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Abstract

Human immunodeficiency virus (HIV) associated neurocognitive disorders (HAND) remain
prevalent despite improved antiretroviral therapies. A HAND-specific biomarker indicative of
neuropsychological impairment (NPI) would give insight into disease progression and aid
clinicians in designing therapy. Endosomal sorting complex required for transport (ESCRT)
proteins such as tumor susceptibility gene (TSG)-101, vacuolar protein sorting (VPS)-4 and LIP-5
are important for HIV replication and recently antiviral interferon stimulated gene (1SG)-15 was
proposed as a biomarker for CNS injury. Here, we analyzed a well-characterized cohort of HIV+
cerebral spinal fluid (CSF) and postmortem brain specimens for multiple vesicular trafficking
proteins and a related innate immune protein, 1SG-15, TSG-101, VPS-4 and LIP-5. All protein
levels trended higher with increased NP1 and neuropathology. ISG-15 CSF levels were increased
in HIV encephalitis (HIVE) compared to normal cases, and three quarters of HIVE samples had
above average CSF 1SG-15 levels. VPS-4 CSF levels were increased in NPI/NPI-O compared to
normal patients. VPS-4 CSF levels in HIVV-associated dementia were equivalent to that of normal
patients. LIP-5 CSF levels positively correlate with ISG-15 levels, and higher than average 1SG-15
levels indicate elevated viral load. Immunoblot and immunohistochemical analyses show
increased expression of 1ISG-15, VPS-4 and LIP-5 in neuronal cell bodies and astroglial cells.
ESCRT protein CSF levels analyzed in conjunction with viral load may be indicative of NPI stage,
and may aid in the diagnosis and design of therapies for HIV patients. Further studies on the
ESCRT protein expression during HIV infection may lead to a promising biomarker for predicting
progression of NPI.
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Introduction

HIV infection remains a monumental challenge with over 30 million infected people
worldwide (2007). Effective drug regimens are extending patient life into unchartered
territories; chronic HIV infection and antiretroviral therapies (ART) have been documented
to affect mitochondria function, insulin resistance and lipoatrophy (Montaner et al., 2003;
Havlir and Currier, 2006; Sharma et al., 2013). Despite reduced peripheral viral load and
lower rates of HIV-associated dementia (HAD), milder forms of HIV associated
neurocognitive disorders (HAND) persist (Heaton et al., 2010; Heaton et al., 2011). HAND
are initiated when HIV-infected monocytes cross the blood-brain-barrier (BBB), release
progeny virus and cytokines/chemokines, and ultimately infecting and activating bystander
cells (Budka et al., 1987; Gendelman et al., 1994; Cherner et al., 2007). Currently HAND
are occurring at the same or increasing levels in this growing population of aging HIV
patients (Heaton et al., 2010; Joska et al., 2010). New diagnostic tools and effective
therapies will be crucial to controlling HAND in the aging HIV-infected population.

HAND progression is variable throughout the population of HIV patients and does not
always correlate with viral load (Heaton et al., 2008). A biomarker indicative of early stage
HAND would allow clinicians and patients to take preventive steps to ease the burden of
neurocognitive impairment (Pendyala et al., 2007). Pre-ART markers, such as beta-2-
microglobulin, correlated with neurocognitive impairment, but more effective therapies have
changed the pathology of chronic infection (Strathdee et al., 1996). Recent studies have
shown peripheral markers, such as CD14 (Lichtfuss et al., 2011), CD163 (Merino et al.,
2011) and the insulin receptor (Gerena et al., 2012), correlate with neurocognitive
impairment, but a marker for early stage HAND that is specific for the CNS remains elusive.
More recently, interferon stimulated gene-15 has been implicated as a possible biomarker
for HAND (Everall et al., 2005; Gelman et al., 2012; Wang et al., 2012).

HIV highjacks the endosomal-sorting complex required for transport (ESCRT) pathway to
facilitate efficient viral replication (Pincetic et al., 2010; Kuang et al., 2011). Interferon-
stimulated gene (ISG)-15 prevents ESCRT protein tumor susceptibility gene (TSG)-101
from associating with HIV gag and subsequent viral budding (Okumura et al., 2006; Pincetic
etal., 2010; Kuang et al., 2011; Grover et al., 2013; Poteet et al., 2013). In vitro,
upregulating 1SG-15, via interferon (ifn) or overexpression, prevents efficient virus release
while 1SG-15 knockdown does the opposite (Pincetic et al., 2010; Kuang et al., 2011).
ISG-15 is being investigated as a potential target for novel antiretroviral drugs, and others
have suggested ISG-15 as a biomarker for HAND progression (Skaug and Chen, 2010;
Wang et al., 2012; Katsounas et al., 2013). Conversely, TSG-101 depletion reduces viral
budding efficiency and is also being studied as a potential antiviral target (Pincetic et al.,
2010; Kuang et al., 2011). Levels of ESCRT pathway, or associated, proteins may be predict
HAND progression.

In this study we sought to determine if ISG-15, or ESCRT pathway machinery, levels
correlate with HAND severity in postmortem frontal cortex brain tissue and cerebrospinal
fluid (CSF). We hypothesized that brain and CSF 1SG-15 levels would be increased during
early stage HAND, and therefore, may predict progression to HIV-associated dementia
(HAD) or other severe forms of HAND. Postmortem specimens from a large cohort of well-
characterized HIV-infected patients were analyzed for frontal cortex and CSF levels of
ISG-15, TSG-101, VPS-4 and LIP-5 by western blot, dot-blot, enzyme-linked
immunosorbent assay (ELISA) and immunohistochemistry. Protein levels were then
correlated to viral load and separated by HAND severity. Overall, our data indicate CSF
ISG-15, LIP-5 and VPS-4 may indicate progressing HAND. Hence, ESCRT pathway, and
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related, proteins, alone or in some combination, may potentially be useful to aid in diagnoses
and treatment of HIV patients progressing to HAND.

Study population

For the present study we included a total of 47 HIV+ autopsy cases (Table 1) from the HIV
Neurobehavioral Research Center and California Neuro Acquired Immunodeficiency
Syndrome (AIDS) Tissue Network at the University of California, San Diego. Cases had
neuromedical and neuropsychological examinations within a median of 12 months before
death. Most cases died as a result of acute bronchopneumonia or septicemia and autopsy was
performed within 24 hrs of death. Autopsy findings were consistent with AIDS and the
associated pathology was most frequently due to systemic cytomegalovirus (CMV), Kaposi
sarcoma, and liver disease. Subjects were excluded if they had a history of CNS
opportunistic infections or non-HIV-related developmental, neurologic, psychiatric, or
metabolic conditions that might affect CNS functioning (e.g., loss of consciousness
exceeding 30 minutes, psychosis, substance dependence). The diagnosis of HIV encephalitis
was based on the presence of microglial nodules, astrogliosis, HIV p24—positive cells, and
myelin pallor.

Determination of HIV p24 levels in postmortem samples

Antibodies

HIV-1 p24 levels in postmortem tissues were determined using a commercially available
p24 enzyme-linked immunosorbent assay (ELISA) (NEKO50001KT, PerkinElmer,
Waltham, MA). In brief, as previously described (Hashimoto et al., 2002), tissues from
human brain samples (0.1 g) were homogenized in 0.7 mL of fractionation buffer containing
phosphatase and protease inhibitor cocktails (Calbiochem, San Diego, CA). Samples were
precleared by centrifugation at 5000 x g for 5 minutes at room temperature. Homogenate
was analyzed for protein quantity by BCA assay (Thermo Scientific) and then 100 ug of
sample was loaded onto a commercially available p24 enzyme-linked immunosorbent assay
(ELISA; NEKO050001KT, Perkin Elmer, Waltham, MA, USA) and performed according to
the manufacturer’s protocol.

For western blot analysis, we used polyclonal antibodies against 1SG-15 (200-401-438,
dilution 1:250, Rockland), VPS-4 (sc-32922, dilution 1:500, Santa Cruz Biotechnology), and
monoclonal antibodies against TSG-101 (612696, dilution 1:1000, BD Biosciences), LIP-5
(sc-374013, dilution 1:500, Santa Cruz Biotechnology) and actin (A5441, dilution 1:1000,
Sigma).

Immunoblot analysis

Frontal cortex tissues from human brains were homogenized and fractionated using a buffer
that facilitates separation of the membrane and cytosolic fractions (1.0 mmol/L HEPES, 5.0
mmol/L benzamidine, 2.0 mmol/L 2-mercaptoethanol, 3.0 mmol/L EDTA, 0.5 mmol/L
magnesium sulfate, 0.05% sodium azide; final pH 8.8). In brief, as previously described,
(Hashimoto et al., 2002) tissues from human brain samples (0.1 g) were homogenized in 0.7
mL of fractionation buffer containing phosphatase and protease inhibitor cocktails
(Calbiochem, San Diego, CA). Samples were precleared by centrifugation at 5000 x g for 5
minutes at room temperature. Supernatants were retained and placed into appropriate
ultracentrifuge tubes and were centrifuged at 436,000 x g for 1 hour at 4°C ina TL-100
rotor (Beckman Coulter, Brea, CA). This supernatant was collected, as representing the
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cytosolic fraction, and the pellets were resuspended in 0.1 mL of buffer and rehomogenized
for the membrane fraction.

After determination of the protein content of all samples by BCA Protein assay (Thermo
Fisher Scientific, Rockford, IL), homogenates were loaded (20 g total protein/lane),
separated on 4-12% Bis-Tris gels and electrophoresed in 5% HEPES running buffer, and
blotted onto Immobilon-P 0.45 pm membrane using NuPage transfer buffer. The membranes
were blocked in either 5% nonfat milk/1% BSA in phosphate buffered saline (PBS) + 0.05%
Tween-20 (PBST) or in 5% BSA in PBST for one hour. Membranes were incubated
overnight at 4°C with primary antibodies. Following visualization, blots were stripped and
probed with a mouse monoclonal antibody against Actin (1:2000, mab1501, Millipore,
Billerica, MA) as a loading control. All blots were then washed in PBS, .05% tween-20 and
then incubated with secondary species-specific antibodies (American Qualex, 1:5000 in
BSA-PBST) and visualized with enhanced chemiluminescence reagent (ECL, Perkin-
Elmer). Images were obtained and semi-quantitative analysis was performed with the
VersaDoc gel imaging system and Quantity One software (Bio-Rad).

Immunohistochemistry and Image Analysis

Briefly, as previously described (Masliah et al., 2003), free-floating 40 pm thick vibratome
sections were washed with Tris buffered saline (TBS, pH 7.4), pre-treated in 3% H,0,, and
blocked with 10% serum (Vector Laboratories, Burlingame, CA), 3% bovine serum albumin
(Sigma), and 0.2% gelatin in TBS-Tween (TBS-T). For human brains, sections from the
midfronal cortex were used. Sections were incubated at 4 C overnight with the primary
antibodies. Sections were then incubated in secondary antibody (1:75, Vector), followed by
Avidin D-horseradish peroxidase (HRP, ABC Elite, Vector) and reacted with
diaminobenzidine (DAB, 0.2 mg/ml) in 50 mM Tris (pH 7.4) with 0.001% H,0,. Control
experiments consisted of incubation with pre-immune rabbit serum. Immunostained sections
were imaged with a digital Olympus microscope and assessment of levels of ISG-15,
TSG-101, VPS-4 and LIP-5 immunoreactivity was performed utilizing the Image- Pro Plus
program (Media Cybernetics, Silver Spring, MD). For each case a total of three sections (10
images per section) were analyzed in order to estimate the average number of
immunolabeled cells per unit area (mm?2) and the average intensity of the immunostaining
(corrected optical density). In addition, double immunolabeling studies were performed as
previously described (Spencer et al, 2009) to determine the cellular localization of the
ESCRT markers. For this purpose, vibratome sections from the HIVE cases were
immunostained with antibodies against the microclia marker Iba-1 (mouse monoclonal) or
astroglia marker, glial fibrilary astrocytic protein (GFAP) and antibodies against either
ISG-15, LIP-5, TSG-101 or VPS-4 (rabbit polyclonal). Sections were then reacted with
secondary antibodies tagged with FITC to detect Iba-1 and GFAP and with the tyramide Red
amplification system (Perkin-Elmer) to detect ESCRT markers. Sections were mounted on
superfrost slides (Fisher) and coverslipped with media containing DAPI. Sections were
imaged with a Zeiss 63X (N.A. 1.4) objective on an Axiovert 35 microscope (Zeiss,
Germany) with an attached MRC1024 laser scanning confocal microscope system (BioRad,
Hercules, CA).

Statistical analysis

All the analyses were conducted on blind-coded samples. After the results were obtained,
the code was broken and data were analyzed with the StatView program (SAS Institute, Inc.,
Cary, NC). Comparisons among groups were performed with one-way ANOVA with
posthoc Fisher test, unpaired Student’s T test and Chi square analysis. Correlation
coefficients were calculated using linear regression analysis or stepwise regression analysis.
Stepwise regression analysis was applied to the aggregated ESCRT protein expression data
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to determine which proteins may contribute to statistically significant model for predicting
HAND severity. All results were expressed as mean £SEM. The differences were
considered to be significant if p values were <0.05.

Role of the funding source

The funding source had no role in the study design, data collection, data analysis, data
interpretation or writing of this report. The corresponding author had full access to all the
data and had final responsibility for the decision to submit the paper for publication.

Results

Clinical characteristics of HIV+ donors

Before analyzing ESCRT pathway protein (ISG-15, TSG-101, VPS-4, LIP-5) levels, we first
meticulously collected and characterized clinical and neuropathological aspects of the
postmortem HIV+ cohort. For this purpose, at first, a total of 47 autopsy cases, with CSF
available, were analyzed (normal, n=8; NPI/NPI-O, n=19; MCMD, n=13; HAD, n=7). In
order to assess relevant differences between postmortem brain samples from patients with
varying degrees of HAND, we characterized the cohorts by brain pathology, CD4+ cell
count, viral load, and neuropsychological impairment status. The cohort was grouped by
neurocognitive assessment and was predominantly male (89%) (Table 1). Eight (17%) of the
cases were diagnosed as normal, nineteen (40%) as NPI/NPI-O, 13 (28%) as MCMD and
seven (15%) as HAD. (Table 1). Brain weight varied from 1429 g for normal to a mean of
1283 g for HAD specimens (Table 1).

In Table 2 the cohort grouped by neurocognitive assessment and neuropahtological
diagnoses. Interestingly, 4/8 patients (50%) with normal neurocognitive assessment showed
HIVE pathology, while two (25%) were normal, one (13%) PML and one (13%) as other.
Four (21%) of NPI/NPI-O group showed normal pathology, one (5%) MNE, three (16%)
PML, five (26%) HIVE and six (32%) as other (Table 2). Four (31%) of the MCMD group
had normal brain pathology, four (31%) MNE, one (8%) HIVE and four (31%) as other. The
HAD group had no normal pathology diagnoses, however, one (14%) patient had MNE, one
(14%) PML, four (57%) had HIVE and one (14%) other (Table 2). All 8 of the patients
classified as normal had history of ARV, while four of 19 from the NPI/NPI-O group were
ARV naive. One of the MCMD group and three of the eight in the HAD group also no ARV
history. These data indicate stark differences in the pathology among variable
neuropsychological states in this HIV+ cohort.

CSF ESCRT protein levels; increased 1SG-15, VPS-4 and LIP-5 CSF levels in patients with
varying degrees of neuropsychological impairment

Retroviruses employ host cells ESCRT machinery to facilitate viral budding. In order to
determine if ESCRT protein levels are good candidate biomarkers for early stage HAND we
analyzed CSF from HIV+ patients with neuropsychological ratings of normal, NPI/NPI-O,
MCMD and HAD. ELISA (1SG-15) or dot-blot (TSG-101, VPS-4 and LIP-5) were used to
ascertain CSF ISG-15, TSG-101, VPS-4 and LIP-5 levels (Figure 1). CSF ISG-15 levels are
increased 7-fold compared to normal in the NPI/NPI-O group, and 5- and 4-fold in the
MCMD and HAD groups, respectively (Figure 1A). CSF ISG-15 levels as grouped by
neuropathological diagnoses showed MNE ISG-15 was 3-fold higher than normal, while
PML and other were increased 1.5- and 3-fold, respectively (Figure 1B). Interestingly,
ISG-15 levels were increased 4.5-fold (p<0.05) over patients with normal pathology. CSF
TSG-101 levels were analyzed by dotblot are essentially unchanged among the HIV+ cohort
when classified by neurocognitive assessment (Figure 1C). Compared to normal cases, CSF
TSG-101 levels were increased 1.6-, 1.5- and 1.5-fold in PML, HIVE and other cases,
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respectively (Figure 1D). CSF VVPS-4 levels are significantly (p<0.05) increased by 2-fold in
NPI/NPI-O specimens compared to normal, and 1.5- and 3-fold compared to MCMD and
HAD specimens, respectively (Figure 1E). VPS-4 CSF levels are unchanged in MNE and
PML patients compared to normal; however, HIVE and other mean VPS-4 levels are
increased compared to normal (Figure 1F). LIP-5 levels are unchanged in NOI/NPI-O and
MCMD compared to normal, but LIP-5 levels are increased 1.8-fold in HAD compared to
normal cases (Figure 1G). LIP-5 CSF levels were elevated in all patients with some
neuropathological diagnoses compared to normal (Figure 1H). LIP-5 CSF levels in patients
diagnosed as other pathology were significantly (p<0.05) increased compared to normal
cases. Comparisons among groups were performed with one-way ANOVA with posthoc
Fisher test and stepwise linear regression modeling.

Elevated ISG-15 in HIVE CSF and concomitant increased CSF LIP-5 expression

Cells evolved an innate mechanism to block viral replication by inhibiting proper ESCRT
function in the presence of invading virus. To determine 1ISG-15’s potential as an
informative biomarker for predicting increased chance for developing HAND we further
analyzed 1SG-15 and LIP-5 CSF levels. MNE, PML, HIVE and Other groups each have a
higher percentage of donors over the mean when compared to the normal cohort.
Interestingly, the HIVVE group had the highest (75 %) percentage of donors with CSF 1SG-15
levels over the mean (Figure 2A). Upon more in depth analyses we found that CSF LIP-5
levels are significantly (p<0.05) higher in CSF samples with above mean ISG-15 levels
(Figure 2B). Groups were compared using unpaired Student’s T test and Chi square analysis
(Figure 2B). CSF 1SG-15 positively correlates (p<0.01) with LIP-5 levels in HIV+ patients
(Figure 2C). These data suggest that 1ISG-15 and LIP-5 may indicate more severe
neurocognitive impairment/pathology. Correlation coefficients were calculated using linear
regression analysis (Figure 2C).

Increased CNS viral burden coincides with more severe HAND and increased 1SG-15 levels

HIV enters the brain early on during infection; however, for unknown reasons, not all HIV
patients develop HAND. To determine if viral burden was indicative of HAND severity in
our cohort, we analyzed HIV RNA and/or p24 capsid protein levels in CSF and brain, and
according mean 1SG-15 levels. HIV RNA levels are unchanged among different
neurocognitive assessment groups, with a 1.3-fold increase in the HAD group compared to
the normal group (Figure 3A). HIVV RNA levels are increased in all neuropathological
groups compared to normal, and importantly, HIV RNA in HIVE group is significantly
(p<0.01) increased compared to the normal group (Figure 3B). Brain p24 levels are
significantly (p<0.05) increased in HAD specimens compared to NPI/NPI-O and MCMD
groups, but not to normal (Figure 3C). However, brain p24 levels are unchanged among
neuropathological groupings, except in HIVE cases; p24 in HIVE cases is significantly (12-
fold; p<0.05) increased compared to normal cases (Figure 3D). Comparisons among groups
were performed with one-way ANOVA with posthoc Fisher test (Figures 3A-D). CSF HIV
RNA positively correlates (p<0.0002) with brain p24 levels (Figure 3E). Correlation
coefficients were calculated using linear regression analysis (Figure 3E). HIV p24 levels are
significantly (p<0.001; 11-fold) increased in CSF of donors with above the mean 1SG-15
levels compared to those below the mean (Figure 3G). These findings may indicate that, in
this cohort, increased CNS viral burden coexists with increased neurocognitive assessment,
neuropathological diagnoses and CSF I1SG-15 levels. Groups were compared using unpaired
Student’s T test and Chi square analysis (Figure 3G).
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ESCRT protein levels increase in brain tissues from donors with more severe
neuropathological diagnoses

HIV uses the ESCRT system to facilitate viral replication. To determine if ESCRT protein
levels are increased in the CNS during HIV infection we analyzed 1SG-15, TSG-101, VPS-4
and LIP-5 levels in brain tissue by immunoblot. ISG-15 signal are clearly of increased
intensity in MNE, PML and HIVE cases compared to normal cases (Figure 4A). Similarly,
the bands corresponding to TSG-101 are elevated in MNE, PML and HIVE compared to
normal cases (Figure 4A). Densitometry analyses of 1SG-15 bands normalized to actin, and
while MNE and PML are increased, HIVE 1SG-15 density is significantly (p<0.05)
increased compared to normal cases (Figure 4B). Brain TSG-101 levels are increased in
MNE, PML and HIVE cases, but significantly (p<0.05) in the latter two groups compared to
normal cases (Figure 4C). VPS-4 signal is low in all but one case from the normal group;
however, levels trend higher in MNE, PML and HIVE groups (Figure 4D). LIP-5
immunoblot clearly shows increased LIP-5 band intensity in MNE, PML and HIVE cases
compared to normal (Figure 4D). VPS-4 densitometry is increased in MNE, PML and HIVE
groups compared to normal, but levels are most intense in the PML group (Figure 4E).
LIP-5 densitometry is most intense (p<0.01) in MNE compared to normal cases, but LIP-5
levels are also increased PML and HIVE compared to normal (Figure 4F). These data
suggest that brain ESCRT protein levels are increased with increased HIV neuropathology.
In order to determine if clustering the ESCRT marker expression data added to the
significance of the correlation, stepwise regression analysis was performed. Comparisons
among groups were performed with one-way ANOVA with posthoc Fisher test and stepwise
linear regression modeling. This study using immunoblot data of ESCRT proteins generated
a statistical model for predicting neuropathology based on protein expression levels (Table
3). Results show statistical significance (p<0.013, R Square = 0.625) for predicting
neuropathology severity (Tables 3-5). In summary, TSG-101 was the strongest predictor,
followed by VPS-4, ISG-15 and LIP-5.

ESCRT protein immunoreactivity is increased in brains of HIV+ and HIVE compared to
uninfected patients

HIV infects CD4+ cells, represented by microglia in the CNS. Neurons and astrocytes are
less suitable to infection, but may be affected by infection and inflammation as bystanders.
Furthermore, HIV proteins that influence ESCRT machinery expression may enter these
bystander cells. To determine brain ESCRT proteins are increased in HIV+ brain, and the
cellular expression patterns, we immunostained brain frontal cortex from control, HIV+ and
HIVE donors with 1ISG-15, TSG-101, VPS-4 and LIP-5 antibodies. ISG-15 levels in HIV+
patients are increased compared to control. ISG-15 immunostaining is most intense in HIVE
cases. Furthermore, ISG-15 appears detectable in glial cells (top) and neurons (bottom)
(Figure 5A). 1ISG-15 optical density is significantly (p<0.05) increased in HIV+ and HIVE
brains compared to control (Figure 5B). LIP-5 immunostaining is increased in HIV+ and
HIVE compared to control cases; immunostaining appears to be most intense in HIVE
brains (Figure 5C). LIP-5 optical density is significantly increased in HIVE compared to
control (Figure 5D). TSG-101 immunostaining is most intense in HIVE cases compared to
control or HIV+ cases (Figure 5E). TSG-101 optical intensity is increased in HIV+ and
HIVE compared to control; however the differences are not significant (Figure 5F). VPS-4
immunostaining is increased in HIV+ and HIVE compared to control cases, and most
intense in HIVE brains (Figure 5G). VPS-4 optical density is significantly increased in
HIVE compared to control (Figure 5H). These data support earlier findings that CNS HIV
infection may increase glial and neuronal ESCRT protein expression. Comparisons among
groups were performed with one-way ANOVA with posthoc Fisher test.
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ESCRT protein immunoreactivity in microglia and astrocyte cells in HIVE brains

HIV-1 infects microglia and, to a lesser extent, astrocytes. Infected microglia secrete inf and
other cytokines which activate uninfected microglia and astrocytes. To determine glial
ESCRT protein expression during HIVE we immunostained brain frontal cortex from HIVE
donors with ISG-15, LIP-5, TSG-101 and VPS4 antibodies alone or in conjunction with
Iba-1 (microglia) or GFAP (astrocytes) antibodies. 1SG-15, LIP-5, TSG-101 and VPS-4
(red) each colocalized with Iba-1 (green) in HIVE brains (Figure 6A). TSG-101 and VPS-4
immunostaining appear to produce the strongest signal with Iba-1 colocalization (yellow)
(Figure 6A). 1ISG-15, LIP-5, TSG-101 and VPS-4 (red) also colocalized with GFAP (green)
immunostaining for astrocytes (Figure 6B). These data illustrate ESCRT and related proteins
are expressed in microglia and astrocytes during HIVE.

Discussion

In the current report we present findings from a comprehensive analysis of ESCRT pathway,
and related, protein (ISG-15, VPS-4, TSG-101 and LIP-5) expression in the CSF and brains
of HIV infected individuals suffering from a range of HAND. Overall, increased CSF levels
of 1ISG-15, VPS-4 and LIP-5 may indicate early stage HAND and therefore be predictive of
future neurocognitive impairments. The 47-patient cohort of HIV+ donors runs the gamut
from normal cognitive assessment to HAD, and from no pathology to HIVE. CSF ISG-15
and VVPS-4 are elevated during early stages of neurocognitive impairment and levels are
reduced in HAD CSF. Brain tissues show increased levels of all ESCRT proteins in brains
with more severe neuropathology. Viral load is highest in HIVE donors, as expected, but the
p24 level correlation with less severe pathologies is not linear. Previous studies suggest that
ISG-15 may be a predictive biomarker for HAND (Wang et al., 2012; Katsounas et al.,
2013); however, CSF VPS-4 levels may be a more dependable predictor of early HAND.
Furthermore, LIP-5 levels may indicate more progressed HAND when levels correlate with
ISG-15. These data are synchronous with previous findings that show HIV highjacks the
ESCRT system and 1SG-15 is upregulated to combat virus infiltration (Grover et al., 2013).
This study suggests the ESCRT pathway machinery CSF levels may provide insight into
HAND progression, and in concert with other tools, may aid physicians in prescribing
appropriate therapy.

The present study was spurred by mounting literature indicating the ESCRT pathway is
integral in establishing, and maintaining, HIV infection (Langelier et al., 2006; Wang et al.,
2012; Grover et al., 2013); however these data represent the first comprehensive survey of a
well characterized cohort of HIV+ patients. Normally, cells employ ESCRT pathway
proteins (TSG-101, VPS-4, LIP-5, etc.) to facilitate membrane fission during multivesicular
body formation and cytokinesis (Jouvenet, 2012). HIV uses the ESCRT system to facilitate
viral budding through the plasma membrane into the extracellular space where the virus can
infect bystander cells (Pincetic et al., 2010; Kuang et al., 2011). Virus infection induces
interferon release from infected cells, which in-turn stimulates 1SG-15 expression, along
with other antiviral mechanisms. Figure 6 illustrates the ESCRT pathway and how I1SG-15
expression prevents efficient viral budding. 1SG-15 is conjugated to ESCRT pathway
proteins to prevent proper viral budding. The known steps through which 1ISG-15 combats
viral replication include: 1) ISG-15 is conjugated to CHMPS5 thereby preventing
LIP-5:CHMPS5 association and subsequent localization to the plasma membrane. 2) Lack of
LIP-5:CHMPS5 at the plasma membrane prevents VVPS-4 associating with its coactivator,
LIP-5 and ATPase activity that is essential for virus release. 3) CHMP2A is ISGylated in the
presence of CHMP5:1SG-15, which prevents CHMP2A binding to LIP-5 and VVPS-4. 4)
CHMP6 is ISGylated thereby weakening association with VPS-4. 5) Unbound VPS-4 is
released to the cytosol, and viral budding is inhibited. 6) ISG15 expression prevents TSG101
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interaction with GAG, and thereby prevents viral budding. (Langelier et al., 2006; Pincetic
etal., 2010; Kuang et al., 2011; Wang et al., 2012). Recently it was reported that ISG-15 is
highly expressed in animal models for global ischemia, traumatic brain injury and gp120
expression in the cortex (Nakka et al., 2011; Wang et al., 2012). Moreover, high baseline
ISG-15 levels and reduced responsiveness to ifn-a are strong indicators of negative
therapeutic response in patients co-infected with HIV-HCV (Katsounas et al., 2013).
Whether 1SG-15 brain levels are indicative of future HAND is unknown. Here, we began by
surveying a 47-patient cohort for CSF and brain frontal cortex levels of 1ISG-15. Our 1SG-15
analysis in human brain samples proved to be consistent with reports that show increased
ISG-15 expression in mouse models for HIV-induced brain injury (Wang et al., 2012). CSF
levels in this cohort suggest 1SG-15 may be elevated during early stage HAND before
subsiding to less elevated levels during HAD. These high ISG-15 levels at beginning stages
of HAND may represent a strong innate response to HIV infiltration of the CNS. Our data
suggest 1SG-15 levels are elevated, but off their peak, during HAD. Interestingly, CSF
ISG-15 was highest in brains HIVE neuropathology, and 1SG-15 levels positively correlate
to LIP-5 levels in the same samples, discussed later. One hurdle is to establish a baseline
ISG-15 CSF level for HIVV+ patients, rather it be related to another marker or in conjunction
with viral load or CD4+ cell count. Immunohistochemistry for ISG-15 in control, HIV+ and
HIVE brains reflected findings from the gp120 mouse model, and suggest HIV induces
ISG-15 expression in the brain; importantly, expression appears not to be isolated to
microglia, but also presumably uninfected neurons. This aberrant gene expression may
represent the sort of mechanism that confounds normal neuronal function during HAND.
Presumably, HIV-1 infection-induced ifn stimulates infected and uninfected glia and
neurons to increase 1SG15 expression. HIV-1 or viral proteins may contribute to increased
ESCRT protein expression in bystander cells leading to cellular dysfunction associated with
HAND. Therefore, therapies targeted to block HIV protein activity or inflammation may be
useful. Overall there were some discrepancies in the robustness of 1SG-15 expression
between the mouse studies and the postmortem tissues; this may be attributed to organism
complexity or innate antiviral pathway specific differences between the species (Wang et al.,
2012).

Next, we hypothesized that ESCRT machinery proteins, which are directly involved in HIV
budding, may be overexpressed in the brain and CSF during HIV infection. Light has been
shed on HIV utilizing the ESCRT system to facilitate viral budding, and how I1SG-15
combats this mechanism (Figure 6) (Pincetic et al., 2010; Kuang et al., 2011). TSG-101 is an
ESCRT pathway protein that recognizes and sorts ubiquitinated proteins for assimilation to
vacuoles (Li et al., 1999; Babst et al., 2000; Dupre et al., 2001). It has recently been reported
that TSG-101 facilitates HIV budding by binding to HIV GAG (VerPlank et al., 2001;
Demirov et al., 2002; Chen and Liu, 2008). VPS-4 is a cytosolic protein that is recruited to
the membrane-bound ESCRT complex (Jouvenet, 2012). VPS-4 dimers co-assemble into a
double hexameric ring with coactivator LIP-5 (Shim et al., 2008). ATP hydrolysis by the
VPS-4:LIP-5 oligomer simultaneously releases the ESCRT complex to the cytoplasm and
the virus to the extracellular milieu (Ward et al., 2005). ISG-15 conjugation to CHMP5
prevents this VPS-4:LIP-5 interaction (Figure 6) (Pincetic et al., 2010; Kuang et al., 2011).
In these studies TSG-101 expression does not appear to be a predictive marker of HAND
progression; however, VPS-4 and/or LIP-5 may be promising biomarkers for predicting
HAND. Interestingly, CSF VPS-4 levels showed the most promise for indicating early stage
HAND. Again, establishing a baseline VPS-4 level will be a challenge, but elevated VPS-4
may indicate early stages of HAND as CSF VPS-4 levels were decreased in later stages of
HAND. CSF LIP-5 correlation with ISG-15 may provide a useful co-marker to corroborate
evidence that the antiviral response is active in the brain. Taken together these data suggest
HIV may regulate LIP-5 and VPS-4 expression to combat 1SGylation and facilitate virus
release. Hence VPS-4 and LIP-5 may be used in concert with other markers to identify
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patient in pre-dementia stages of HIV infection. However, brain immunostaining for VPS-4
and LIP-5 suggests these proteins remain highly expressed throughout HAD. It is
noteworthy that high 1ISG-15 CSF levels may indicate severe neuropathology when levels
positively correlate to CSF LIP-5 levels. Establishing a standard high:low ISG-15 level in
the CSF of HIV patients could aid diagnosis and ART prescription, and CSF LIP-5 levels
may support or diminish the diagnosis. Interestingly, more in-depth statistical analysis
(linear stepwise regression modeling) of ISG15, TSG101, VPS4 and LIPS in aggregate
shows CSF levels are not indicative of HAND severity; however, tissue protein expression
data provide a statistically significant model for predicting neuropathology severity. A
longintudinal study using patient CSF may prove efficacious in establishing, or ruling out,
these proteins as HAND biomarkers. It is noteworthy that all of the patients that tested
normal on psychological tests had history of ARV regimen, while that was not the case for
the other three psychological classifications. Taken together, these data show CSF 1SG-15,
VPS-4, LIP-5, HIV RNA or brain protein levels indicated more progressed HAND and more
severe neuropathology.

The HIV-infected population is rapidly aging and these patients are particularly susceptible
to developing premature neurocognitive disorders. Biomarkers that could give clinicians a
head start to combat HAND will be valuable as they prescribe ART. These studies provide a
CNS survey of a very popular family of proteins intricately involved in HIV budding.
Herein we identify 1ISG-15, VPS-4, TSG-101 and LIP-5 levels as potential promising
biomarkers for predicting HIV neuropathology and HAND.
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Fig. 1. CSF ESCRT protein levels; increased 1SG-15, VPS-4 and LIP-5 CSF levels in patients

with varying degrees of neuropsychological impairment

A. CSF ISG-15 levels as measured by ELISA and grouped by neurocognitive assessment. B.
CSF 1SG-15 levels as measured by ELISA and grouped by neuropathological diagnosis. C.
CSF TSG-101 levels as measured by dot-blot and grouped by neurocognitive assessment. D.
CSF TSG-101 levels as measured by ELISA and grouped by neuropathological diagnosis.
E. CSF VPS-4 levels as measured by dot-blot and grouped by neurocognitive assessment. F.
CSF VPS-4 levels as measured by ELISA and grouped by neuropathological diagnosis. G.
CSF LIP-5 levels as measured by dot-blot and grouped by neurocognitive assessment. H.
CSF LIP-5 levels as measured by ELISA and grouped by neuropathological diagnosis. For
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statistics, CSF from a total of n= 24 cases was categorized by neurocognitive impairment, of
them n=5 normal, n= 9 NPI/NPI-O, n=9 MCMD, n= 3 HAD. CSF from a total of n= 35
postmortem cases were categorized by neuropathological assessment: n= 9 normal, n=6
MNE, n= 4 PML, n= 8 HIVE, n= 8 other. Statistical significance (*p<0.05, One-way
ANOVA, post hoc Fisher test) compared to normal.
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Fig. 2. Elevated CSF 1SG-15 in HIVE and concomitant increased CSF LIP-5 expression

A. Graphical representation of the percentage of donors from each neuropathological group
to have ISG-15 levels greater than the mean of all cases. B. LIP-5 levels in donors with
below the mean ISG-15 levels compared to donors with above the mean 1SG-15 levels. C.
Correlation of CSF LIP-5 verses ISG-15 levels in HIV+ donors. A total of n=35
postmortem cases were analyzed by neuropathological assessment, n=9 normal, n=6 MNE,
n=4 PML, n= 8 HIVE, n= 8 other. Statistical significance (*p<0.05, One-way ANOVA,
post hoc Fisher test, student “T™ test or linear regression analysis).
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Fig. 3. Increased CNS viral burden coincides with more severe HAND and increased 1SG-15

levels

A. CSF HIV-1 RNA expression levels grouped by neurocognitive assessment. B. CSF
HIV-1 RNA levels grouped by neuropathological diagnosis. C. Brain p24 capsid protein
levels grouped by neurocognitive assessment. D. Brain p24 capsid protein levels grouped by
neuropathological diagnosis. E. Correlation of CSF HIV-1 RNA quantity versus brain p24
capsid protein levels. F. Brain p24 capsid protein levels in donors expressing low or high
ISG-15 levels. For statistics, a total of n= 24 postmortem cases were analyzed by
neurocognitive impairment, of them n= 3 normal, n=9 NPI/NPI-O, n=9 MCMD, n=3
HAD. A total of n= 35 postmortem cases were analyzed by neuropathological assessment,
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n= 9 normal, n=6 MNE, n=4 PML, n= 8 HIVE, n= 8 other. Statistical significance
(*p<0.05, One-way ANOVA, post hoc Fisher test, student “T” test or linear regression
analysis).
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Fig. 4. ESCRT protein levels increase in brain tissues from donors with more severe
neuropathological diagnoses
A. Immunoblot analysis of ISG-15, TSG-101 and Actin in postmortem brain tissues from

HIV+ donors grouped by neuropathological diagnosis. B. Densitometry analysis of 1SG-15

levels normalized to Actin. C. TSG-101 densitometry analysis normalized to Actin. D.

Immunoblot analysis of VPS-s and LIP-5 and Actin in postmortem brain tissues from HIV+
donors grouped by neuropathological diagnosis. E. Densitometry analysis of VPS-4 levels
normalized to Actin. F. LIP-5 densitometry analysis normalized to Actin. A total of n= 18
postmortem cases were grouped by neuropathological assessment, n= 5 normal, n=4 MNE,

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2014 December 01.




1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fields et al.

Page 19

n=4 PML, n=5 HIVE. Statistical significance (*p<0.05, One-way ANOVA, post hoc Fisher
test).
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Fig. 5. ESCRT protein immunostaining is increased in brains of HIV+ and HIVE compared to

uninfected patients

A. Immunohistochemical analysis of 1SG-15 expression in control, HIV+ and HIVE brains.
B. ISG-15 immunostaining optical density in control, HIV and HIVE brains. C.
Immunohistochemical analysis of LIP-5 expression in control, HIV+ and HIVE brains. D.
Optical density of LIP-5 immunostaining in control, HIV and HIVE brains. E.
Immunohistochemical analysis of TSG-101 expression in control, HIV+ and HIVE brains.

F. Optical density of TSG-101 immunostaining in control, HIV and HIVE brains. G.

Immunohistochemical analysis of VPS-4 expression in control, HIV+ and HIVE brains. H.
VPS-4 immunostaining optical density in control, HIV and HIVE brains. A total of n=9
postmortem cases were grouped by neuropathological assessment, n= 3 HIV-, n= 3 HIV+,
n=3 HIVE. Statistical significance (*p<0.05, One-way ANOVA, post hoc Fisher test).
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Fig. 6. Double labeling between ESCRT protein and microglia and astrocyte markers in HIVE
brains

Vibratome sections from frontal cortex of HIVE patients were double-labeled with antibody
against Iba-1 (microglia) or GFAP (astroglia) and ESCRT proteins and analyzed with the
laser-scanning confocal microscope. A. Colocalization between ESCRT proteins (1ISG-15,
LIP-5, TSG-101 and VPS-4; red) labeling of Iba-1+ (green) cells in HIVE brain frontal
cortex tissue illustrates expression in the microglia cell body. Colocalization is signified by
yellow. B. Colocalization between ESCRT proteins (ISG-15, LIP-5, TSG-101 and VPS-4;
red) and GFAP+ (green) cells in HIVE brain frontal cortex tissue. The yellow signal in the
merged channel signifies concomitant red and green staining in GFAP+ cells (astroglia).
(Bar =10 pm)
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Fig. 7. ESCRT pathway; HIV induces ISG-15 to prevent viral replication

This diagram illustrates the major components of the ESCRT pathway hijacked by HIV-1 to
facilitate viral replication. ISG-15 is expressed in response to viral infection, and disrupts
proper ESCRT pathway function by binding to, and preventing essential associations
necessary for vesicle/virus budding. 1) ISG-15 is conjugated to CHMPS5 thereby preventing
LIP-5:CHMPS5 association and subsequent localization to the plasma membrane. 2) Lack of
LIP-5:CHMPS5 at the plasma membrane prevents VVPS-4 associating with its coactivator,
LIP-5 and ATPase activity that is essential for virus release. 3) CHMP2A is ISGylated in the
presence of CHMP5:1SG-15, which prevents CHMP2A binding to LIP-5 and VVPS-4. 4)
CHMP6 is ISGylated thereby weakening association with VPS-4. 5) Unbound VPS-4 is
released to the cytosol, and viral budding is inhibited. 6) ISG15 expression prevents TSG101
interaction with GAG, and thereby prevents viral budding.
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Model summary including R square.

Table 5

Model Summary

Model R R Square | Adjusted R
Square

Std. Error of the
Estimate

1 | 7002 | 0625 05

0.8315

aPredictors: (Constant), tsg101, vps4, ISG15, lip5
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