs. HIV+ no HIVE Interferon/antiviral response, neuroinflammation,
cell cycle, transcription, signaling, cytoskeletal
proteins, cell adhesion/extracellular matrix

Signaling, neuronal, ion transport, cell cycle,
transcriptional regulators, cytoskeletal proteins,
cell adhesion/extracellular matrix

Gelman et al.
(2004)

HIV− vs. HIV+ with HAD or MCMD or NPI-O Ion transport# Ion transport#

Shapshak et al.
(2004)

HIV+ incl. HIVE and/or HAD vs. HIV—/Ctl Signaling, splicing, cell cycle, NMDA receptor signaling, synapse, protein tags, ribosomal proteins,
transcription, senescence, proteasome, cytoskeleton, ion transport, mitochondrial translation&

Everall et al.
(2005)

HIV+ no HIVE vs. HIV+ HIVE vs. HIV+ HIVE
plus METH

Signaling, ion transport, interferon/antiviral
response, cell adhesion/extracellular matrix,
neuroinflammation, cell cycle, transcription,
cytoskeletal proteins

Signaling, ion transport, neuronal, cell adhesion/
extracellular matrix, DNA repair, cell cycle,
transcription, cytoskeletal proteins

Borjabad et al.
(2011)

HIV- vs. untreated HAND with and without
HIVE

Immune response, antigen presentation,
endogenous antigen, antigen processing,
endogenous antigen via MHC class I, inflammatory
response, response to virus, antigen presentation,
exogenous antigen, antigen processing, exogenous
antigen via MHC class II, complement activation,
classical pathway@

Synaptic transmission, neurogenesis, homophilic
cell adhesion, potassium ion transport, oxygen
transport, ion transport, cation transport, sodium
ion transport@

Untreated HAND vs. cART treated HAND Immune response, interferon response, regulation
of cell cycle

Myelin-related, microtubule-based movement,
regulation of cell cycle

Borjabad and
Volsky, (2012)

HAND from groups in five HIV studies Masliah
et al. (2004); Gelman et al. (2004); Shapshak
et al. (2004); Everall et al. (2005); Borjabad
et al. (2011) vs. 18 AD

Immune response, defense response, response to
biotic stimulus, response to external stimulus,
antigen presentation

Transmission of nerve impulse, synaptic
transmission, transport, cell-cell signaling,
synaptic vesicle

ART-HAND from groups in five HIV studies vs.
18 AD

Immune response, defense response, antigen
processing, antigen presentation, signal transducer
activity

DNA helicase activity, hydrolase activity, cell
growth and/or maintenance, binding

HAND from groups in five HIV studies vs. nine
MS studies

Immune response, defense response, response to
biotic stimulus, response to external stimulus,
response stress

Calmodulin-dependent protein kinase I activity,
non-kinase phorbol ester receptor activity,
calcium/calmodulin-dependent kinase activity,
phorbol ester receptor activity

ART-HAND from groups in five HIV studies vs.
nine MS studies

Immune response, defense response, antigen
processing, response to biotic stimulus, response
to external stimulus

Intracellular signaling cascade, signal
transduction, catalytic activity, cell
communication, cellular process

Gelman et al.
(2012)

HIV−/Ctl vs. HIV+/CN with no HIVE — G-coupled receptor signaling, cyclic AMP-
mediated signaling$

HIV−/Ctl vs. HIV+ with NCI and no HIVE — Alterations in brain microvascular endothelial cells,
and perivascular cells*

HIV−/Ctl vs. HIV+ with NCI and HIVE Interferon/antiviral response, activation of IRF
cytosolic pattern recognition receptor, antigen
presentation, pattern recognition receptors for
bacteria and viruses, complement system, acute
phase response signaling, hepatic fibrosis, toll-like
receptor signaling, protein ubiquitination pathway,
caveolar mediated endocytosis, liver X receptor$

GABA receptor signaling, clathrin mediated
endocytosis, glutamate receptor signaling, 14-3-3
mediated signaling, synaptic long-term
potentiation, cyclic AMP-mediated signaling,
calcium signaling, axonal guidance signaling,
chemokine signaling, ephrin receptor signaling,
oxidative phosphorylation$

Zhou et al.
(2012)

HIV+ HAD vs. HIV+ no dementia Dendrite, ATPase activity coupled to
transmembrane movement of ions, ATPase
activity coupled to transmembrane movement of
ions phosphorylation mechanism, regulation of
blood pressure, protein homo oligomerization,
mRNA binding, feeding behavior, and
cytoskeleton dependent intracellular transport

Levine et al.
(2013)

HIV+ with HAD and HIVE vs. HIV+ with HAD,
no HIVE vs. HIV+/CN, no HIVE*

Cortex: Transcription regulation, receptor activity,
DNA binding. NCI basal ganglia: protein kinase
activity, Homo Sapiens 19

Cortex: Mitochondrion, mitotic cell cycle, DNA
repair, proteasome complex, nucleus

White matter: transcription regulation, Homo
Sapiens 19, chondroitin/heparin sulfate
biosynthesis

HIV+ with HAD and HIVE, HIV+ with HAD, no
HIVE, HIV+/CN, no HIVE vs. HIV−/Ctl vs.
AD+ HIV−*

Cell differentiation, activator, repeat, cell
communication, regulation of transcription,
phosphorylation

Cytoplasm, energy pathways, mitochondrion,
tricarboxylic acid cycle, transit peptide, synaptic
vesicle

(Continued on following page)
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TABLE 2 | (Continued) Top Predicted Networks Altered Based on Transcriptomic Changes. * No canonical pathways altered but genes significantly altered were characteristically
expressed on microvascular endothelial cells, and perivascular cells. # Study specifically looked at ion channel-related genes. @ GAzar software was used to identify top GO
pathways affected. AD, Alzheimer’s Disease; MS, Multiple Sclerosis; ART, antiretroviral therapy. $ IPA was used to predict top canonical pathways altered. & Gene categories
designated by authors, no directionality was provided. *Genes altered were correlated with NCI. to identify common impairment genes. Common genes used for enrichment
analysis.

Study Groups included in the study Networks upregulated Networks downregulated

Canchi et al.
(2020)

HIV+ with HAD vs. HIV+ with MND vs. HIV+
with ANI vs. HIV+/CN

Immune response, RNA editing Synaptic maintenance

TABLE 3 | Epigenetics Studies. List of studies performed using postmortem brain tissues or blood-derived cells of HIV-infected and uninfected individuals and specific cell
types. AD, Alzheimer’s Disease; DTI, diffusion tensor imaging (neuroimaging); HIV−/Ctl, uninfected, healthy control; HIVE, HIVE encephalitis; HAND, HIV associated
neurocognitive disorders; NCI, Neurocognitive impairment; HAD, HIV-associated dementia; HIV+/CN, HIV+ cognitive normal subjects; NPI-O, neuropsychologically
impaired but not definitely caused by HIV infection due to comorbid factor; MCMD, minor cognitive and motor disorder; MND, Mild neurocognitive disorder; MDD, major
depressive disorder; METH, methamphetamine; MRI, magnetic resonance imaging (neuroimaging); NHP, non-human primate; qRT-PCR, quantitative reverse
transcription polymerase chain reaction.

Study
(References)

Groups included in the study (number of
cases)

Area(s) of the brain Method Notes, or miR/target

In vitro cultures

Eletto et al.
(2008)

In vitro, HIV Tat vs. untreated Primary rat cortical neuronal cell cultures miRNA microarray miR-128a/SNAP25

Mukerjee et al.
(2011)

In vitro, HIV Vpr vs. untreated Primary neuronal cell cultures (human)
and SHSY-5Y cell line

miR and mRNA
Microarray

Multiple miRs/multiple neuronal
genes

Dave and Khalili
(2010)

In vitro, morphine treated vs. untreated, HIV+
vs. uninfected

Human monocyte-derived macrophages miRNA microarray 26 miRs/FGF-2, MCP-2, IL-6

Saiyed et al.
(2011)

In vitro, HIV Tat vs. untreated with and without
siRNA for knockdown of HDAC2

Primary neuronal cell cultures (human)
and SK-N-MC cell line

HDAC knockdown
and qRT-PCR

HDAC reduces CREB and CaMKIIa
expr

Post-mortem
brain tissue

Yelamanchili
et al. (2010)

HIV+ with HAD and HIVE (n � 3) vs. HIV+ no
HAD, no HIVE (n � 4) (NHP: SIV+ with SIVE
(n � 4) vs. uninfected (n � 4))

Caudate nucleus (striatum) of HAD and
HIVE, and hippo-campus and striatum of
SIV+ rhesus monkeys

miRNA microarray,
miR qRT-PCR

miR-21/MEF2C

Noorbakhsh
et al. (2010)

HIV+ with HIVE (n � 4) vs. HIV−/Ctl (n � 4) Frontal lobe (cortex) miRNA microarray,
qRT-PCR

Multiple miRs/inflammation,
immune, cell death genes

Tatro et al.
(2010)

HIV+ with MDD (n � 5) vs. HIV+ no MDD (n �
5) vs. HIV−/Ctl (n � 3)

Frontal cortex miR and mRNA
Microarray

Multiple miRs/multiple neuronal
genes

Zhou et al.
(2012)

HIV+ with HAD (n � 10) vs. HIV+ no HAD
(n � 8)

Frontal cortex miR Microarray Multiple miRs/neuronal axon-
guidance genes

Xu et al. (2017) HIV+ with HAND and HIVE (n � 10) vs. HIV+
HAND, no HIVE (n � 10) vs. HIV−/Ctl (n � 10)

Midfrontal gyrus (cortex) miRNA microarray 17 miRs/genes of peroxisome
biogenesis

Desplats et al.
(2014)

HIV+ METH+ (n � 13) vs. HIV+ no METH
(n � 14)

Frontal cortex DNA methylation
array

METH increases global DNA
methylation

Levine et al.
(2016)

HIV+ with HAND (n � 43) vs. HIV+/CN (n � 15) Dorso-lateral, medial frontal, occipital
cortex

DNA methylation
array

HIV affects epige-netic clock, HAND
associated with accelerated aging

Plasma and
peripheral blood

Kadri et al.
(2016)

HIV+ with NCI (n � 17) vs. HIV+/CN (n � 13) Plasma miRNA microarray,
qRT-PCR

4 miR pairs discern NCI from CN

Asahchop et al.
(2016)

Discovery cohort: HIV+ HAND (n � 22) vs.
HIV+/CN (n � 25) Validation cohort: HIV+
HAND (n � 12) vs. HIV+/CN (n � 12)

Plasma miRNA microarray,
qRT-PCR

miR-3665, miR-4516, miR-
4707–5p/neural develop-ment, cell
death, cytokine, genes

Shiau et al.
(2021)

HIV+ (n � 69) vs. HIV−/Ctl (n � 38) Peripheral blood DNA methylation
array

HIV accelerates epigenetic clock,
impairs cognition

Total n in
epigenetic studies

HIV+ with or without NCI or HIVE (n � 314) vs.
HIV−/Ctl (n � 56)
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TABLE 4 | Genetic Studies. List of studies performed using post-mortem brain tissues or blood-derived cells of HIV-infected and uninfected individuals. AAN, American
Academy of Neurology, criteria for HAD diagnosis; AD, Alzheimer’s Disease; CN, cognitively normal; COMT, catechol O-methyl transferase; CSA, cognitive score for age;
CSF, cerebrospinal fluid; DSM, Diagnostic and statistical manual of mental disorders; DTI, diffusion tensor imaging (neuroimaging); Frascati, Frascati criteria for HAND
classification (CN; ANI, asymptomatic neurocognitive impairment; MND, mild cognitive disorder; HAD); GCS, global cognitive score; GDS, global deficit score; HIV−/Ctl,
uninfected, healthy control; HAE, HIV-1-associated encephalopathy; HAND, HIV-associated neurocognitive disorders; HIVE, HIVE encephalitis; HAND, HIV associated
neurocognitive disorders; NCI, Neurocognitive impairment; HAD, HIV-associated dementia; HIV+/CN, HIV+ cognitive normal subjects; LE, leukoencephalopathy;
MCMD, minor cognitive and motor disorder; MDD, major depressive disorder; METH, methamphetamine; MRI, magnetic resonance imaging (neuroimaging); MSK,
Memorial Sloan Kettering classification of HAD; NP, neuropsychological; NPI-O, neuropsychologically impaired but not definitely caused by HIV infection due to
comorbid factor; PBMC, peripheral blood mononuclear cells; qRT-PCR, quantitative reverse transcription polymerase chain reaction, RFLP, restriction fragment length
polymorphism; SNV, single-nucleotide variants; WES, whole-exome sequencing; WB, Western blotting; WGA, whole genome amplification.

Study (References) Groups included in the study
(number of cases)

Area(s) of the brain or other
tissue

Methods 1) NCI diagnosis
2) genetics

Gene, SNP, SNV, association
(y = yes/n = no)

Dunlop et al. (1997) HIV+ dementia (n � 32) or possible
dementia (n � 24) vs. HIV+ no
dementia (n � 73); dementia not
defined as HAD; Paper mentions
total n � 132 but data are shown for
n � 129

frontoparietal cortex, cerebral white
matter, hippocampus, cerebellum,
basal ganglia, brain stem, thoracic
spinal cord

1) HAD graded by physician:
no dementia, possible
dementia, dementia

ApoEε4 (n) for dementia and HIVE

2) ApoE PCR and RFLP

Corder et al. (1998) HIV+ (n � 44) with (n � 11) or without
dementia (n � 32) (neurological data
for n � 43; dementia not defined
as HAD)

Serum 1) NP testing ApoEε4 (y)
2) ApoE Western blotting

Sato-Matsumura
et al. (1998)

HIV+ HIVE or LE (n � 44) vs. HIV+ no
HIVE or LE (n � 30)) vs. HIV-/Ctl
(n � 35)

Brain tissue and PBMC 1) None, HIVE and/or LE TNFα promotor (n), HLA-DR3 (n)
2) PCR for SNPs

Boven et al. (1999) HIV+ HAD/ADC (n � 9) or HIV+ no
HAD (n � 8) vs. HIV−/Ctl (n � 6)

Frontal cortex 1) HAD/ADC: MSK CCR5 ± Δ32 (y)
2) RT-PCR for CCR5 ± Δ32

van Rij et al. (1999) HIV+ HAD/ADC (n � 49) vs. HIV+ no
HAD/ADC (n � 186) HIV−/Ctl (n � 5)

PBMC 1) ADC (yes/no)
2) PCR and RFLP for
CCR5 ± Δ32 and CCR2 ± 64I

CCR5 ± Δ32 (y), CCR2 ± 64I (n)

Quasney et al. (2001) HIV+ with HAD (n � 16) vs. HIV+ no
HAD (n � 45) vs. HIV−/Ctl (n � 231)

Brain tissue and PBMC 1) HAND/HAD: AAN, MSK TNFα promotor (y)
2) PCR for SNP TNFα
promotor

Gonzalez et al. (2002) Adults: HIV+ with or without HAD
(n � 1,151); Children: HIV+ with or
without HAD (n � 592) vs. HIV−/Ctl
(n � 270)

PBMC 1) ADC (yes/no)
2) PCR for SNP, RFLP for
CCL2

CCL2 (y) depending on
genotype/SNP

Singh et al. (2003) Children: HIV+ with or without
neurological deterioration (n �
1,049)

PBMC 1) Neurological and
neurocognitive decline

CCR5wt/Δ32 (y), CCR5 SNPs (y),
CCR2-64I (y), CXCL12 (y)

2) PCR and RFLP for SNPs
Cutler et al. (2004) HIV+ HAD (n � 10) Brain 1) HAD/ADC: MSK ApoEε4 (n)

2) PCR for ApoE
Diaz-Arrastia et al.
(2004)

HIV+ with signs of HIVE (n � 270) Brain 1) None, HIVE ApoEε4 (n), TNFα (n), IL-1B*2 (n),
ILIRN*2 (n)2) PCR for SNP, RFLP for

Singh et al. (2004) HIV+/CN with follow-up testing for
development of NCI (n � 121)

PBMC 1) NP testing, GDS CCR5-wt/Δ32 (n), CCR2-64I (y),
CCL2/MCP1 (n)2) SNPs PCR and melting

curve analysis for
Valcour et al. (2004) HIV+ HAD (n � 182) Banked specimen 1) HAD: AAN ApoEε4 (y) for age ≥ 50 years

2) PCR and RFLP for ApoE
Shiramizu et al.
(2006)

Children: HIV+ with HIVE (n � 27) CSF 1) HAE CCL2/MCP1 SNP (y)
2) PCR for SNP, RFLP

Burt et al. (2008) HIV+/CN with follow-up testing for
development of NCI/HAD (n �
1,267) vs. HIV−/Ctl (n � 1,132)

Blood 1) HAD (yes/no) ApoEε4 (n)
2) TaqMan PCR-based allelic
discrimination

Pomara et al. (2008) HIV+ no HAD (n � 41) Blood 1) NP testing ApoEε4 (y)
2) PCR and RFLP for ApoE

Pemberton et al.
(2008)

HIV+ HAD/ADC (n � 56) For meta-
analysis data from: Dunlop et al.
(1997); Corder et al. (1998);
Quasney et al. (2001), Diaz-Arrastia
et al. (2004)

PBMC 1) ADC (mild, moderate,
severe, or vegetative)

ApoEε4 (n), IL-1α (n), IL-1β (n), IL-12
(n), TNFα (y)

2) PCR and RFLP; and meta-
analysis

Levine et al. (2009) HIV+ HAD/ADC (n � 26) vs. HIV+/
CN (n � 117)

Brain tissue and PBMC 1) HAD: AAN CCL3 (y), CXCL12 (n), CCL2 (n),
CCL5 (n)

2) PCR and TaqMan PCR-
based allelic discrimination
assays for SNPs

IL-1α (n), IL-10 (n), TNFα (n)

(Continued on following page)
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TABLE 4 | (Continued) Genetic Studies. List of studies performed using post-mortem brain tissues or blood-derived cells of HIV-infected and uninfected individuals. AAN,
American Academy of Neurology, criteria for HAD diagnosis; AD, Alzheimer’s Disease; CN, cognitively normal; COMT, catechol O-methyl transferase; CSA, cognitive score for
age; CSF, cerebrospinal fluid; DSM, Diagnostic and statistical manual of mental disorders; DTI, diffusion tensor imaging (neuroimaging); Frascati, Frascati criteria for HAND
classification (CN; ANI, asymptomatic neurocognitive impairment; MND, mild cognitive disorder; HAD); GCS, global cognitive score; GDS, global deficit score; HIV−/Ctl,
uninfected, healthy control; HAE, HIV-1-associated encephalopathy; HAND, HIV-associated neurocognitive disorders; HIVE, HIVE encephalitis; HAND, HIV associated
neurocognitive disorders; NCI, Neurocognitive impairment; HAD, HIV-associated dementia; HIV+/CN, HIV+ cognitive normal subjects; LE, leukoencephalopathy; MCMD,
minor cognitive and motor disorder; MDD, major depressive disorder; METH, methamphetamine; MRI, magnetic resonance imaging (neuroimaging); MSK, Memorial Sloan
Kettering classification of HAD; NP, neuropsychological; NPI-O, neuropsychologically impaired but not definitely caused by HIV infection due to comorbid factor; PBMC,
peripheral blood mononuclear cells; qRT-PCR, quantitative reverse transcription polymerase chain reaction, RFLP, restriction fragment length polymorphism; SNV, single-
nucleotide variants; WES, whole-exome sequencing; WB, Western blotting; WGA, whole genome amplification.

Study (References) Groups included in the study
(number of cases)

Area(s) of the brain or other
tissue

Methods 1) NCI diagnosis
2) genetics

Gene, SNP, SNV, association
(y = yes/n = no)

Bousman et al.
(2010)

HIV ±METH (n � 108) vs. HIV−/Ctl ±
METH (n � 84)

PBMC 1) Executive funct. deficit
score

COMT (y)

2) Multiplex PCR
(SpectroCHIP)

Joska et al. (2010) HIV+ with different severity of HAND
(n � 144), HIV−/Ctl (n � 50)

Blood 1) HAND: Frascati ApoEε4 (n)
2) PCR and RFLP

Spector et al. (2010) HIV+ with and without HCV+
(n � 201)

Blood 1) GDS ApoEε4 (y), CCL2(n), CCL3L1(n),
CCR5(n), CCR2(n), CXCL12(n),
CX3CR1(n), IL-4(n), MBL2 (y)

2) PCR and RFLP

Sun et al. (2010) HIV+ NCI (n � 17) vs. HIV+/CN (n �
27) vs. HIV−/Ctl/CN (n � 11)

PBMC 1) NP impairment ApoEε4 (n)
2) PCR and RFLP

Andres et al. (2011) HIV+ with different severity of
HAND/HAD/GCS (n � 48) vs. HIV−/
Ctl (n � 39)

Blood 1) GCS and HAD scale ApoEε4 (y)
(HAD scale Power
et al. (1995))

2) PCR for genotype

Chang et al. (2011) HIV+ with different severity of
HAND/HAD/GCS (n � 69) vs. HIV−/
Ctl (n � 70)

Blood 1) NP testing, domain- and
global Z-scores

ApoEε4 (y)

2) PCR for genotype
Gupta et al. (2011) HIV+ METH (n � 93) vs. HIV+ no

METH (n � 84) vs. HIV- METH (n �
77) vs. HIV- no METH (n � 77), each
with or without NCI

PBMC 1) NCI, composite deficit score DRD3 (y) for HIV+ METH group
2) Multiplex PCR
(SpectroCHIP)

Singh et al. (2011) Children: HIV+ with various degrees
of CNS disease/NCI (n � 572)

PBMC 1) Neurological and
neurocognitive decline

HLA Class I alleles (y) HLA-Class
II (y)

2) Multiplex WGA (DNA),
Luminex 100 platform

Bol et al. (2012) HIV+ HAD (n � 72) or HIV+ no HAD
(n � 241); HAD criteria of DSM,
AAN, Frascati

PBMC 1) HAD: DSM, AAN, Frascati Prep1 (y), CCR5-Δ32 (y), CCR2 (n),
CCL2 (n), CCL3 (n), ApoE (n),
DYRK1A (n), MOAP1 (n), PDE8A (n),
SPOCK3 (n), TNFα (n), UBR7 (n)

2) SNP analysis, chip and PCR
methods

Schrier et al. (2012) HIV+ (n � 203) vs. HIV−/Ctl (n �
198); GDS for all

Whole blood 1) HAND: GDS HLAClass I alleles (y) HLA-DR*04 (y)
ApoEε4 (y)2) Genotyping for HLA class I

and II, ApoE
Brown et al. (2012) HIV+ HAD of various degrees based

on MSK (n � 262)
Buccal swabs or PBMC 1) HAD: MSK CCL3L1 (n)

2) qPCR for copy number
Levine et al. (2012b) HIV+ with MCMD or HAD (AAN) or

ANI (Frascati) or no HAND/NCI
(n � 184)

PBMC and/or other tissue 1) NP testing and AAN COMT (n), BDNF (n), DAT (n)
2) Genotyping/SNPs

Soontornniyomkij
et al. (2012)

HIV+ with HAND/ANI (Frascati) or
MCMD/HAD (AAN) (n � 160) vs.
HIV−/Ctl (n � 22)

Brain tissue 1) HAND/HAD: AAN, Frascati ApoEε4 (y)
2) ApoE genotype

Morgan et al. (2013) HIV+ with HAND (Frascati) (n � 466) PBMC 1) HAND: Frascati ApoEε4 (n)
2) ApoE genotype

Panos et al. (2013) HIV+ with MCMD or HAD (AAN) or
ANI (Frascati) or no HAND/NCI
(n � 259)

PBMC and/or other tissue 1) HAND/HAD: AAN, Frascati ApoEε4 (y) for age ≥ 50 years
2) ApoE genotype

Singh et al. (2013) Children: HIV+ with various degrees
of CNS disease/NCI (n � 1,049)

PBMC 1) Neurological function APOBEC3G (y), genotype
dependent2) APOBEC3G genotype

Hoare et al. (2013) HIV+ with ApoEe4 ± vs. HIV+ no
ApoEe4 (n � 24), neuropsych
testing for all

PBMC 1) NP testing ApoEε4 (y)
2) ApoE genotype

Morales et al. (2013) HIV+ with or without HAND/MCMD/
HAD (AAN) (n � 20) vs. HIV−/Ctl
(n � 16)

PBMC(?) and CSF 1) HAND: AAN YWHAE (y), genotype dependent
2) Genotype/SNP for YWHAE
(qPCR and WB)

(Continued on following page)
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interferon related genes, STAT1, IFITMI, Tyro3, ISG15, and IFP35
in the HIVE + methamphetamine group (Everall et al., 2005).

Transcriptomic Alterations Associated With
Neurocognitive Impairment in People Living
with HIV
Although the presence of HIVE is a clearly distinguishable
effect of HIV on the brain, many subjects with HAND do not

present histopathological features of HIVE (Everall et al.,
2009; Gelman et al., 2013). For that matter, while the
number of infiltrating macrophages and activated
microglia, and loss of synapses and neuronal dendrites
correlate positively, neuronal apoptosis, number of infected
cells in the brain, and levels of HIV RNA in plasma or
cerebrospinal fluid do not significantly correlate or predict
neurocognitive impairment (NCI) (Glass et al., 1995; Adle-
Biassette et al., 1999; Gelman et al., 2013).

TABLE 4 | (Continued) Genetic Studies. List of studies performed using post-mortem brain tissues or blood-derived cells of HIV-infected and uninfected individuals. AAN,
American Academy of Neurology, criteria for HAD diagnosis; AD, Alzheimer’s Disease; CN, cognitively normal; COMT, catechol O-methyl transferase; CSA, cognitive score for
age; CSF, cerebrospinal fluid; DSM, Diagnostic and statistical manual of mental disorders; DTI, diffusion tensor imaging (neuroimaging); Frascati, Frascati criteria for HAND
classification (CN; ANI, asymptomatic neurocognitive impairment; MND, mild cognitive disorder; HAD); GCS, global cognitive score; GDS, global deficit score; HIV−/Ctl,
uninfected, healthy control; HAE, HIV-1-associated encephalopathy; HAND, HIV-associated neurocognitive disorders; HIVE, HIVE encephalitis; HAND, HIV associated
neurocognitive disorders; NCI, Neurocognitive impairment; HAD, HIV-associated dementia; HIV+/CN, HIV+ cognitive normal subjects; LE, leukoencephalopathy; MCMD,
minor cognitive and motor disorder; MDD, major depressive disorder; METH, methamphetamine; MRI, magnetic resonance imaging (neuroimaging); MSK, Memorial Sloan
Kettering classification of HAD; NP, neuropsychological; NPI-O, neuropsychologically impaired but not definitely caused by HIV infection due to comorbid factor; PBMC,
peripheral blood mononuclear cells; qRT-PCR, quantitative reverse transcription polymerase chain reaction, RFLP, restriction fragment length polymorphism; SNV, single-
nucleotide variants; WES, whole-exome sequencing; WB, Western blotting; WGA, whole genome amplification.

Study (References) Groups included in the study
(number of cases)

Area(s) of the brain or other
tissue

Methods 1) NCI diagnosis
2) genetics

Gene, SNP, SNV, association
(y = yes/n = no)

Levine et al. (2014) HIV+ with or without NCI (n � 546)
vs. HIV−/Ctl (n � 406)

PBMC 1) HAND: Domain T-scores CCL2 (y), CCL3 (y), CXCL12 (n),
MBL (n) HIV+, (y) HIV-/Ctl, COMT (n)
HIV+, (y) HIV-/Ctl

2) Genotyping for SNPs

Chang et al. (2014) HIV+ with or without NCI (n � 80) vs.
HIV−/Ctl (n � 97)

Whole blood 1) HAND: NP testing or
Frascati

ApoEε4 (y)

2) ApoE genotype
Sundermann et al.
(2015)

HIV+ with or without NCI (n � 54) vs.
HIV−/Ctl (n � 33), N-back test for
memory for all

Not specified 1) N-Back test for memory COMT (y)
2) Genotype/SNPs for COMT

Becker et al. (2015) HIV+ with or without various
degrees of NCI (n � 2,846)

PBMC or immortalized B cells 1) HAND: NP testing and
T-scores based on Frascati
criteria

ApoEε4 (n)

2) ApoE genotype
Villalba et al. (2015) HIV+ with or without various

degrees of NCI (n � 267), all with
history of alcohol use disorder

Whole blood 1) Neurocognitive test battery
2) Genotype PCR

DRD2 (y), DRD4 (y)

Total n in candidate-
gene studies

HIV+ with or without NCI (n �
13,296) vs. HIV−/Ctl (n � 2,843)

Levine et al. (2012a) HIV+ with or without various
degrees of NCI/HAND/HAD (AAN
and Frascati) (n � 1,287)

Not specified 1) Neurocognitive decline:
Domain T-scores; HAD: AAN;
NCI: Frascati

None

2) GWAS (∼2.5 million SNPs)
Jia et al. (2017) HIV+ with GDS < 0.5 (n � 684) or

GDS > 0.5 (n � 366), with or without
various degrees of HAND (Frascati),
CN (n � 568), ANI (n � 359), MND
(n � 92), HAD (n � 30) (total n �
1,050)

PBMC 1) HAND: NCI defined by GDS
GDS < 0.5 and GDS > 0.5,
continuous GDS; Frascati

None for GDS-defined NCI and
HAND; SH3RF3 (y) for GDS < 0.5
vs. GDS > 0.5; T-cell receptor α
locus (y) for continuous GDS2) GWAS (SNPs)

Hulgan et al. (2019) HIV+ with GDS < 0.5 (n � 658) or
GDS > 0.5 (n � 352), with or without
various degrees of HAND (Frascati),
CN (n � 553), HAND (n � 457) (total
n � 1,010)

Whole blood 1) HAND: NCI defined by GDS
> 0.5, continuous GDS;
Frascati

mtDNA copy number (y) with NCI
defined by GDS > 0.5, continuous
GDS and HAND

2) GWAS (SNPs) and mtDNA
sequencing

Rawat et al. (2020) Children: Discovery cohort: HIV+
with NCI; (CSA < 70; n � 217) or
without NCI (CSA > 70; n � 247);
Validation cohort 1: HIV+ (n � 394)
vs. HIV-/Ctl (n � 214) Validation
cohort 2: HIV+ (n � 357)

PBMC 1) CSA
2) WES for identification of
SNVs associated with NCI

CCRL2 (y); RETREG1/FAM134B
(y); YWHAH (y)

Total n in GWAS/
WES studies

HIV+ with or without NCI (n � 4,543)
vs. HIV−/Ctl (n � 214)
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Gelman et al. (2004) was the first gene expression study to
use the presence of cognitive deficits to define their study
groups. The investigation focused on changes in ion channels
and their regulatory proteins. A total of 18 ion channel-related
proteins were differentially regulated (six genes upregulated
and 12 genes downregulated) (Gelman et al., 2004). Hence, it
was proposed that alteration in neuronal firing could lead to
neurocognitive changes while not requiring neuronal loss.
Moreover, such a scenario could explain why people with
HAND do not always develop HIVE or neuronal loss
(Adle-Biassette et al., 1999; Gelman et al., 2004).
Interestingly, genome-wide analysis of HIVE brains
indicated alterations in several ion channel-related proteins
(Masliah et al., 2004), but only a calcium channel, voltage-
dependent, L-type α 1B subunit was found to be altered in
both, the microarrays for HIVE (Masliah et al., 2004) and
MCMD/HAD (Gelman et al., 2004). One caveat of these
comparisons beyond the difference in classification of study
groups is that Masliah et al. (2004) did not use un-infected
(HIV−) samples as a control (Masliah et al., 2004).

To characterize the differences between HIV+/NCI and HIV+/
NCI with HIVE, in one of the most comprehensive studies to
date, Gelman et al. (2012) analyzed samples from the neocortex,
neostriatum, and white matter from 1) un-infected individuals
(HIV−), 2) cognitively normal HIV+ (HIV+/CN), 3) HIV+/NCI
without HIVE, 4) HIV+/NCI with HIVE patients (Gelman et al.,
2012). This study revealed different transcriptomic profiles and
altered biological pathways for each group (Table 2). HIVE with
NCI was characterized by high viral RNA load in the brain,
increased interferon signaling, and activation of interferon
regulatory factors (IRF) and cytosolic pattern recognition
receptors in all brain regions, accompanied by a decrease in
pathways associated with neurotransmission in the neocortex. On
the other hand, NCI without HIVE was associated with low viral
RNA load in the brain, and with changes of microvascular
endothelial and perivascular cells, pointing to neurovascular
stress. Interestingly, only weak immune responses and a lack
of altered neurotransmission-related gene expression was
observed, although slightly altered pathways may have
remained undetected due to power limitations. Interestingly,
HIV+ without HIVE or NCI samples showed alterations in
synaptic systems in the neostriatum, which could suggest that
adaptation in some neuronal circuitries prevented impairment
(Gelman et al., 2012).

Transcriptomic studies have also contributed to our understanding
of the interplay between HAND and cART. Borjabad et al. (2011)
showed that the primary factor driving the clustering of HAND
patients’ transcriptome patterns was whether individuals were on
cARTat the time of death. Transcriptional changes in thewhitematter
of untreated HAND patients with and without HIVE were similar
with inflammatory and immune pathways being up-regulated and
neuronal signaling pathways being down-regulated (Borjabad et al.,
2011). Consistent with previous studies (Masliah et al., 2004; Everall
et al., 2005), HIVE showed greater dysregulation in immune response
pathways. Interestingly, the group with HAND but cART had up to
14-fold fewer altered genes, highlighting a striking effect of cART on
gene expression in HIV infection and the intensity of the

dysregulation. Although, closer to HIV-seronegative samples, cART
withHAND groups had 260 genes significantly altered. By comparing
overlapping genes between treated and untreatedHANDpatients, this
study was able to discern a pattern associated with neurocognitive
impairments independent of viral load. These genes were related to
innate and adaptive immune responses, class II MHC, defects in
myelin metabolism, and interferon response.

In a separate meta-analysis, (Borjabad and Volsky, 2012)
compared their microarray data with those of earlier gene
expression studies of HIVE and HAND/HAD and also
investigated overlap with differential gene expression in
Alzheimer’s Disease (AD) and Multiple Sclerosis (MS)
(Borjabad and Volsky (2012). The meta-analysis found
overlaps between HAND and each of the other
neurodegenerative diseases, and a small group of genes
differentially regulated in all three conditions, but HAND and
AD shared relatively more changes related to neuronal function
whereas HAND and MS overlapped more on regulated genes of
immunity (Borjabad and Volsky, 2012) (Table 2).

Zhou et al. (2012) analyzed the frontal cortex of 10 HIV+

individuals with HAD and seven without dementia to determine
genome-wide changes in mRNA. A total of 468 transcripts were
differentially regulated. Database for Annotation, Visualization
and Integrated Discovery (DAVID) determined that gene
expression changes were associated with various biological
functions, such as cell death/cell cycle, neuronal processes,
metabolism, and others. Interestingly, 29% of altered genes
were related to neuronal components, like axon, neuron
projection, and dendrites. Using a different bioinformatic
analysis approach (analysis of all transcripts using Gene Set
Enrichment Analysis (GSEA) to determine significantly altered
GO (gene ontology) gene sets) revealed changes in similar
biological functions, such as dendrites, ATPase activity in the
transmembrane, intracellular transport, mRNA binding, and
others. Zhou et al. (2012), went a step further, and randomly
selected five samples of the HAD and HIV+ non-dementia
groups, and profiled changes in microRNAs (miRs) between
the two groups. Analysis of 68 significantly altered miRNA
and their target mRNAs using DAVID showed similar
pathways as those observed using the mRNA data. Altogether,
miRNA analysis revealed the dysregulation of microtubule
assembly, ion channels, in particular Ca2+, Na+, and glutamine
transport, and others. Joint analysis of mRNA and miRNA
changes revealed alterations in axon guidance and the
downstream signaling of MAPK and Ca2+ signaling pathways
(Zhou et al., 2012).

Additionally, Levine et al. (2013), used 21 of the 24 samples of
the study by Gelman et al. (2012). The key difference was the use
of weighted gene co-expression network analysis (WGCNA) to
determine the relationship between gene expression changes and
NCI regardless of HIVE and CNS penetration effectiveness (CPE)
score of cART, and the investigation in a meta-analysis of overlap
of differential gene expression between HAND and AD. The
results not only validated the original observations of Gelman
et al. (2012), but also identified several genes that correlated with
NCI and CPE, and networks associated with oligodendrocyte and
mitochondria functioning as significantly altered (Levine et al.,
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2013). Moreover, the meta-analysis found overlap between
HAND and AD in the dysregulation of gene networks,
including those for mitochondria.

It remains important to better understand the factors driving
the differences between asymptomatic neurocognitive
impairment (ANI), mild neurocognitive disorder (MND), and
HIV-associated dementia (HAD). Canchi et al., 2020 investigated
the differences in gene expression between MND and cognitive
normal HIV+ individuals using RNA-seq to study human brain
tissue from HAND patients (Canchi et al., 2020). RNA-seq offers
several advantages including the ability to assay non-coding
RNAs (miRNA, lncRNA, etc.) in addition to mRNA, while at
the same time overcoming some of the limitations of microarrays
(background noise and saturation associated with hybridization,
incorrect annotation of probes, poor isoform coverage, etc.).
Employing RNA-seq, the study identified over 1,000 genes
altered in HIV+ brains with MND. Top upregulated genes
were related to immune response and viral replication, while
the most down regulated genes were involved with synaptic
maintenance. Interestingly, disease-gene associations
implicated AD and tauopathy, suggesting possible shared
mechanisms between the two pathologies. Additionally,
transcription factor analysis found c/EBPβ and most of its
targets to be altered in MND and determined that a number
of these changes were astrocyte-specific (Canchi et al., 2020).

General Considerations Regarding the
Transcriptomic Studies of HIV-Associated
Neurocognitive Disorders and HIV
Encephalitis
While the here reviewed studies reported numerous differentially
regulated genes and gene networks in association with HAND
and/or HIVE and also overlap with AD and MS, the conclusions
are based on the analysis of a total of 143 cases of HIV infection
with or without NCI or HIVE and 29 HIV− controls, and some of
the studies appear to have shared study subjects, e.g., (Borjabad
et al., 2011; Gelman et al., 2012; Levine et al., 2013). In
comparison to transcriptomic studies of AD and MS analyzed
by Borjabad et al. (Borjabad and Volsky, 2012), the studies for
HAND and HIVE seem extremely underpowered. Moreover,
only five of the studies included uninfected controls (Gelman
et al., 2004; Shapshak et al., 2004; Borjabad et al., 2011; Gelman
et al., 2012; Levine et al., 2013). The omission of uninfected
controls seems problematic, because an HIV+ individual that
tested neurocognitively normal pre-mortem may have
deteriorated between the last neurocognitive assessment and
the time of death, or could already have alterations in gene
expression associated with imminent, as of yet undetectable
NCI. Altogether, the interpretation of the transcriptomic
studies is associated with a lot of uncertainty for three major
reasons: 1) the variety of criteria and approaches employed for the
assessment of HIV-associated NCI and HAND; 2) the overall
limited number of cases that were comprehensively characterized
for neurocognitive performance and for which corresponding
high-quality CNS RNA is available and, 3) the omission of HIV-
negative control subjects in many investigations. Thus overall, it

seems desirable to analyze an increasing number of samples from
neurocognitively impaired PWLH and uninfected controls by
microarray or RNA-seq. Revealing gene-expression dependent
neural mechanisms underlying NCI and HAND will require the
post-mortem analysis of brain tissues. While those samples may
be available in sufficient numbers from the pre-cART era, the fact
that cART has decreased morbidity and mortality associated with
HIV infection and thus fewer cases come to autopsy, may pose a
challenge to obtaining a sufficient number of specimen from age-
matched, cART-treated HIV+ individuals (Palella et al., 1998;
McArthur et al., 2010; Heaton et al., 2011; Vella et al., 2012; Saylor
et al., 2016).

EPIGENETIC STUDIES OF
HIV-ASSOCIATED NEUROCOGNITIVE
DISORDERS
Epigenetics describes by definition heritable changes of gene
expression that are not associated with alterations of the
regulated DNA sequence itself. While DNA methylation and
histone modifications are two well established mechanisms
mediating epigenetic modifications, non-coding microRNAs
(miRs) seem to be associated with epigenetics in two ways.
First, miRs affect epigenetic regulation and, second miRs are
subject to it (Chuang and Jones, 2007). We found 14 studies
specifically addressing epigenetics in the context of HAND, 10
analyzing miRs, three DNA methylation and one a histone
deacetylase (HDAC). Four of the studies used an in vitro
model, three plasma or peripheral blood and six post-mortem
brain tissue. Table 3 summarizes the epigenetic studies, but given
the prominence of miR studies we discuss only those in more
detail below.

Micro RNAs
Non-coding RNA dysregulation can contribute to the
development of neurocognitive diseases, in particular, miRs
influence transcription by stabilizing mRNA and preventing
translation (Juzwik et al., 2019). Genome-wide transcriptomic
techniques, such as microarrays and RNA-seq, allow
investigating changes in miRs and other non-coding RNAs;
however, only a few studies have used human brain samples
to study alterations in miRs during HAND.

Two of the in vitro studies used neuronal cell cultures exposed
to HIV proteins and analyzed alterations of miRNA profiles
(Eletto et al., 2008; Mukerjee et al., 2011). Eletto et al. found
differential regulation of miR-128a, which affects the synaptic
protein SNAP25 (Eletto et al., 2008) while Mukerjee et al.
observed differential regulation of multiple miRs that are
predicted to affect multiple neuronal genes (Mukerjee et al.,
2011). A third study by Dave and Khalili (2010) investigated
the effect of morphine treatment on miRs in human monocyte-
derived macrophages and deduced the effect these changes may
have on HIV neuropathogenesis. The study identified 26 miRs,
with hsa-miR15b and miR181b as most up- and down-regulated,
respectively, by morphine. Follow-up experiments investigated
potential miR targets and found a decrease of fibroblast growth
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factor (FGF)-2 and an increase in CCL8 and IL-6 induced by
morphine, linking the drug to inflammation with the potential to
contribute to peripheral cell infiltration, inflammation, and thus,
to worsening AIDS dementia (Dave and Khalili, 2010).

Yelamanchili et al. (2010) identified miR-21, miR-142-3p, and
miR142-5p as significantly dysregulated in the caudate nucleus
(striatum) in samples of patients with HIVE and HAD, and
hippocampus and striatum of SIV-infected Rhesus monkeys
(Yelamanchili et al., 2010). The study also showed that miR-
21 expression increases in neurons of SIV-infected rhesus
monkeys. Stimulation of NMDA receptors in vitro led to an
increased expression of miR-21. In turn, miR-21 expression
increased outward K+ current in vitro and downregulated
myocyte enhancer factor 2C (MEF2C), a crucial factor in
neuronal function and survival, both in vitro and in vivo
(Yelamanchili et al., 2010).

The study by Tatro et al. also identified multiple miRs
differentially regulated by HIV infection that are predicted to
modulate neuronal genes, but focused very narrowly on major
depressive disorder (MDD) rather than HAND (Tatro et al.,
2010).

Noorbakhsh et al. (2010) analyzed the frontal lobe region of
HIVE patients and compared it to age- and sex-matched non-
infected controls. To determine the functional significance of the
altered miRNA, the Sanger miRNA database prediction
algorithm was used to predict the mRNA affected by the
significantly dysregulated miRNA. The predicted mRNA
affected were in turn used to predict biological pathways and
functions altered in HIVE brains. Up-regulated miRNAs were
mainly associated with genes linked to immune response and
inflammation, as well as nucleotide metabolism, and cell cycle
pathways. Paradoxically, many downregulated miRNAs were also
linked to inflammation (Noorbakhsh et al., 2010). This speaks to
the fact that several factors canonically associated with
inflammation such as IFNβ, CXCL12, CCL5, CCL4, and
others can play neuroprotective roles in HAND (Kaul and
Lipton, 1999; Kaul et al., 2007; Medders et al., 2010; Sanchez
et al., 2016b; Thaney et al., 2017; Ojeda-Juárez et al., 2020).
Interestingly, cell death-related genes were the second-largest
type of genes affected by downregulated miRNAs. Caspases
were associated with multiple miRNAs decreased in HIVE
brains, and consistent with the microarray analysis, caspase 6
was verified to be significantly upregulated in HIVE brains
(Noorbakhsh et al., 2010).

The study by Zhou et al. (2012) combined analysis of mRNA
and miRs and was discussed above under transcriptomic analyses
(Zhou et al., 2012).

Xu et al. (2017) identified 17 significantly altered miRNA in
neocortical brain tissues of HAND patients (the group included
an equal number of HIVE and non-HIVE samples) and
compared it to samples from HIV+ individuals without
HAND. Of the miRNA altered, miR-500a-5p, miR-34c-3p,
miR-93-3p, and miR-381-3p were predicted to target genes
involved in peroxisome biogenesis. These miRNAs were also
increased in primary macrophages following HIV infection.
Their expression led to a decrease of peroxisomal proteins,
alteration in morphology of the peroxisomes, and increased

expression of immune genes, such as IFIT2, IFI16, viperin,
IRF1, and OAS1 (Xu et al., 2017). Interestingly, even when Xu
et al., (2017) included HIVE samples in the analysis, there was no
overlap with miRNA observed in Noorbakhsh et al. (2010). An
important caveat is the fact that Xu et al. (2017) included HAND
patients without HIVE but not un-infected samples as control Xu
et al., (2017). Not surprisingly, this suggests that there are changes
in brain miRNA during HIV infection.

MicroRNAs have also been investigated as biomarkers for
HAND. Plasma samples from two cohorts of HIV+ patients with
and without HAND were used to identify differentially regulated
miRNAs using a microarray-based analysis. MicroRNA-3665,
miR-4516, and miR-4707–5p were altered in both cohorts.
Interestingly, miR-3665, and miR-4516 were able to predict
HAND, and appeared to be better predictors than CD4+ T-cell
count, viral load, and central nervous system (CNS) penetration
effectiveness (CPE) score of cART (Asahchop et al., 2016). Kadri
et al. identified four microRNA pairs that best distinguished NCI
from non-NCI groups (miR-495-3p/let-7b-5p, miR-495-3p/miR-
151-5p, miR-495-3p/miR-744-5p and miR-376a-3p/miR-16-5p)
(Kadri et al., 2016). Interestingly, the authors found no
association between the expression of these microRNA-pairs
and any of the clinical and demographic variables of the study
subjects. However, two sets of microR-pairs provided better
sensitivity and specificity for discrimination of NCI from non-
NCI groups: miR-376a-3p/miR-532-3p combined with either
miR-495-3p/miR-744-5p or miR-495-3p/let-7b-5p.

General Considerations Regarding the
Epigenetic Studies of HIV-Associated
Neurocognitive Disorders
The 10 epigenetic studies using human tissue samples, involved a
total of 314 HIV+ cases with or without NCI or HIVE and 56
uninfected controls (Table 3). While this is more cases than the
mRNA-based transcriptomic studies discussed above, it will most
likely require a much larger number of cases to confirm the miRs
and DNA methylation patterns that have so far been implicated
in HIV-associated NCI and HAND. Thus, interpretation of the
epigenetic studies is affected by the same limitations as the
transcriptomic data.

GENETIC CANDIDATE-GENE AND
GENOME-WIDE ASSOCIATION STUDIES
OF HIV-ASSOCIATED NEUROCOGNITIVE
DISORDERS

In order to understand the host genetics of HIV-1 disease several
groups have undertaken a number of genome-wide association
studies (GWAS) which have identified numerous genetic variants
in parts of the immune system that affect susceptibility to HIV-1
infection and the course of HIV-1 disease, such as parts of the
histocompatibility complex and factors influencing the ratio of
CD4+ to CD8+ T-cells (Ferreira et al., 2010; van Manen et al.,
2012; McLaren et al., 2013; McLaren et al., 2015; Gingras et al.,
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2020). It is certainly reasonable to argue that all those factors are
likely to influence the development of HAND.We have identified
40 studies that focused on the association of a limited number of
candidate-genes with HIV-related NCI and HAND but only four
GWAS. All those genetic studies are summarized in Table 4.
Unfortunately, the four GWAS aimed specifically at HAND have
so far been inconclusive using the past and current criteria for
HAND diagnosis and a limited number of fully sequenced
samples for individuals that were also comprehensively
characterized for neurocognitive performance (Levine et al.,
2012a; Jia et al., 2017; Hulgan et al., 2019; Rawat et al., 2020).
However, the GWAS have provided some support for previously
studied candidate genes and suggested some new ones by
analyzing the genes that came closest to the strict statistically
determined cut-offs for significance in GWAS and by using GDS
rather than HAND criteria for grouping cases with NCI (Jia et al.,
2017; Hulgan et al., 2019). Below we will first discuss the most
frequently studied candidate genes and then the GWAS
summarized in Table 4.

Candidate-Gene Studies for Neurocognitive
Effects of HIV and HIV-Associated
Neurocognitive Disorders
The candidate gene studies for HAND have most prominently
investigated single nucleotide polymorphisms (SNP) or other
variations in genes of the immune system (e.g., CCR5, CCR2,
CCL2, CCL3, CCL5, members of HLA complex, TNFα), lipid
metabolism (ApoEε4) or the dopaminergic system (e.g., DAT,
DRD2, DRD3, COMT, BDNF). Table 4 also indicates whether or
not a study found an association with any aspect of HAND
(indicated as (y) or (n)) because different investigations
frequently came to different conclusions for the same
candidate gene.

The most studied candidate gene variant to date is ApoEε4, a
gene important in lipid metabolism and a widely accepted risk
factor for AD (Jansen et al., 2019). ApoEε4 was investigated by 20
genetic studies for HAND, of which 10 concluded it had a
significant effect on NCI. Interestingly, five of the studies
concluded that the effect was age-dependent in that a
detrimental effect of ApoEε4 on neurocognition was found for
HIV-infected individuals of 50 years and older (Valcour et al.,
2004; Chang et al., 2011; Soontornniyomkij et al., 2012; Panos
et al., 2013; Chang et al., 2014). Another aspect that may have
influenced the outcomes of the investigations is that of the 10
studies finding an association of ApoEε4 with HAND, five
included uninfected controls, and of the 10 reports concluding
no effect of the gene only two involved HIV− subjects. ApoEε4
seems of particular interest as it addresses the question of whether
or not HAND shares pathological mechanisms with AD or, if
HIV-infection can facilitate the development of AD.

The CCR5Δ32 deletion or a SNP in the HIV co-receptor was
investigated in six studies, of which four concluded a significant
effect on HIV associated NCI in that the CCR5Δ32 deletion
provided protection against deterioration of neurocognition,
HAD or HAND (Boven et al., 1999; van Rij et al., 1999; Singh
et al., 2003; Bol et al., 2012). Of the four studies that found an

association of CCR5 with NCI, only one included uninfected
controls. Neither of the two reports that found no effect of CCR5
of the gene on NCI involved HIV− subjects.

CCR2 genotypes were analyzed in five studies, none of which
included uninfected controls. However, two investigations
reported an effect of CCR2 genotype on HIV-associated NCI
(Singh et al., 2003; Singh et al., 2004).

Genotypes of the ligand for CCR2, CCL2, were part of seven
studies, of which three found an effect on HAND/NCI/HAD, and
two of the three investigations included HIV− control subjects
(Gonzalez et al., 2002; Shiramizu et al., 2006; Levine et al., 2014).
In contrast, none of the four analyses which concluded that CCL2
genotypes lack an influence on HAND involved HIV− subjects.

The genotype of one of the natural ligands of CCR5, CCL3,
was found to affect neurocognitive performance in two out of
three studies (Levine et al., 2009; Levine et al., 2014). One of the
two studies observing an effect included uninfected controls.

Genetic variants of TNFα were examined in six studies, with
two concluding an effect on the severity of HAD based on criteria
pre-dating the Frascati classification of HAND (Quasney et al.,
2001; Pemberton et al., 2008). One of the studies included HIV−

controls (Quasney et al., 2001), while the second included the first
as part of a meta-analysis for comparison to results of newly
analyzed cases (Pemberton et al., 2008). None of the other
analyses of TNFα genotypes included uninfected controls.

Genetic variants of a number of dopaminergic genes were
explored in six studies for playing a role in HIV-associated NCI.
Four studies detected effects of genotypes in the context of HIV
and neurocognition, two studies for COMT (Bousman et al.,
2010; Sundermann et al., 2015), one for DRD3 (Gupta et al., 2011)
and one for DRD2 and -4 (Villalba et al., 2015). Three of the four
studies included uninfected individuals. Of the two analyses that
did not find an association between dopaminergic genotypes and
HIV-associated alterations of neurocognition, one noticed that
dopamine-related gene variants only affected HIV− control
subjects (Levine et al., 2014).

Genome-wide Association Studies of
HIV-Associated Neurocognitive Disorders
A first GWAS based on 1,287 participants of the Multicenter
AIDS Cohort Study (MACS) found no genetic susceptibility loci
associated with deteriorating neurocognition, such as decline in
executive functioning or speed of processing, when analyzing 2.5
million SNPs, and no association between SNPs and NCI or HAD
(Levine et al., 2012a). Another GWAS for HAND including 1,050
participants of the Anti-Retroviral Therapy Effects Research
(CHARTER) study found no SNPs with genome-wide
significance for NCI and HAND defined by a global deficit
score (GDS) (Jia et al., 2017). Classification of samples using a
binary GDS (n � 366 GDS ≥ 0.5 and n � 684 GDS < 0.5) identified
two SNPs in chromosome 2 for the gene SH3RF3, which has been
implicated in cortical thickness and surface measures based on
neuroimaging (www.genecards.org). In addition, two SNPs were
detected for FBN3 and CCL25, and four SNPs, including the most
significant one, were found in chromosome 14 in the locus for the
α-chain of the T-cell receptor. A third GWAS involving 1,010
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participants of the CHARTER study investigated the association
of mitochondrial DNA (mtDNA) copy numbers in blood with
HAND, since this parameter has been linked to neurocognitive
function in individuals without HIV-1 infection (Hulgan et al.,
2019). MtDNA copy number was deduced from genome-wide
genotyping as the ratio of mtDNA probe intensities relative to
nuclear DNA SNP signal in peripheral blood cells. Lower mtDNA
copy number was associated with longer cART, but not exposure
to dideoxynucleoside anti-retroviral drugs. Overall mtDNA copy
number associated with GDS-defined NCI and HAND. In all
analyses, higher mtDNA copy number in peripheral blood was
associated with poorer cognitive performance, suggesting that
increased mitochondrial replication may be due to mitochondrial
dysfunction (Hulgan et al., 2019). A fourth GWAS investigated
subjects of two pediatric HIV cohorts using a cognitive score for
age (CSA) assessment and whole-exome sequencing (WES) to
identify single nucleotide variants (SNVs) associated with NCI
(Rawat et al., 2020). This study associated SNVs in three genes,
CCRL2, RETREG1/FAM134B and YWHAH, with the risk of NCI
and the level of inflammation.

General Considerations Regarding the
Genetic Studies of HIV-Associated
Neurocognitive Disorders
Similarly to the transcriptomic and epigenetic studies discussed
above, the interpretation of the genetic studies, both of candidate
genes and GWAS, are hampered by three major issues: 1) the
variety of criteria and approaches employed for the assessment of
HIV-associated NCI and HAND; 2) the overall limited cases that
were comprehensively characterized for neurocognitive
performance and for which genomic DNA is available or has
been fully sequenced and, 3) the omission of HIV-negative
control subjects in many investigations. The candidate-gene
studies included in aggregate 13,296 HIV+ subjects with or
without NCI, but only 2,843 HIV− controls. The GWAS
examined 4,543 HIV+ subjects with or without NCI, and 214
HIV− controls. For comparison, a recent GWAS meta-analysis of
genetic risk factors for AD included 21,982 confirmed disease
cases and 41,944 cognitively normal controls derived from 63
studies (Kunkle et al., 2019).

META-ANALYSIS OF TRANSCRIPTOMIC
STUDIES

One of the advantages of genome-wide expression analysis is the
requirement by most scientific journals and major research
funding agencies to make the data sets publicly available. This
allows for the re-assessment of data as analytical techniques
improve, the combination of multiple studies to increase
statistical power, and the comparison between different
diseases. Borjabad and Volsky (2012) employed the combined
data frommost transcriptomic studies of human brain samples of
HIV+ individuals up to the time point of the study (Masliah et al.,
2004; Shapshak et al., 2004; Everall et al., 2005; Borjabad et al.,
2011) and determined overlap in gene expression with

Alzheimer’s disease (AD), and multiple sclerosis (MS). The
results showed that there was a 35% overlap in genes
dysregulated between AD and HAND samples, and a 13%
overlap between MS and HAND. Surprisingly, the most
significant biological pathways shared between HIV and AD
were immune response, defense response (up-regulated), and
transmission of nerve impulse, and synaptic impulse (down-
regulated). Alterations in neuronal communication are
believed to underlie both AD and HAND, even when HAND
is virally induced, and AD is hypothesized to be driven by protein
misfolding and aggregation. Adding to the evidence of pathways
shared between AD and HAND, (Levine et al., 2013), reanalyzed
the data published by Gelman et al. (2012) to determine shared
transcriptional patterns between the two diseases. Genes altered
in both were related to mitochondrial function and cancer, and
they were involved in several pathways including down-
regulation of energy pathways, mitochondria, transit peptide,
and synaptic vesicle, as well as upregulation in cell
differentiation, cell communication, regulation of transcription,
and phosphorylation (Levine et al., 2013).

Another meta-analysis was conducted with the data published
by Gelman et al. (2012) exploring the differences in gene
expression between groups that were not analyzed in the
original work. Sanna et al. (2017) identified pathways
associated with tissue damage, RNA transcription and
processing, and pathways associated with protein degradation
to be altered in HIV+ cases with NCI but without HIVE when
compared to HIV+ cognitively normal samples (Sanna et al.,
2017).

CROSS-VALIDATION OF HUMAN
WHOLE-GENOME TRANSCRIPTOMICS
WITH ANIMAL MODELS
Animal models are essential to study human diseases. They allow
to better control for variables and test detailed hypotheses that
would be impossible to address with humans in real life settings.
Also, an in vivomodel can lead to the discovery of novel genes or
mechanisms that can be later validated in humans. It is
imperative that these animal models are validated by
comparison to disease relevant human samples. One of the
methods of validation is the comparison of transcriptomic
changes in humans versus animal models. For example,
Maung et al. (2014) used a genome-wide CNS expression
analysis of a transgenic mouse model expressing the HIV
gp120 protein under the GFAP promoter in the brain (Toggas
et al., 1994; Maung et al., 2014) and compared the differential
gene expression pattern to those reported by Gelman et al. (2012).
There was a significant overlap between the differentially
expressed genes in the HIVgp120-transgenic mouse and the
human HIV+ brains. The mouse microarray led to the
identification of lipocalin-2 (Lcn2) as a gene of interest
(Maung et al., 2014). Subsequently, Lcn2 expression was
shown to correlate with neuropathology and compromised
neurocognitive performance in a subset of HIV+ individuals,
and with decreased cortical thickness and area (Williams et al.,
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2019; Ojeda-Juárez et al., 2020; Williams et al., 2020). The studies
demonstrated in in vivo and in vitro model systems that elevated
levels of LCN2 exert neurotoxicity contributing to HIV brain
injury (Ojeda-Juárez et al., 2020; Williams et al., 2020). The
microarray analysis of the HIV gp120-transgenic brains found
several additional genes and their associated biological pathways
that were also differentially regulated in their HIV+ human
counterparts. These pathways included the interferon response,
activation of NFkB by virus, CCR5 in macrophages, and GABA
receptors, among others (Maung et al., 2014). Follow up studies
analyzing targeted groups of genes with quantitative reverse
transcription polymerase chain reaction (qRT-PCR) arrays also
verified significant changes in expression of genes related to
neurotransmission (Ojeda-Juárez et al., 2020; Singh et al., 2020).

Additionally, transcriptomic studies in other animal models,
such as the simian immunodeficiency virus (SIV) infected
monkeys, have identified pathways similarly altered in
humans, providing another valuable model for discovery of
disease mechanisms at the molecular level (Winkler et al.,
2012). A study of gene expression changes at 2 weeks post
inoculation showed an increase in cytokine signaling, and
interferon related pathways (Roberts et al., 2004). Recently,
RNA-seq revealed that four poly (ADP-ribose) polymerases
(PARPs) were upregulated in the frontal cortex of Rhesus
macaques with detectable SIV, suggesting a role in the
pathways of neuroinflammation (Mavian et al., 2021).

Moreover, the above discussed study by Yelamanchili et al.
(2010) provides a similar example of the use of animal models for
epigenetics. That investigation identified miR-21, miR-142-3p,
and miR142-5p as significantly dysregulated in the caudate
nucleus (striatum) in samples of patients with HIVE and
HAD, and hippocampus and striatum of SIV-infected Rhesus
monkeys (Yelamanchili et al., 2010).

CONCLUSION

The interpretation of transcriptomic, epigenetic and genetic
studies of HAND are currently limited by three major issues:
1) the variety of criteria and approaches employed for the
assessment of HIV-associated NCI and HAND; 2) the overall
limited number of cases that were comprehensively characterized
for neurocognitive performance and for which high quality RNA
or genomic DNA is available, or has been fully sequenced and, 3)
the omission of HIV-negative control subjects in many
investigations.

The here reviewed studies indicate a clear need for better
overall national and international standardization of
neurocognitive assessments. Various modifications have been
proposed for a better consensus on the diagnosis of
neurocognitive impairment in PLWH, such as an adjustment
of the limit score used to distinguish ANI from normal
performance, treating cognitive performance as a continuous
variable, and including clinical history in the diagnosis
(Saloner and Cysique, 2017; Ciccarelli, 2020; Nightingale et al.,
2021). While it may seem a monumental task, those proposals
could be implemented retroactively for cases where the raw data

is available and that can be re-analyzed. A recent GWAS study
has started to implement some of those proposed modifications
(Hulgan et al., 2019). An alternative approach to circumnavigate
the ANI controversy could be to focus transcriptomic, epigenetic
and genetic studies of HAND on the most agreed-on categories of
neurocognitive impairment and only include MND and HAD
cases. Once patterns of gene expression, and epigenetic and
genetic features have been established using those cases, ANI
samples could be re-evaluated in order to discern those that share
a part of or approach properties of clearly established MND
and HAD.

Genome-wide gene expression studies have been a useful tool
for identification of the wide-ranging effects of HIV-1 infection
on the brain. The differences between histopathological
features, such as encephalitis, and HAND remain to be
characterized by transcriptomics, epigenetics and genetics.
Accumulating transcriptomic data can eventually provide the
basis for meta-analyses that can lead to identification of shared
mechanisms across neurodegenerative diseases, and to cross-
validate animal models which are important to the study of
disease mechanisms.

The adoption of next generation sequencing techniques is still
not widespread for the study of HAND, and surprisingly only one
study, (Canchi et al., 2020), has used RNA-seq, and one by Rawat
et al. (2020) which employedWES, to study HIV-associated NCI/
HAND. The RNA-seq study also inferred astrocyte-specific
changes by determining that differentially regulated c/EBPβ
targets astrocytic marker genes (Canchi et al., 2020). With the
combined RNA-seq and bioinformatics approach the study
overcame one of the limitations of using homogenized brain
tissue, which is the inability to discern cell type-specific changes
and contributions to pathological mechanisms. One possible
solution and future improvement is to use single cell RNA-seq
to determine changes in different cell types. However, banked
tissues pose some technical challenges to single cell RNA-seq in
terms of isolating cell types to homogeneity, and RNA integrity.
However, samples may be available in sufficient numbers from
the pre-cART era. In contrast, the fact that cART has decreased
morbidity and mortality associated with HIV infection with fewer
cases coming to autopsy may pose a challenge to obtain a
sufficient number of specimen from age-matched, cART-
treated HIV+ individuals. Studying virally controlled, cART
treated individuals is essential to better understand the current
status of HIV disease and HAND, but it remains also important
to continue studying non-treated cases since access to
antiretroviral therapy is not universal and in order to make
comparisons with other neurodegenerative diseases for which
there is currently no effective therapy, such as AD. Future
experiments will also need to address the differences in
multiple brain regions. Most studies to date have been
examining frontal cortex, and only two studies have used
more than one region (Gelman et al., 2004; Gelman et al.,
2012). This can prevent the discovery of region-specific
changes leading to the development of HAND.

The number and availability of samples from individuals that
have been characterized for neurocognition in a detailed and
standardized manner seems to pose another limitation for the

Frontiers in Molecular Biosciences | www.frontiersin.org October 2021 | Volume 8 | Article 72195414

Ojeda-Juárez and Kaul Profiling of HAND

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


wide use of functional genomics in the study of HAND. It is
crucial to remember that even in well controlled studies, a small
sample size can obfuscate results. On this subject, one must
commend the valuable resources provided by the National
NeuroAIDS Tissue Consortium (NNTC). The NNTC recruits
HIV+ and HIV− individuals as future tissue donors, collects
psychological and psychiatric data and biofluids ante-mortem,
and collects, characterizes, and stores post mortem specimen for
research (Morgello et al., 2001; Cserhati et al., 2015). It is perhaps
a reflection of the history of the HIV epidemic that participant
recruitment focused on very sick individuals, including many
with numerous comorbidities, while comparable numbers of
controls were harder to come by and therefore lacking.
Nevertheless, the NNTC made it possible to ask targeted
questions based on neuropathological features or level of
cognitive decline. However, there is still a need to increase the
number of samples to obtain sufficient power to answer the
question of genetic underpinnings and pathological mechanisms
responsible for the development of HAND. In contrast to the
transcriptomic profiling, genetic studies do not require brain
tissues, and the combined 17,839 HIV+ cases examined in
previous candidate-gene studies and GWAS may provide a
sufficient basis to move forward (even if there was some
overlap between samples analyzed in the two approaches).
Nineteen GWAS studies analyzing 41,912 subjects have been
performed for HIV infection and gene associations with viral load
setpoint, HIV susceptibility, replication, disease progression, and
AIDS but without consideration of HAND/HAD/NCI (Gingras
et al., 2020). Yet these GWAS may provide a framework in which
genetic data for cases that have been neurocognitively and/or
neuropathologically assessed could be placed, even if the

neurocognitive assessment occurred in a variety of ways. We
already know that neurocognitive impairment and
neuropathology do not necessarily coincide. But it will be
interesting to see with which of the genetic patterns linked to
divergent susceptibility to HIV disease the neurocognitively and
neuropathologically characterized cases match, if any, or if they
form their own pattern(s).
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