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Expression of HIV envelope protein in the human
central nervous system

Christy Agbey®, Sofia Walton®, Lee Antony Campbell?,
Avindra Nath®, Bryan Smith®, Joseph Snow”,
Amanda Wiebold®, Chunyan Hou, Junfeng MaS,
Italo Mocchetti® and the NIH-Neuro-HIV Research Consortium

Objective/design: The HIV envelope glycoprotein gp120 contributes to neuronal
damage that could lead to HIV-mediated neurocognitive disorder. However, it is
debated whether gp120 could promote direct neurotoxicity to synapses as it may
not be present in the central nervous system of people with HIV (PWH) on antiretroviral
therapy (ART). This study sought to establish whether gp120 is expressed in the human
central nervous system in the pre-ART and post-ART era.

Methods: We utilized real-time PCR to detect the envelope mRNA in postmortem
caudate nucleus from pre-ART era. HIV-negative samples were used as controls. We
then used RNAscope fluorescence multiplex to identify which cells express the
envelope mRNA. To determine whether gp120 is present despite ART, we analyzed
cerebrospinal fluid (CSF) samples from PWH on ART using mass spectrometry.

Results: Using PCR, we detected the envelope mRNA in the caudate nucleus from
PWH with neurocognitive impairment but not in control samples. With RNAscope, we
detected the envelope mRNA in microglia and astrocytes in the frontal cortex and
caudate nucleus from HIV-positive tissue. With mass spectrometry, we identified a
gp120 peptide in the CSF of PWH on antiretroviral therapy (n=20) but not in control
participants (n=7).

Conclusion: Our data suggest that despite antiretroviral therapy, gp120 is expressed
and likely released by infected cells, suggesting that gp120 could be one of the key
factors in the neuropathology observed in PWH.
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Introduction CNS, and in particular the brain, can lead to HIV-

associated neurocognitive disorders (HAND). HAND
Human immunodeficiency virus type 1 (HIV) invades the refers to a spectrum of neurocognitive impairments
central nervous system (CNS) soon after the initial that include asymptomatic neurocognitive impairment
infection of the immune system. HIV infection of the (ANI), mild neurocognitive disorders (MND), and HIV-
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associated dementia (HAD). The use of antiretroviral
therapy (ART) has shown positive outcomes in reversing
and preventing HAD, but a substantial proportion of
people with HIV (PWH) still exhibit mild neurocognitive
impairments [1]. ART does not eradicate HIV from the
CNS. Currently, there are no therapeutics available to
block the production of HIV transcripts from the
integrated provirus. Thus, some PWH on ART have
detectable levels of HIV RNA/DNA in their white matter
across various brain areas as well as in the cerebrospinal fluid
(CSF), even when it is undetectable in blood [2—4].
Moreover, the CNS can serve as a reservoir for ongoing
HIV replication [5,6] with certain CNS cells harboring
persistent infection.

Neurological alterations seen in HAND include loss of
synapses [7—9], and a reduction of gray and white matter
volume [10,11]. However, little is known about the
mechanisms leading to the selective vulnerability of
synapses in HAND considering that neurons are not
infected. HAND 1is characterized by HIV encephalitis
(HIVE) and HIV leukoencephalopathy. HIVE is an
inflammatory response with disseminated infiltrates of
lymphocytes, macrophages, and multinucleated giant cells,
while leukoencephalopathy implies bilateral diffuse loss of
myelin in the hemispheric white matter, along with
astrocytosis and microglial infiltration. However, HIVE has
become less common in HAND after the introduction of
ART and is not a necessary feature of all HAND
pathogenesis. In fact, HIVE is rarely seen in ANI and/
or MND [12]. Thus, HAND cannot be a consequence of
HIVE only. Aging [13], ART [14], and various
comorbidities [15] appear to exacerbate the frequency of
neurocognitive deficits. Moreover, HIV-infected cells in
the CNS, which include resident (microglia and astro-
cytes), and nonresident macrophages, produce HIV
virions, as well as the viral proteins Tat, gp120, and Nef
[16—19]. PWH with cognitive impairment have detectable
levels of these proteins in their brains or CSF despite ART
[20,21]. Tat and gp120 exhibit a unique mechanism of
neurotoxicity because in addition to promoting the release
of pro-inflammatory cytokines from microglia and
astrocytes [22,23], they appear to be neurotoxic via their
interactions with neuronal receptors or their endocytosis
into neurons [24,25]. Thus, the combination of neuro-
inflammation and exposure to viral proteins may cause
pruning of synapses.

The exact mechanisms of such neurological abnormalities
are not entirely known. Some individuals do not develop
HAND, suggesting that not all PWH develop neuroin-
flammation. Yet, evidence has shown that infected cells
can release gp120 and other viral proteins to cause
neuronal degeneration. Intriguingly, experimental data
indicate that gp120 can promote dendritic pruning even
in the absence of microglia or neuroinflammation
[26,27]. Thus, the host response to these viral proteins
might be a key factor explaining the neuropathological

scenario seen in HAND. However, an important question
raised in the field is whether gp120, the product of the
envelope protein (env), is present in the CNS in the ART
era. To establish the presence of gp120 in the brain, we
examined brain sections from HAND individuals without
ART for the env messenger RNA (mRNA) using a
sensitive RNAscope. Moreover, we used mass spectrom-
etry (MS) to detect peptides of gp120 in the CSF of PWH
under ART. Here, we present evidence that gp120
mRNA and protein are expressed in brain and CSE
respectively, of PWH.

Methods

Human samples

Postmortem tissue of PWH not treated with ART were
obtained from the National NeuroAIDS Tissue Consor-
tium. A total of six samples from PWH with or without
neurocognitive impairment were used. Control samples
(HIV-negative) with cognitive impairment were obtained
from the Alzheimer’s disease brain bank at Georgetown
University Medical Center. All samples were coded to
protect identity.

Twenty-seven CSF samples from seven study persons
without HIV, 10 PWH without cognitive impairment,
and 10 PWH with cognitive impairment were obtained
from the NIH-Neuro-HIV Research Consortium
(NIH/NINDS, Bethesda, Maryland, USA). All HIV-
positive CSF were from virally controlled ART-treated
study persons. Their diagnosis/characteristics are
described in Table 1. All participants consented to the
study. Samples were coded. The HIV long LTR copies/
ml in each sample is included to show whether gp120 can
be detected even without many copies of HIV. Twenty
microliters of 10% SDS was added to 200 ul of each
sample (final: 1% SDS) and incubated for 30 min at room
temperature (RT) to inactivate HIV.

Animals

Brain tissue from gp120 transgenic (tg) mice was used as a
positive control for RNAscope. Mice were maintained in
our facility housed under standard conditions with food
and water ad libitum on a 12 h light/dark cycle. Mice were
euthanized by intracardial exsanguination. Genotype was
confirmed through an outsourced genotyping service
(Transnetyx, Inc., Cordova, Tennessee, USA) from tail
snips taken at time of weaning and at euthanasia. All
studies were carried out following the Guide for the Care
and Use of Laboratory Animals as adopted and
promulgated by the US National Institutes of Health
and approved by the Georgetown University Animal
Care and Use Committee.

Reverse transcriptase-PCR
mRNA was extracted using the NucleoSpin kit (cat No.
740955.50, Machery-Nagel, Alletown, Pennsylvania,
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Table 1. Characteristics of cerebrospinal fluid study samples from the NIH-Neuro-HIV Research Consortium.

Sample  HIV Cognitive HAND Viral  HIV long LTR

ID status  impairment diagnosis  Race CD4" load (copies/ml) ART

1 HIV- Not impaired No HAND W

2 HIV- Not impaired No HAND W

3 HIV-  Not impaired No HAND W

4 HIV-  Not impaired No HAND W

5 HIV-  Impaired ANI AA

6 HIV-  Impaired ANI AA

7 HIV- Impaired ANI AA

8 HIV4+  Not Impaired No HAND  AA 740 <40 729.63 Bictegravir/tenofovir AF/emtricitabine

9 HIV+  Not impaired No HAND W 124 ND - Abacavir + lamivudine + etravirine

10 HIV4+  Not impaired No HAND  AA 348 <40 53.68 Abacavir 4+ lamivudine + efavirenz

11 HIV4+  Not impaired No HAND  AA 493 ND - Efavirenz + emtricitabine + tenofovir

12 HIV4+  Not impaired No HAND W 687 ND 0 Elvitegravir/cobicistat/tenofovir DF/emtricitabine

13 HIV4+  Not impaired No HAND ~ AA 994 <40 147.03 Abacavir 4+ lamivudine + ritonavir + darunavir

14 HIV4+  Not Impaired No HAND  AA 450 <40 120.21 Bictegravir/tenofovir AF/emtricitabine

15 HIV+  Not impaired No HAND W 581 <40 - Elvitegravir/cobicistat/ TAF/emtricitabine

16 HIV4+  Not impaired No HAND W 417 ND 218.79 Emtricitabine/tenofovir alafenamide + dolutegravir
+ darunavir/cobicistat

17 HIV4+  Not impaired No HAND W 400 <40 134.83 Abacavir/dolutegravir/lamivudine

18 HIV+  Impaired ANI AA 1264 <40 1250.22 Efavirenz + emtricitabine + tenofovir DF

19 HIV+  Impaired ANI AA 1493 <40 0 Abacavir/dolutegravir/lamivudine

20 HIV4+  Impaired ANI w 1030 <40 62.01 Abacavir/dolutegravir/lamivudine

21 HIV+  Impaired ANI W 314 <40 - Emtricitabine/tenofovir alafenamide + dolutegravir

22 HIV+  Impaired ANI w 521 <40 100.39 Abacavir + efavirenz + ritonavir + fosamprenavir

23 HIV+  Impaired ANI AA 694 <40 40.96 Elvitegravir/cobicistat/tenofovir DF/emtricitabine
+ darunavir

24 HIV+  Impaired HAD w 292 <40 0 Abacavir/dolutegravir/lamivudine

25 HIV4+  Impaired HAD AA 595 <40 0 Emtricitabine/tenofovir alafenamide + raltegravir

26 HIV+  Impaired ANI AA 103 500 118.56 Emtricitabine/tenofovir DF + darunavir/cobicistat

27 HIV+  Impaired MND AA - - 133.68 Abacavir 4+ lamivudine + ritonavir + darunavir

Samples were coded to protect study person identity. Seven CSF samples were from study persons without HIV, four of which were not cognitively
impaired, and three of which exhibit cognitive impairment. Ten CSF samples were from PWH without cognitive impairment, and 10 were from
PWH with cognitive impairment. All HIV-positive CSF samples are from PWH treated with ART. The mean age in years was 55.8 (4.26) for the HIV-
negative, not impaired group; 50.7 (4.49) for the HIV-negative, cognitively impaired group; 60 (7.75) for the HIV-positive, not impaired group; and
57.6 (3.3) for the HIV-positive, cognitively impaired group. The sex, expressed as the number of male individuals and percentage of total study
persons, is n =3 (75%) for the HIV-negative, notimpaired group; n =2 (67%) for the HIV-negative, cognitively impaired group; n =7 (70%) for the
HIV-positive, not impaired group; and n =5 (50%) for the HIV-positive, cognitively impaired group. The HIV long LTR copies/ml show that gp120
can be detected even without many copies of HIV. —, data not available; AA, African American; ANI, asymptomatic neurocognitive impairment;
HAD, HIV-associated dementia; HAND, HIV-associated neurocognitive disorder; MND, mild neurocognitive disorder; ND, none detected; W,

white/Caucasian.

USA). Samples were quantified on a Nanodrop and
normalized to 250 ng/pl. RI-PCR was performed using
the SuperScript IV VILO Master Mix (cat No. 11766050
ThermoFisher Scientific, Waltham, Massachusetts, USA)
and prepared according to the manufacturer’s protocol.
The resulting cDNA was quantified on a Nanodrop.
Primers used to amplify a small conserved sequence of the
env mRNA are described in Fig. 1. Temperatures for the
PCR reaction were: 1 cycle at 96 °C for 2min then a
following 36 cycles at 94 °C 1 min, 59 °C 1 min 305, and
72 °C for 1 min 30s. These cycles were then followed by
one cycle of 72°C for 7 min. The PCR products were
run on a 1% Ultrapure agarose gel (cat no.16500-500,
Invitrogen, USA) in 1X Tris-acetate-ethylenediaminete-
traacetic acid buffer 12.5 ul of DNA gel stain (cat no.
S$33102, Invitrogen).

Fluorescent multiplex detection with RNAscope
RNAscope was performed with Fluorescent Detection Kit
v2. (cat no. 323110, Advanced Cell Diagnostics Inc.,
Newark, California, USA) according to manufacturer’s
protocol for formalin-fixed parattin-embedded tissue.

Mouse brains were fixed in 10% neutral-buffered formalin,
embedded in parattin, dehydrated, sectioned at 5 uwm.
RNAscope mouse probe for env (cat no. 318281) was
purchased from Advanced Cell Diagnostics Inc. and
validated with positive and negative control probes for 2 h
at 40°C. The amplification steps were performed
according to manufacturer’s directions. Detection was
performed by Opal Dye 570 (cat no. FP1488001KT,
Akoya Biosciences, Marlborough, Massachusetts, USA)
for gp120 and Opal Dye 620 (cat no. FP1495001KT,
Akoya Biosciences,) for RbFox3. Brain sections were
rinsed with PBS 3X and incubated for 5min in PBS
with 4/,6-diamidino-2-phenylindole (1:50000, Sigma-
Aldrich, St. Louis, Missouri, USA) for counterstained
nuclei. Images were acquired on a Leica SP8 confocal
microscope (Leica Microsystems, Wetzlar, Germany) in z-
stacks (40x/1.4 magnification, 1024 x 1024, 200 ms
scanning speed, 0.3 wm/section, 1.2 wm stack total).

Following in-situ hybridization, sections were processed
for immunohistochemistry. Briefly, following the block-
ing step with 5% bovine serum albumin (BSA) in PBS for
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Fig. 1. The envmessenger RNA is expressed in the human brain. (a) Primers were designed to amplify the messenger RNA (mRNA)
encoding for the C5 domain of the env protein of HIV-LAV1 by RT-PCR. Primers were: forward (5-ATCGTGTTGT-
CAGTCCTGGTG-3') and reverse (5'-CTGTTTGCAGCAGAGAAAGCC-3'). Total mRNA was extracted from postmortem caudate
nucleus of study persons that were HIV negative (—), HIV+ with no cognitive impairment [viral load in the cerebrospinal fluid
(CSF) and plasma: 5019 and 702 257 copies/ml, respectively], or HAD (viral load in the CSF and plasma: 2747 and 1249 copies/
ml, respectively). mRNAs from wild type and gp120tg mice were used as negative and positive controls, respectively, to confirm
that primers amplified the expected mRNA. (b) Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was used as

loading control. Left lane, molecular weight markers.

1h at RT, posthybridized slides were incubated with an
antibody against glial fibrillary acidic protein (GFAP)
(1:500, EMD Millipore, Temecula, California, USA),
ionized calcium binding adaptor molecule-1 (Ibal)
(1:500, Wako Chemical USA, Richmond, Virginia,
USA, or neuronal nuclear antigen (NeuN) (1: 100, EMD
Millipore) in 5% BSA in PBS overnight at 4°C.
Following three PBS washes, the slides were incubated
with corresponding Alexa Fluor 488 secondary anti-
bodies (1:2000; Molecular probes, Grand Island, New
York, USA) for 2h at RT. Images were acquired on a
Leica SP8 confocal microscope (Leica microsystem).

Cells were imaged using a confocal microscope. Cell
counts were performed using Image] (NIH, Bethesda,
Maryland, USA). The number of GFAP-positive or Ibal-
positive cells, and the number of GFAP/Env or Ibal/Env
double-positive cells were manually counted across two
or three sections per brain region. The number of double-
positive cells was expressed as a percentage of the total
GFAP-positive or Ibal-positive cell count.

Nanoscale liquid chromatography coupled to
tandem mass spectrometry

Proteins (equal amount per CSF sample) were treated
with dithiothreitol and iodoacetamide and loaded onto a
S-Trap column (ProtiFi, LLC) following a published
procedure [28]. Proteins were digested with sequencing-
grade Lys-C/trypsin (Promega corporation, Madison,
Wisconsin, USA) by incubation at 37 °C overnight. The
resulting peptides were eluted and dried down with a
SpeedVac (ThermoFisher Scientific).

Peptides were analyzed with a nanoAcquity UPLC system
(Waters) coupled with Orbitrap Fusion Lumos mass
spectrometer (ThermoFisher Scientific), as described
previously [28]. Samples in 0.1% formic acid (FA) solution
were loaded onto a C18 Trap column (Waters Acquity
UPLC M-Class Trap, Symmetry C18, 100A, 5 wm,
180 wm X 20 mm) and separated with an analytical column
(Waters Acquity UPLC M-Class, peptide BEH C18
column, 300 A, 1.7 pm, 75 pm X 150 mm). A 150 min
gradient was used for separation: 1% buffer B at 0 min, 5%
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buffer B at 1 min, 22% buffer B at 90 min, 50% buffer B at
100 min, 98% buffer B at 120min, 98% buffer B at
130 min, 1% buffer B at 130.1min, and 1% buffer B at
150min. MS data were acquired in data-dependent
acquisition mode on the Orbitrap Fusion Lumos mass
spectrometer using an ion spray voltage of 2.4 kV and ion
transfer temperature of 275 °C. Mass spectra was recorded
with Xcalibur 4.0. Advanced peak determination was on
for MS analyses. The MS parameters were set as: detector
type: Orbitrap; mass range: 375-1500m/z; Orbitrap
resolution: 120 000; scan range: 375—1500 m/z; RF lens:
30%; AGC target: standard; maximum injection time
mode: auto; microscans: 1; charge state: 2—7; exclusion
duration: 40s; and cycle time: 3 s. HCD was used for MS/
MS acquisition. MS/MS parameters were set as: isolation
mode: Quadrupole; isolation window: 1.6 m/z; stepped
collision energy of 22.5, 30, 37.5% was used. Detector
type: Orbitrap; resolution: 30000; normalized AGC
target: 200%.

Data analysis

The MS raw data were processed using Proteome
Discoverer (v2.4, ThermoFisher Scientific) and Sequest
HT algorithm. Database search was done using a custom
database containing protein sequence of HIV group M
subtype B (isolate BH10, PO3375) and HIV human
group M subtype B (isolate BRU/LAI, PO3377) based
on the Universal Protein Resource (UniProt) [29].
Trypsin was the enzyme for cleavage. Two missed
cleavages were allowed, and the minimum peptide length
was set to seven amino acids. Variable modifications
included oxidation (M) and protein N-terminal acetyla-
tion. Fixed modification included carbamidomethylation
(C). MS and MS/MS ion tolerances were set at 10 ppm
and 0.6 Da, respectively. The false-discovery rate (FDR)
was estimated using the fixed value PSM validation. On
the peptide level, the corresponding FDR was less than
1%. Mass spectra of peptides from gp160 were manually
checked and annotated. Relative quantification of
proteins in samples was performed based on intensity
using unique and razor peptides. The normalization and
scaling modes were set as total peptide amount and, on all
average, respectively. Summed abundances of peptides
were used to calculate protein abundances, by using
pairwise f-test.

Graphical abstract and figures

The graphical abstract was created with Biorender
(http://www.biorender.com). Inkscape was used to
make figures.

Results

The env messenger RNA is detectable in
postmortem tissue

To amplity the HIV env mRNA by PCR, we designed
two primers, which amplify 290 base pairs of the C5 env

domain [30]. To confirm the reliability and specificity of
our detection method, we tested these primers on brain
tissue from wildtype and gp120 transgenic (tg) mice [31].
These mice, which express the human gp120 under the
GFAP promoter, have been characterized in terms of
behavior, neuropathology [31], and age-related synaptic
loss [32]. Both primers amplified the expected mRINA of
about 290 bases in gp120tg mice only (Fig. 1a). We,
therefore, used PCR and the C5 primer to amplify the
env mRNA from postmortem human caudate nucleus of
HAD. Human glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) mRNA was used as loading control
(Fig. 1b). We detected the expected 290 bases band in
HIV-positive tissue but not in HIV-negative tissue
(Fig. 1a). There was more env mRNA in HAND
caudate than in that of PWH with no cognitive
impairment. However, the number of samples (n=2,
each) is too small for statistical analysis.

Histological analyses of gp120 mRNA
Commercially available antibodies against gp120 may
exhibit nonspecific binding or the inability to detect low
protein levels. Thus, we used in-situ hybridization to map
the expression of the env mRNA in postmortem human
brains, combined with immunohistochemistry (IHC) for
specific cell markers. These include GFAP, an astrocytic
marker, Iba-1, a microglia/macrophage-specific marker,
and NeuN, a neuronal marker. First, we validated the
specificity of the gp120 probe for RNAscope by
comparing gp120 mRNA signal in brain sections from
wildtype and gp120tg mice. We observed that, in the
hippocampus of gp120tg mice, the gp120 probe produced
a strong fluorescent signal, characterized by red dots
(Supplementary Fig. 1a, http://links.lww.com/QAD/
D471). The gp120 dots were localized in GFAP-positive
cells (Supplementary Fig. 1b, http://links.Iww.com/
QAD/D471), indicating astrocytic expression and con-
firming that gp120 mRNA is driven by a GFAP promoter
[31]. No hybridization for gp120 mRNA was observed in
wildtype mice (Supplementary Fig. 1b, http://links.Iww.
com/QAD/D471), supporting the specificity of the gp120
mRNA probe used for RNAscope.

We then analyzed human post mortem caudate nucleus
and frontal cortex for the env mRNA. These samples
were from PWH without ART. We detected the env
mRNA in the caudate nucleus and frontal cortex in both
microglia (Fig. 2) and astrocytes (Fig. 3). No signal was
detected in neurons (data not shown) or in HIV-negative
samples (Fig. 3a). Most of the env mRINA was localized in
Ibal-positive cells, indicating microglia cells (Fig. 2).
However, the prevalence of env mRNA in microglia
varies. In one sample, 71% of Ibal-positive cells in a given
field were positive for env mRNA (Fig. 2), whereas in
other samples, ~30% of Ibal-positive cells were positive
for env mRNA. This was not unexpected, because in the
brain, HIV preferentially infects microglia. Similarly, the
percentage of astrocytes with env mRINA puncta varied
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DAPI Env Merge

Fig. 2. Immunohistochemical localization of env messenger RNA in the human caudate. RNAscope was used to detect the env
messenger RNA (mRNA) expression in HIV+ postmortem caudate nucleus [viral load in the cerebrospinal fluid (CSF) and plasma:
5019 and 702 257 copies/ml, respectively]. Shown are representative images for the env mRNA (red), IbaT (green), and DAPI
(blue). Merge shows the env mRNA within Iba1 positive cells (yellow). Merge includes a high-powered magnification field of view.
Seventy-one percent of Ibal-positive cells in this field of view were positive for the env mRNA. However, the prevalence of env
mRNA in microglia varies from 30 to 70%, depending on field of view and sample. Scale bar =50 pm. DAPI, 4’,6-diamidino-2-
phenylindole.

from 12 to 50% per field of view (Fig. 3e). The frontal clustered (Fig. 3c), suggesting activated astrocytes

cortex contained less env mRNA puncta when compared typically associated with HIVE. These results validate
with the caudate nucleus (Fig. 3b and d); however, most the notion that astrocytes can be a reservoir for HIV
of the cortical astrocytes positive for the env mRINA were [5,33,34].

DAPI Env Merge
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Fig. 3. The env messenger RNA is expressed in human astrocytes. RNAscope and immunohistochemistry were used to examine
whether astrocytes of HIV-negative (a) and HIV-positive tissue (b and c) express the env messenger RNA (mRNA). (b and ¢)
Representative images of sections analyzed for the env mRNA (red) and glial fibrillary acidic protein (GFAP) (green) immunohis-
tochemistry in HIV+ postmortem caudate nucleus [viral load in the cerebrospinal fluid (CSF) and plasma: 5019 and 702 257
copies/ml, respectively] and the frontal cortex of a subject with HAD (viral load in the CSF and plasma: n/a and 505 903 copies/ml,
respectively). Merge shows a number of yellow (red + green) puncta denoting colocalization of the env mRNA within astrocytes.
White arrow denotes clustered astrocytes. Please note that in HIV-negative samples (a) no env mRNA was detected. (d) The mean
number of env-positive puncta across three randomly chosen fields of view for the caudate putamen was 50.33, while the mean
env-positive puncta for the frontal cortex was 31. (e) 38.5% of GFAP-positive cells, averaged across three randomly chosen fields
of view, in the caudate are positive for env mRNA, and 47.15% of GFAP-positive cells in the frontal cortex are positive for env
mRNA. Scale bar =50 um.
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Fig. 4. ldentification of gp120 peptide in cerebrospinal fluid samples. (a) The sequence of gp120 as shown in UniProt database
from the accession numbers P03375 and P03377. C1-C5 are conserved regions of the protein, V1-V5 are variable regions. The
gp120 peptide sequence detected in human cerebrospinal fluid (CSF) is shown in the C1 region. (b) Relative abundance of
envelope gp120 in human CSF defined as the intensity of a specific peptide shown in panel (a) to that of total ions from a given
sample. Gp120 was undetectable (ND) in all HIV-negative samples. All HIV-positive CSF samples are from people with HIV

(PWH) treated with antiretroviral therapy (ART).

Gp120 is detectable in human cerebrospinal
fluid

ART has substantially reduced HIVE and the severity of
HAND, but not necessarily the incidence of HAND. To
ascertain whether gp120 is in the CNS despite ART, we used
a high-resolution NanoUPLC-MS/MS system to analyze
27 human CSF samples collected by the NIH-Neuro-HIV
Research Consortium. Seven samples were from people
without HIV, 10 from PWH without cognitive impairment,
and 10 from PWH with impairment (Table 1). All HIV-
positive CSF were from virally controlled study persons
treated with ART. CSF proteins were analyzed by a
nanoAcquity UPLC system with Orbitrap Fusion Lumos
mass spectrometer in higher energy collisional dissociation
mode. We were looking for a unique peptide sequence
PLWVTVYYGVPVWK46 that belongs with high confi-
dence (>95%) to the fragmentation of gp120 (Fig. 4a). This
peptide sequence was validated using database (UniProt)
matching and sequence alignment, and the accession
numbers P03375 and P03377. In most HIV-positive
samples, but not HIV-negative samples, we observed a
double-charged peptide with an m/z value of 805.4390
(Supplementary  Fig. 2, http://links.lww.com/QAD/
D472), which contains the sequence described in Fig. 4a.
All but one of the 20 HIV-positive samples contained the

corresponding sequence of gp120, with a similar relative
abundance (Fig. 4b). In contrast, no gp120 peptide fragments
were detected in the HIV-negative CSF samples (Fig. 4b).

Discussion

Experimental studies have shown that gp120 binding to the
co-receptors CXCR4 or CCR5 promotes neuronal
degeneration [35,36]. Such binding could play a role in
the mechanisms leading to pathogenesis of HAND and in
the neuronal dysfunction, which occurs in PWH [37].
However, the presence of gp120 in the CNSin the ARTera
is still debatable. Using a dual approach, mRINA and
protein analysis, we demonstrated that the env mRNA is
expressed in the human CNS before ART, and that the
gp120 proteinis detectable in virally suppressed individuals.

Our data show that in the caudate nucleus and frontal
cortex, both microglia and astrocytes express the env
mRNA. In the caudate nucleus, the microglial and
astrocytic expression of the env mRINA was widespread
and varied among samples. We analyzed three sections per
sample for env expression in astrocytes, and found that
10-50% of astrocytes in a randomly chosen field of view
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expressed env mRINA. Similarly, we found that env
expression in microglia varied widely across field of view.
However, these samples are from PWH not treated with
ART, thus, we would expect to find less env mRNA in
PWH receiving ART. In the frontal cortex, the env
mRNA in GFAP-positive cells appeared to be localized
in agglomerates, and morphologically exhibited a feature
of astrogliosis, characterized by large body. This is not a
surprise because astrocytes have been reported by other
investigators to become an HIV reservoir due to their
ability to become persistently infected by HIV
[5,6,33,34,38], and to transmit the virus to other cells
[39]. Moreover, the postmortem brains used in our study
are pathologically characterized by HIVE, which is often
present in severe forms of HAND before ART. Thus, we
cannot rule out that these astrocytes are a part of
inflammatory responses. However, HIVE has become less
common with ART and is not a necessary feature of
HAND. Nevertheless, studies have shown the presence of
HIV RNA and DNA in the brain of virally suppressed
individuals [40,41]. Other studies have identified HIV
RNA in the CSF [42], indicating that ART does not
suppress the production of HIV protein transcripts.
However, studies specifically investigating gp120 detec-
tion in the brain in the ART era are limited. This may be
partly because of the genetic variability of gp120, which
makes the use of a universal probe or marker challenging.
Our data show that gp120 is present in almost all CSF
samples (19 of 20) from PWH, even with ART. Our
findings support the notions that ART may not be able to
completely remove the production of viral proteins, and
that the CNS becomes a sanctuary of HIV infection
despite ART.

Although our postmortem immunohistology data show
that both microglia and astrocytes express gp120 mRINA,
the source of gp120 in the CSF remains unclear. Gp120,
like other viral proteins, could be actively released from
infected cells [43] and become available to the extracellular
environment. In the CNS, these cells include resident
immune cells, such as microglia, as well as nonresident
macrophages [17,18]. In addition, perivascular astrocytes,
which have been suggested to act as an HIV reservoir, can
produce low levels of HIV virions when reactivated
[34,44]. Gp120 can also be ‘shed’ from the virus during the
initial phase of infection when the virus is incorporated
into the host cells, but the envelope protein remains in the
membrane [45]. Additionally, the likelihood of gp120 in
the CSF originating from the periphery is implausible. The
blood—CSF barrier is highly restrictive to the passage of
molecules. Moreover, as these studies were performed on
CSF of PWH with undetectable viral load due to ART, it is
unlikely that the source of gp120 in these study samples is
from the periphery.

HAND is most likely caused by multidimensional and
complex immunopathological processes that are gov-
erned by viral proteins and host factors [46] to promote a

neurotoxic environment. Our data show that gp120 is
expressed in the CNS, suggesting that this protein can
participate in the neurotoxic events that promote loss of
synapses, as demonstrated in animal models of HAND
(review 1in [37]). Although gp120 alone may not drive
progressive neuropathology, this viral protein may be one
contributor to neurotoxicity in the absence of wviral
replication in some PWH, but not others. Moreover,
gpl120 may amplify CNS damage, such as chronic
inflammation, in HAND. A major caveat of gp120, as for
other viral proteins, is whether the concentrations of
gp120 found in the human CNS are sufticient enough to
cause HAND. This protein can be degraded in the
extracellular space, or endocytosed through low-density
lipoproteins [25] or by a chemokine receptor-mediated
mechanism [47]. In this study, we did not have enough
samples to provide a correlation between levels of gp120
and cognitive impairment. Nevertheless, in a relatively
small cohort, we found that most PWH positive for
gp120 exhibit cognitive alterations, specifically 9 of 10
CSF samples of PWH with cognitive impairment were
positive for gp120. In addition, although most of the
samples in Table 1 represent an individual study person,
one study person was assessed over time. This study
person is represented by samples 13 and 27 (Table 1). This
allowed us to assess gp120 expression longitudinally in the
CSF of this study person, and we detected increased
expression over time. For this study person, the increase
in gp120 expression over time correlated with an increase
in global-deficit score. Although our study focused on
establishing the presence of gp120 in the ART era and
validating detection methods, future studies are needed
with a larger cohort to investigate whether gp120 levels
correlate with cognitive impairment. Furthermore, the
current study was limited by the availability of post
mortem brains where successful HIV treatment is
achieved. This provides avenues for future studies to
apply these reliable detection methods in such contexts.

In conclusion, this study used IHC and mass spectrometry
to evaluate gp120 expression in human tissue and CSF in
the pre-ART and post-ART era. Our data suggest that the
env protein is present in the CNS of PWH despite ART.
However, we need additional studies of a larger cohort of
PWH using ART to establish whether levels of gp120 in
the CSF could be a biomarker for cognitive impairment.
HAND pathogenesis under ART remains complex and
our studies underscore the need to further explore gp120
as a therapeutic target to prevent cognitive impairment
in PWH.

Acknowledgements

This work was supported by the National Institute of
Neurological Disorders and Stroke (NINDS) grants
1R21 NS131097, R01 NS079172, and T32 NS121780

795



796

AIDS 2025, Vol 39 No 7

and intramural funds from NS3130. The mass spectrom-
etry core is in part supported by the National Cancer
Institute P30 CA051008. The Orbitrap Lumos Tribrid
mass spectrometer used is partially supported by
Dekelbaum Foundation. Special thanks to the National
NeuroAIDS Tissue Consortium for postmortem human
brains.

Author contributions: I.M. and A.N. conceptualized and
designed the study. C.A., S.W., and L.A.C. performed
histology, in-situ hybridization, and biochemical experi-
ments. C.A., .M., and A.N. wrote the article. C.H. and J.
M. performed the mass spectrometry experiments. B.S., J.
S., and A.W. recruited people living with HIV and
collected human cerebrospinal fluid.

Conflicts of interest
There are no conflicts of interest.

References

Saylor D, Dickens AM, Sacktor N, Haughey N, Slusher B,
Pletnikov M, et al. HIV-associated neurocognitive disorder—
pathogenesis and prospects for treatment. Nat Rev Neurol
2016; 12:234-248.

Di Carlofelice M, Everitt A, Muir D, Winston A. Cerebrospinal
fluid HIV RNA in persons living with HIV. HIV Med 2018;
19:365-368.

Gonzalez-Perez MP, Peters PJ, O’Connell O, Silva N, Harbison C,
Cummings Macri S, et al. Identification of emerging macrophage-
tropic HIV-1 R5 variants in brain tissue of AIDS patients without
severe neurological complications. / Virol 2017; 91:e00755-17.
Anderson AM, Munoz-Moreno JA, McClernon DR, Ellis RJ,
Cookson D, Clifford DB, et al., CHARTER Group. Prevalence
and correlates of persistent HIV-1 RNA in cerebrospinal fluid
during antiretroviral therapy. / Infect Dis 2017; 215:105-113.
Churchill MJ, Deeks SG, Margolis DM, Siliciano RF, Swanstrom
R. HIV reservoirs: what, where and how to target them. Nat
Rev Microbiol 2016; 14:55-60.

Thompson KA, Cherry CL, Bell JE, McLean CA. Brain cell
reservoirs of latent virus in presymptomatic HIV-Infected in-
dividuals. Am J Pathol 2011; 179:1623-1629.

McArthur JC. HIV dementia: an evolving disease. / Neuroim-
munol 2004; 157:3-10.

Crews L, Patrick C, Achim CL, Everall IP, Masliah E. Molecular
pathology of neuro-AIDS (CNS-HIV). Int | Mol Sci 2009;
10:1045-1063.

Rao VR, Ruiz AP, Prasad VR. Viral and cellular factors under-
lying neuropathogenesis in HIV associated neurocognitive
disorders (HAND). AIDS Res Ther 2014; 11:13.

Schantell M, Taylor BK, Lew BJ, O’Neill JL, May PE, Swindells S,
Wilson TW. Gray matter volumes discriminate cognitively
impaired and unimpaired people with HIV. Neuroimage Clin
2021; 31:102775.

Kugathasan R, Collier DA, Haddow LJ, El Bouzidi K, Edwards
SG, Cartledge JD, et al. Diffuse white matter signal abnormal-
ities on magnetic resonance imaging are associated with hu-
man immunodeficiency virus type 1 viral escape in the central
nervous system among patients with neurological symptoms.
Clin Infect Dis 2017; 64:1059-1065.

Tavazzi E, Morrison D, Sullivan P, Morgello S, Fischer T. Brain
inflammation is a common feature of HIV-infected patients
without HIV encephalitis or productive brain infection. Curr
HIV Res 2014; 12:97-110.

Valcour VG. HIV, aging, and cognition: emerging issues. Top
Antivir Med 2013; 21:119-123.

Lanman T, Letendre S, Ma Q, Bang A, Ellis R. CNS neurotoxicity
of antiretrovirals. /| Neuroimmune Pharmacol 2021; 16:130-143.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Sacktor N. Changing clinical phenotypes of HIV-associated
neurocognitive disorders. / Neurovirol 2018; 24:141-145.
Castellano P, Prevedel L, Eugenin EA. HIV-infected macro-
phages and microglia that survive acute infection become viral
reservoirs by a mechanism involving Bim. Sci Rep 2017;
7:12866.

Cenker J], Stultz RD, McDonald D. Brain microglial cells are
highly susceptible to HIV-1 infection and spread. A/DS Res
Hum Retroviruses 2017; 33:1155-1165.

Chen NC, Partridge AT, Sell C, Torres C, Martin-Garcia J. Fate of
microglia during HIV-1 infection: from activation to senes-
cence? Glia 2017; 65:431-446.

Sami Saribas A, Cicalese S, Ahooyi TM, Khalili K, Amini S,
Sariyer IK. HIV-1 Nef is released in extracellular vesicles
derived from astrocytes: evidence for Nef-mediated neurotoxi-
city. Cell Death Dis 2017; 8:2542.

Johnson TP, Patel K, Johnson KR, Maric D, Calabresi PA,
Hasbun R, Nath A. Induction of IL-17 and nonclassical T-cell
activation by HIV-Tat protein. Proc Nat/ Acad Sci U S A 2013;
110:13588-13593.

Jones MV, Bell JE, Nath A. Immunolocalization of HIV envelope
gp120 in HIV encephalitis with dementia. A/DS 2000; 14:
2709-2713.

Kaul M, Garden GA, Lipton SA. Pathways to neuronal injury
and apoptosis in HIV-associated dementia. Nature 2001;
410:988-994.

Nath A, Conant K, Chen P, Scott C, Major EO. Transient
exposure to HIV-1 Tat protein results in cytokine production
in macrophages and astrocytes. A hit and run phenomenon. /
Biol Chem 1999; 274:17098-17102.

Bachis A, Aden SA, Nosheny RL, Andrews PM, Mocchetti I.
Axonal transport of human immunodeficiency virus type 1
envelope protein glycoprotein 120 is found in association with
neuronal apoptosis. / Neurosci 2006; 26:6771-6780.

Liu'Y, Jones M, Hingtgen CM, Bu G, Laribee N, Tanzi RE, et al.
Uptake of HIV-1 tat protein mediated by low-density lipopro-
tein receptor-related protein disrupts the neuronal metabolic
balance of the receptor ligands. Nat Med 2000; 6:1380-1387.
Iskander S, Walsh KA, Hammond RR. Human CNS cultures
exposed to HIV-1 gp120 reproduce dendritic injuries of HIV-1-
associated dementia. / Neuroinflamm 2004; 1:7.

Melli G, Keswani SC, Fischer A, Chen W, Hoke A. Spatially
distinct and functionally independent mechanisms of axonal
degeneration in a model of HIV-associated sensory neuropa-
thy. Brain 2006; 129 (Pt 5):1330-1338.

Wu C, Zhou S, Mitchell MI, Hou C, Byers S, Loudig O, Ma J.
Coupling suspension trapping-based sample preparation and
data-independent acquisition mass spectrometry for sensitive
exosomal proteomic analysis. Anal Bioanal Chem 2022;
414:2585-2595.

Bairoch A, Apweiler R, Wu CH, Barker WC, Boeckmann B,
Ferro S, et al. The universal protein resource (UniProt). Nucleic
Acids Res 2008; 36 (Database issue):D154-D159.

Geller R, Domingo-Calap P, Cuevas JM, Rossolillo P, Negroni
M, Sanjuan R. The external domains of the HIV-1 envelope are
a mutational cold spot. Nat Commun 2015; 6:8571.

Toggas SM, Masliah E, Rockenstein EM, Rall GF, Abraham CR,
Mucke L. Central nervous system damage produced by expres-
sion of the HIV-1 coat protein gp120 in transgenic mice.
Nature 1994; 367:188-193.

Bachis A, Wenzel E, Boelk A, Becker J, Mocchetti I. The
neurotrophin receptor p75 mediates gp120-induced loss of
synaptic spines in aging mice. Neurobiol Aging 2016;
46:160-168.

Wabhl A, Al-Harthi L. HIV infection of nonclassical cells in the
brain. Retrovirology 2023; 20:1.

Valdebenito S, Castellano P, Ajasin D, Eugenin EA. Astrocytes
are HIV reservoirs in the brain: a cell type with poor HIV
infectivity and replication but efficient cell-to-cell viral trans-
fer. /| Neurochem 2021; 158:429-443.

Meucci O, Fatatis A, Simen AA, Bushell TJ, Gray PW, Miller R].
Chemokines regulate hippocampal neuronal signaling and
gp120 neurotoxicity. Proc Natl Acad Sci U S A 1998;
95:14500-14505.

Kaul M, Ma Q, Medders KE, Desai MK, Lipton SA. HIV-1
coreceptors CCR5 and CXCR4 both mediate neuronal cell
death but CCR5 paradoxically can also contribute to protec-
tion. Cell Death Differ 2007; 14:296-305.



HIV gp120 in the human brain Agbey et al.

37.

38.

39.

40.

41.

42.

Avdoshina V, Mocchetti I. Recent advances in the molecular
and cellular mechanisms of gp120-mediated neurotoxicity.
Cells 2022; 11:1599.

Li GH, Maric D, Major EO, Nath A. Productive HIV infection in
astrocytes can be established via a nonclassical mechanism.
AIDS 2020; 34:963-978.

Lutgen V, Narasipura SD, Barbian HJ, Richards M, Wallace J,
Razmpour R, et al. HIV infects astrocytes in vivo and egresses
from the brain to the periphery. PLoS Pathog 2020; 16:
€1008381.

Gabuzda D, Yin J, Misra V, Chettimada S, Gelman BB. Intact
proviral DNA analysis of the brain viral reservoir and relation-
ship to neuroinflammation in people with HIV on suppressive
antiretroviral therapy. Viruses 2023; 15:1009.

Chung HK, Hattler JB, Narola J, Babbar H, Cai Y, Abdel-Mohsen
M, et al. Development of droplet digital PCR-based assays to
quantify HIV proviral and integrated DNA in brain tissues from
viremic individuals with encephalitis and virally suppressed
aviremic individuals. Microbiol Spectr 2022; 10:e0085321.
Valcour V, Chalermchai T, Sailasuta N, Marovich M, Lerdlum S,
Suttichom D, et al., RV254/SEARCH 010 Study Group. Central

43.

44.

45.

46.

47.

nervous system viral invasion and inflammation during acute
HIV infection. / Infect Dis 2012; 206:275-282.

Chang HC, Samaniego F, Nair BC, Buonaguro L, Ensoli B. HIV-1
Tat protein exits from cells via a leaderless secretory pathway
and binds to extracellular matrix-associated heparan sulfate
proteoglycans through its basic region. AIDS 1997; 11:1421-
1431.

Li GH, Anderson C, Jaeger L, Do T, Major EO, Nath A. Cell-to-
cell contact facilitates HIV transmission from lymphocytes to
astrocytes via CXCR4. AIDS 2015; 29:755-766.

McKeating JA, Moore JP. HIV infectivity. Nature 1991;
349:660.

Henderson LJ, Johnson TP, Smith BR, Reoma LB, Santamaria
UA, Bachani M, et al. Presence of Tat and transactivation
response element in spinal fluid despite antiretroviral therapy.
AIDS 2019; 33 (Suppl 2):5145-S157.

Wenzel ED, Bachis A, Avdoshina V, Taraballi F, Tasciotti E,
Mocchetti I. Endocytic trafficking of HIV gp120 is mediated by
dynamin and plays a role in gp120 neurotoxicity. / Neuroim-
mune Pharmacol 2017; 12:492-503.

797



	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA

	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA

	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA
	Temporal changes in the relative frequency of K103N variants in plasma�RNA



