Autophagy Is Increased in Postmortem Brains of
Persons With HIV-1-Associated Encephalitis
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Background. Autophagy is critical to maintaining cell homeostasis and is implicated in neurodegenerative
diseases. This research examined the role of autophagy in human immunodeficiency virus type 1 (HIV-1)-
associated encephalitis, the pathologic hallmark of neuroAIDS.

Methods. The frontal cortex from 32 HIV-infected persons (12 without evidence HIV-1 encephalitis or clinical
signs of central nervous system impairment and 20 with histopathological findings of HIV-1 encephalitis) and 8
persons without HIV infection and any neuropathology were examined postmortem. Green fluorescent protein-
labeled (GFP) light chain 3 (LC3)—expressing neuroblastoma SK-N-SH cells treated with gp120 from CXCR4 and
CCRS5 viruses were also examined. Autophagic markers were assessed by means of Western blot analysis,
transmission electron microscopy (TEM), and confocal microscopy.

Results. Autophagic proteins Beclin 1, Autophagy-related gene (Atg)-5, Atg-7, and LC3-II were significantly
increased in brains with HIV-1 encephalitis (P < .05). These findings were confirmed by TEM and immunostaining
of brain tissue. Additionally, levels of autophagic proteins and autophagosomes were increased in neuronal cells
treated with both CXCR4- or CCR5-tropic HIV-1 gp120. No increase in the level of autophagy was observed in the
brains of HIV-infected persons without HIV-1 encephalitis compared with the level in brains of HIV-uninfected
persons.

Conclusions. Postmortem brains with HIV-1 encephalitis exhibit increased markers of autophagy compared
with brains from HIV-infected persons without HIV-1 encephalitis or HIV-uninfected control brains, which

suggests that dysregulation of autophagy may be important in the pathogenesis of neuroAIDS.

The central nervous system (CNS) is an important target
of human immunodeficiency virus type 1 (HIV-1) and
is associated with both subtle and severe neurological
impairment. With the increased use of highly active
antiretroviral therapy, severe HIV-associated dementia
is less common; however, minor cognitive motor dis-
order remains an important part of infection, affecting
~30% of persons living with HIV-1 infection [1-4].
The neuropathological hallmarks of HIV-1 infection
in the brain are encephalitis featured with widespread
reactive astrocytosis, myelin pallor, microglial nodules,
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activated resident microglia, multinucleated giant cells,
and infiltration predominantly by monocytoid cells,
including blood-derived macrophages [5]. Macrophages
and microglia are the primary cells infected by HIV-1,
can support viral replication, and provide the primary
ongoing source of virus in the CNS [6]. Although HIV-1
does not directly infect the neuron, infection of mac-
rophages and microglia with the release viral proteins
and inflammatory mediators have been implicated in
neuronal and astrocytic dysfunction, and are thought to
drive the pathogenesis of HIV-associated dementia
(7, 8].

Autophagy is induced in response to nutrient de-
pletion and is a nonapoptotic pathway of programmed
cell death. The hallmark of autophagy is a double-
membraned autophagosome that ultimately fuses with
a lysosome, thereby generating a single-membraned
autolysosome that is capable of degrading the contents,
which can then be recycled by the cell [9, 10]. There is
a basal homeostatic level of autophagy in brain neurons
that when altered can result in neuronal dysfunction
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without cell death [11]. Numerous examples exist for autophagy
playing an important role in neurological disorders including
degenerative CNS diseases such as Alzheimer’s disease, Hun-
tington’s disease, and Parkinson’s disease [12—19]. Markers of
autophagy include the following: Beclin 1, a Bcl-2-interacting
coiled-coil protein, which mainly engages hVps34 in the auto-
phagic pathway and in autophagosome formation [20-23]; and
microtubule-associated protein (MAP) light chain 3 (LC3), in
which the conversion of LC3-I (18 kDa) to LC3-II (16 kDa) is
a specific autophagic marker [24-26].

The alterations of cellular processes induced by viral infection
generally favor viral replication and spread [27-29]. Recent data
indicate that exposure of T cells to HIV-1 gp120 can lead to
bystander cell death through induction of autophagy associated
with gp120/CXCR4 interactions [30, 31]. In contrast to the ef-
fect on bystander cells, during permissive HIV-1 infection,
autophagy is inhibited [32]. In the research presented here, we
have examined the possible role of autophagy in the de-
velopment of neuroAIDS. Our findings indicate that post-
mortem brains with evidence of HIV-1 encephalitis demonstrate
increased markers of autophagy. Moreover, in an in vitro model
using a neuronal cell line, we demonstrate that gp120 from
CCR5- or CXCR4-using virus can induce autophagy.

MATERIALS AND METHODS

Brain Tissue and Reagents

Postmortem brain tissues of frontal cortex were obtained from
32 HIV-infected persons from the HIV Neurobehavioral Re-
search Center and California NeuroAIDS Tissue Network at the
University of California San Diego. Table 1 summarizes the
demographic data available on persons from whom brain
samples were obtained. HIV-infected persons had neuromedical
and neuropsychological examinations a median of 12 months
before death. Autopsies were performed within 24 h of death.
Persons with a history of CNS opportunistic infections or non-
HIV-related developmental, neurologic, psychiatric, or meta-
bolic conditions that might affect CNS function (eg, loss of
consciousness exceeding 30 min in duration, psychosis, or
substance dependence) were excluded. Neuropathological as-
sessment was performed on paraffin sections from the frontal
cortex, parietal cortex, temporal cortex, hippocampus, basal
ganglia, and brain stem, which were stained with hematoxylin
and eosin or immunolabeled with antibodies against p24 and
glial fibrillary acidic protein (GFAP). The diagnosis of HIV
encephalitis was based on the presence of microglial nodules,
astrogliosis, HIV p24—positive cells, and myelin pallor. Among
HIV-1-positive brains, there were 12 without evidence of HIV
encephalitis and/or clinical signs of CNS impairment (HIV-
positive only group) and 20 with histopathological findings
consistent with HIV encephalitis (10 with previously diagnosed
HIV dementia). Additionally, brain samples from 8 persons

without HIV-1 infection and any known neurological symptoms
or neuropathology were used as HIV-negative controls.

HIV-1 gpl120 (expressed in Chinese hamster ovary cells;
CXCR4-using virus strain HIV-1y1y) was obtained from Im-
munodiagnostics. HIV-1gx; gpl120 (CCR5-using virus) was
obtained from the AIDS Research and Reference Program.
Antibodies against Beclin 1, Atg-7, Atg-5, lysosomal membrane
protein 1 (LAMP-1), and glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) were purchased from Santa Cruz
Biotechnology. The rabbit LC3 antibodies were purchased from
Abgent.

Double Immunolabeling and Confocal Laser Microscopy

To evaluate the colocalization of neurons and the autophago-
some marker LC3, double immunocytochemical analysis was
performed. Vibratome sections were immunolabeled with
a monoclonal antibody against NeuN, and LC3 was detected
with fluorescein isothiocyanate—conjugated and Cy3-conjugated
secondary antibodies. Sections were processed under the same
conditions, and experiments were repeated to ensure re-
producibility. Sections were imaged with a Zeiss 63X (numerical
aperture, 1.4) objective on an Axiovert 35 microscope (Zeiss)
with an attached MRC1024 laser scanning confocal microscopy
system (BioRad). To confirm the specificity of primary anti-
bodies, control experiments were performed in which sections
were incubated overnight in the absence of primary antibody or
pre-immune serum and primary antibody alone.

Electron Microscopic Analysis

Vibratome sections were fixed in .25% glutaraldehyde and 3%
paraformaldehyde in .1 mol/L cacodylate buffer (pH, 7.4) and
then pre-embedded with 50% Durcupan epoxy resin and 50%
ethanol (dry) for 30 min. Tissues were then embedded in
Durcupan mix epoxy resin, polymerized under a vacuum at
60°C for 48 h, mounted into plastic cylinders, sectioned with an
ultra microtome (Reichert Ultracut E) at 60-nm thickness, and
collected in copper grids for ultrastructural analysis. Grids were
analyzed with a Zeiss EM10 electron microscope, and electron
micrographs were obtained at a magnification of X20,000.
Electron microscopic quantitative analyses of lysosomes and
autophagosomes were performed on pyramidal neurons in the
frontal cortex of HIV-uninfected brains, HIV-infected brains
without evidence of HIV encephalitis, and brains with HIV
encephalitis (n = 5 cases per group). The mean and standard
deviation of the number of lysosomes and autophagosomes was
determined for a total of 25 neurons per case.

Treatment of Neuroblastoma Cells With HIV-1 gp120

The GFP-LC3 expression vector was from T. Yoshimori
(National Institute of Genetics, Shizuoka, Japan) [30]. Cells were
transfected with each expression plasmid by use of the Lip-
ofectamine 2000 reagent (Invitrogen) [25, 33, 34]. SK-N-SH
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Table 1. Summary of Subject Demographic Characteristics and Clinical History

Neurological

Receiving ART

HIV status, subject no.  Age, years Sex diagnosis during life  Neuropathology Cause of death at time of death
Uninfected

1 26 Male None NPC Hodgkin's lymphoma No
2 58 Male None NPC Cardiac failure No
3 43 Male None NPC Coccidiomycosis No
4 48 Male None NPC Steatosis, liver failure No
5 47 Female None NPC CHF No
4 58 Male None NPC Cholangiocarcinoma No
7 48 Female None NPC Respiratory failure No
8 b5} Female None NPC Pneumonia No
Infected without HIVE

1 46 Male None NPC AIDS-NSDx Yes
2 b5 Male None NPC Renal failure Yes
3 58 Male None NPC AIDS-NSDx Yes
4 45 Male None NPC Acute aspiration Yes
5 59 Male None NPC Pneumonia Yes
6 54 Male None NPC Cardiac infarction Yes
7 43 Male MCMD NPC Pulmonary embolism Yes
8 67 Male MCMD NPC Renal failure Yes
9 39 Male MCMD NPC Pneumonia Yes
10 NA NA None NPC AIDS-NSDx Yes
11 NA NA None NPC AIDS-NSDx Yes
12 NA NA None NPC AIDS-NSDx Yes
Infected with HIVE

1 34 Male None HIVE PCP, CMV infection, KS Yes
2 37 Male None HIVE PCP No
3 59 Female None HIVE PCP No
4 43 Male None HIVE MAC infection, pneumonia Yes
5 35 Male MCMD HIVE AIDS-NSDx Yes
6 37 Male MCMD HIVE Pneumonia Yes
7 42 Male MCMD HIVE AIDS-NSDx Yes
8 46 Male MCMD HIVE Sepsis No
9 39 Male MCMD HIVE Multi-organ failure No
10 NA NA None HIVE Aseptic meningitis Yes
Infected with HAD and HIVE

1 38 Female HAD HIVE Hypotension No
2 57 Male HAD HIVE Disseminated MAC infection No
3 34 Male HAD HIVE Heart failure No
4 43 Male HAD HIVE Pneumonia No
5 B5 Male HAD HIVE Cardiac arrhythmia Yes
6 31 Male HAD HIVE Renal failure No
7 39 Male HAD HIVE Sepsis Yes
8 29 Male HAD HIVE Pneumonia No
9 40 Male HAD HIVE Electrolyte imbalance No
10 NA NA HAD HIVE AIDS-NSDx No

NOTE. AIDS-NSDx, AIDS—no specific cause of death noted; ART, antiretroviral therapy; CHF, congestive heart failure; CMV, cytomegalovirus; HAD, HIV-
associated dementia; HIV, human immunodeficiency virus; HIVE, HIV-associated encephalitis; KS, Kaposi sarcoma; MAC, Mycobacterium avium complex; MCMD,
minor cognitive motor disorder; NA, not available; NPC, no neuropathological changes; PCP, pneumocystis pneumonia.

cells (ATCC) were transfected with GFP-LC3-expressing plas-
mids and maintained in G418-containing Dulbecco modified

Eagle medium with fetal bovine serum. Approximately 1 X 10°

SK-N-SH cells in 6-well flat-bottom plates were cultured in

complete medium with or without gp120 or rapamycin. For

protein analysis, cells were harvested at specified time points and

treated with M-Per protein extraction buffer according to the

manufacturer’s instructions (Pierce).
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Treatment of Neuroblastoma Cells With Bafilomycin A,
GFP-LC3-expressing SK-N-SH cells were cultured on coverslips
(Grace Bio-Labs) with culture medium only, HIV-1yny gp120
(100 ng/mL), HIV-15,1 gp120 (100 ng/mL), or rapamycin (200
nmol/L), with or without pretreatment with bafilomycin A,
(100 nmol/L) for 30 min (Calbiochem), for 6 h [35]. Cells were
stained with Lysotracker red (Invitrogen) at 37°C with 5%
carbon dioxide for 45 min, fixed with 3.7% formaldehyde for 15
min at room temperature, and washed with phosphate-buffered
saline. Slides were mounted with ProLong Gold Antifade reagent
with 4’,6-diamidino-2-phenylindole (Invitrogen), examined
using an Olympus confocal microscope, and analyzed with
FV10-ASW Viewer software (version 2.1; Olympus). The co-
localization of images was analyzed with Image] software (Na-
tional Institutes of Health) and the Co-localization Colormap
plug-in (Adam Gorlewicz; http://rsbweb.nih.gov/ij/notes.html)
[35].

Western Blot Analysis of Autophagic Proteins

Brain tissue and SK-N-SH cells were homogenized and lysed to
obtain tissue lysates. Western blots were performed as described
elsewhere [32]. Rabbit polyclonal antibodies against human LC3
or cleaved LC3 and goat polyclonal antibodies against human
Beclin 1, Atg-7, Atg-5, or GAPDH were used for primary anti-
bodies. The blot membrane was exposed to x-ray film, de-
veloped, scanned, and analyzed with Image]J software (National
Institutes of Health).

Quantification of the GFP-LC3 Puncta

GFP-LC3-transfected SK-N-SH cells were grown to subcon-
fluence on poly-L-lysine-coated glass coverslips (Sigma) under
specified treatment conditions. The samples were mounted and
imaged for green fluorescent protein GFP-LC3-labeled auto-
phagosomes by use of an Olympus confocal disk-spinning mi-
croscope. The fluorescence of GFP-LC3 puncta was quantified
with Slidebook software (Intelligent Imaging Innovations) in at
least 3 independent experiments [32].

Statistical Analysis

All analyses were conducted on coded samples with the clinical
and pathological diagnoses unknown to the investigators. For
brain tissue, comparisons between 2 groups were performed
using the unpaired Student ¢ test. Results for which P < .05 (2-
sided test) were considered significant.

RESULTS

Autophagic Protein Levels Are Increased in Brain Tissues of
Persons With HIV Encephalitis

Using Western blot analyses, levels of autophagic proteins Atg-5,
Atg-7, and Beclin 1 were found to be significantly increased in
the brains of persons with HIV encephalitis in comparison to

HIV-positive only brains and control brains, whereas there
was no difference between HIV-positive only brains and un-
infected control brains (Figure 1). The mean (+SE) auto-
phagic protein expression was increased for HIV encephalitis
brains compared with the levels obtained from HIV-positive
only brains with no evidence of HIV encephalitis: 2.25-fold
(= .37-fold; P < .01) for Atg-5, 2.11-fold (= .62-fold; P <
.01) for Atg-7, and 2.15-fold (* .59-fold; P < .001) for Beclin
1P. No significant differences were observed for autophagic
protein expression between the subgroups of brains with HIV
encephalitis with previously documented HIV-associated
dementia and those with HIV encephalitis without previ-
ously documented HIV-associated dementia (P >.10 for all
comparisons; data not shown).

LAMP-1 Expression Is Increased in Brains of Persons With HIV
Encephalitis

LAMP-1 is a commonly used marker for the presence of lyso-
somes and autolysosomes in the cytoplasm of cells [36]. By
Western blot analysis, the level of LAMP-1 was found to be
increased 4.35-fold (= .48-fold) in brains with HIV encephalitis
above the level in control brains, compared with a modest in-
crease of 1.42-fold (* 1.13-fold) in HIV-positive only brains (P
< .01) (Figure 1D). No differences were observed between HIV
encephalitis brains with HIV-associated dementia and those
without HIV-associated dementia (data not shown), nor be-
tween control brains from HIV-uninfected persons and HIV-
positive only brains.

LC3 Puncta and LC3-1I/LC3-1 Ratio Are Increased in Brain Tissue
With HIV Encephalitis

Using double labeling for the neuronal cell-specific marker
NeuN and for the autophagosome marker LC3, the relative
number of LC3 puncta in neuronal cells was assessed by means
of immunofluorescence. Brains demonstrating HIV encephalitis
were consistently found to exhibit LC3 puncta in neurons,
whereas the neurons in brains obtained from HIV-positive only
patients rarely showed any LC3 staining (Figure 2A). To further
evaluate the relative level of autophagy, we assessed the con-
version of LC3-I to LC3-II that occurs during the process of
autophagosome formation [30-32]. Our findings indicate that
the mean (+SE) LC3-II/LC3-I ratio is significantly increased in
HIV encephalitis brains (3.0 = 1.3) compared with that in HIV-
positive only brains (.92 = .59; P < .001) (Figure 2B). The
quantity of LC3-II as measured by the LC3-II/GAPDH ratio
(1.40 = .01) is also significantly increased in HIV encephalitis
brains compared with that in HIV-positive only brains (P <.05;
data not shown). Again, no differences were observed between
brains of persons with HIV encephalitis with documented HIV-
associated dementia or those from persons without dementia, or
between control HIV-negative brains and HIV-positive only
brains (data not shown).
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Figure 1. Quantification of autophagic proteins and lysosomal membra

ne protein 1 (LAMP-1) in postmortem brain tissue from patients with human

immunodeficiency virus (HIV) infection. Autophagic proteins and LAMP-1 were detected with Western blotting. The density of the protein bands on Western
blots was analyzed and quantitated using ImageJ software (National Institutes of Health). The autophagic proteins were normalized with glyceraldehyde
3-phosphate dehydrogenase (GAPDH). The ratio of the mean protein level of the brains from each group of HIV-infected patients (HIV —positive only (HIV+),
n = 12 patients; HIV encephalitis [HIVE], n = 20 patients) to that of the brains from HIV-uninfected persons (HIV—; n = 8 persons) was calculated and

expressed as the fold increase. A, Atg-5; B, Atg-7; C, Beclin 1; D, LAMP-1. £,

Western blot bands from a representative patient's brain. The band sizes of the

proteins are 23 kDa (Atg-5), 60 kDa (Beclin 1), 71 kDa (Atg-7), and 120 kDa (LAMP-1). Error bars show the standard error of the mean.

Levels of Autophagosomes and Lysosomes Are Increased in
Brains With HIV Encephalitis

Maturation of autophagosomes involves fusion of autophago-
somes and lysosomes resulting in the release of sequestered
contents for degradation and recycling by enzymes within the
lysosome. To identify whether autophagosomes and lysosomes
are detectable within the brains of persons with HIV encepha-
litis, pyramidal neurons in the frontal cortex were examined by
transmission electron microscopy (TEM). Twenty-five neurons
from each case were analyzed, with 5 cases in each group (per-
sons with HIV encephalitis, HIV-positive persons without evi-
dence of HIV encephalitis, and HIV-negative persons). In HIV
encephalitis cases, the lysosomes were enlarged and contained
abundant electrodense material. Figure 3A-3C illustrates the
ultrastructural characteristics of the lysosomes that contain
electrodense granules. The mean diameter of the lysosomes
present in the HIV encephalitis brains was significantly larger
than that in the other 2 groups of brains (P < .05) (Figure 3D).
Additionally, whereas only rare autophagosomes were detected
in the HIV-infected brains with no HIV encephalitis and HIV-
uninfected brains, in the HIV encephalitis brains, the lysosomes
were more abundant and larger and contained electrodense
material (Figure 3E-3G). Additionally, the number of

autophagosomes in neuronal cell bodies was significantly in-
creased (P < .05) (Figure 3H).

SK-N-SH Cells Treated With HIV-1yy and HIV-1g,, gp120 Exhibit
Increased Autophagy

To assess the effects of HIV-1 gp120 on neurons, we used the
human neuroblastoma SK-N-SH cell line that is restricted for
HIV-1 replication [37]. SK-N-SH cells, like neurons in vivo, do
not express CD4 but constitutively express CXCR4, CCRS5, and
N-methyl-D-aspartic acid (NMDA) receptors, each of which is
capable of binding HIV-1 gp120 [38—40]. In these experiments,
the SK-N-SH cells were exposed to gp120 for 6 h, and levels of
the autophagic proteins Atg-5, Atg-7 and Beclin 1 were analyzed
by Western blotting (Figure 4). The level of each of the au-
tophagy proteins was significantly elevated following exposure
to either HIV;y or HIVar gp120 (P < .01 for Atg-5 and Atg-7;
P <.05 for Beclin 1) (Figure 4A—4C). These results indicate that
the HIV-1 envelope protein gpl20 from both CCR5- and
CXCR4-using viruses can induce autophagy.

To confirm that the level of autophagy was increased in
gp120-exposed SK-N-SH cells, the presence of autophagosomes
was assessed in treated versus untreated cells transfected with
a GFP-LC3 expression plasmid, pGFP-LC3. In these transfected
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Figure 2. Double labeling of frontal cortex for neuN/light chain 3 (LC3) and ratio of LC3-Il to LC3-I proteins in postmortem brain tissue from patients
with human immunodeficiency virus (HIV) infection. A, Representative brain from a patient with HIV encephalitis (HIVE) and representative brain from an
HIV-positive (HIV+) patient without any evidence of HIV encephalitis, double-labeled with NeuN and LC3. Whereas neurons can be clearly seen to
express LC3 in the frontal cortex of the brain with HIV encephalitis, LC3 expression was not observed in the HIV-positive only brain. B, LC3 protein
quantification. LC3 protein was detected by Western blot analysis and quantitated using ImagedJ software (National Institutes of Health). The mean ratio
of LC3-Il to LC3-I for the HIV-infected groups of patients is compared with that for the HIV-uninfected group (Neg). C, Representative Western blot.

cells, GFP-LC3 is expressed as LC3-I, the original free C-ter- high-density green particles (GFP-LC3 puncta) anchored to
minus state of LC3. With activation, GFP-LC3-I was broadly = newly formed autophagosomes (Figure 4E). After the trans-
distributed throughout the cytoplasm, whereas the converted  fected cells were treated with gp120 either from X4 (HIVyy) or
GFP-LC3-II as a specific autophagosome marker was seen as R5 (HIVpap) virus, the number of fluorescent-staining
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Figure 3. Electron microscopic analysis of lysosomes and autophagy in human immunodeficiency virus (HIV)—associated encephalitis. Panels were
obtained postmortem from pyramidal neurons in the frontal cortex of HIV-negative persons (HIV—), HIV-positive persons (HIV+), and persons with HIV
encephalitis (HIVE; n = 5 persons per group). On average, a total of 25 neurons were analyzed in each case. A-C, Utrastructural characteristics of the
lysosomes, which contain electrodense granules. In HIV encephalitis cases, the lysosomes were enlarged and contained abundant electrodense material.
D, Analysis of mean lysosme diameter. F—G, Utrastructural characteristics of the autophagosomes. In HIV-negative control cases, only rare
autophagosomes were detected; in most of them the membranes were thin, and in most instances the double membrane was detectable. In HIV
encephalitis cases, the autophagosomes were enlarged, were more abundant, and contained electrodense material. H, Ultrastructural analysis of
autophagosome frequency in neuronal cell bodies; *P <.05 for comparison of HIV encephalitis brains with HIV-negative brains or HIV-positive brains with
no evidence of HIV encephalitis.
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Figure 4. Expression of autophagic proteins and autophagosome formation in human immunodeficiency virus Type 1 (HIV-1) gp120-treated
neuroblastoma SK-N-SH cells. SK-N-SH cells transfected with pGFP—light chain 3 (LC3) were exposed to HIV-Tyn gp120 (100 ng/mL), HIV-1g gp120
(100 ng/mL), or rapamycin (rapa; 100 nmol/L) for 6 h. Autophagic proteins were detected by Western blot analysis, normalized with glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), and analyzed with ImageJ software (National Institutes of Health). The mean (+ SE) levels of expression of Atg-7 in
HIV-1yn gp120-treated cells (gp120 MN) and HIV-1g gp120-treated cells (gp120 BAL) were 1.57-fold (= .23-fold) and 1.69-fold (= .11-fold; P <.01)
above those of unconditioned media controls (UC), respectively (A). The mean (+ SE) levels of Beclin 1 were 1.30-fold (= .10-fold; P <.05) and 1.40-fold
(% .13-fold; P <.05) for gp120 MN and gp120 BAL, respectively (B). The mean (+ SE) Atg-5 levels were 2.08-fold (= .22-fold; P <.01) and 2.04-fold (=
.20-fold; P < .01) for gp120 MN and gp120 BAL, respectively (C). D, LC3 proteins detected by Western blotting and the ratio of LC3-Il to LC3-I.
E, Autophagosome formation in HIV-1 gp120—treated SK-N-SH cells. GFP-LC3—expressing SK-N-SH cells grown on glass coverslips were mounted and
examined with an Olympus Spinning Disk confocal microscope. With activation, the free-form LC3-I protein is converted to membrane-bond LC3-Il, which
specifically localizes on the autophagosome membrane and is thus considered to be a specific autophagosome marker. GFP-LC3 puncta are visualized as
high-density particles representing autophagosomes. Green GFP-LC3 was evenly distributed in the cytoplasm of unstimulated SK-N-SH cells (UC).
Concentrated GFP-LC3 particles representing autophagosomes (or autophagic vacuoles) were seen to be increased in number in the cytoplasm of cells
treated with HIV-1n gp120 and HIV-1ga. gp120. Panels £7, EZ, E3, and £4 show enlarged micrographs with 100x objective lens gated for the different
treatments, demonstrating the presence of autophagosomes. The mean surface area of autophagic vacuoles (AVs) was calculated for each cell with at
least 100 random cells counted for each sample (). G, Bands of Atg-7 (71 kDa), Atg-5 (23 kDa), Beclin 1 (60 kDa), LC3-II/LC3-I, and GAPDH as detected by
Western blot analysis. Results are representative of 5 separate experiments.

* P<0.05
**x P <0.01

autophagosomes was markedly increased (Figure 4F). Similarly, fusion [35, 41, 42]. GFP-LC3-expressing SK-N-SH cells were
the mean (% SE) level of LC3-II protein was also increased cultured with medium only, HIV-13y gp120 (100 ng/mL),
following gp120 exposure, with a 3-fold increase (= .48-fold) for =~ HIV-1g,r gp120 (100 ng/mL), or rapamycin (200 nmol/L) with
HIVyn gp120 and 3.9-fold increase (£ .9-fold) for HIVpap or without pretreatment with bafilomycin A; (100 nmol/L; 30

gp120 (Figure 4D). min) for 6 h. Autophagosomes, represented by GFP-LC3

puncta, were detected in cells pretreated with bafilomycin A,
Bafilomycin A, Affects the Colocalization of Autophagosomes followed by either HIV-1yy or HIVgar gp120, or rapamycin.
and Lysosomes However, the absolute number of lysosomes or autophagosomes
As an assessment of autophagic flux, SK-N-SH cells were pre- colocalized with lysosomes was markedly decreased in bafilo-

treated with bafilomycin A;, an inhibitor of the vacuolar hy- mycin Al pretreated cells (P <.01) (Figure 5A and 5B). These
drogen adenosine triphosphatase and autophagosome-lysosome  findings suggest that autophagy induced by HIV-1 gpl20
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Figure 5. Colocalization of autophagosomes and lysosomes in bafilomycin Al—treated cells. SK-N-SH cells were cultured with medium only, HIV-1yy
gp120 (gp120MN; 100 ng/mL), HIV-1ga. gp120 (gp120BAL; 100 ng/mL), and rapamycin (Rapa; 200 nmol/L) with or without bafilomycin A1 (100 nmol/L) for
6 h. A, Cells stained for GFP-LC3 puncta representing autophagosomes (green), lysosomes using Lysotracker red (red), and nuclei using 4’ ,6-diamidino-2-
phenylindole (blue). Yellow particles represent GFP-LC3 puncta colocalized with lysosomes. B, Mean (= SE) number of colocalized particles per cell for

each of the different treatment regimens performed in triplicate.

promotes the fusion of autophagosomes with lysosomes, which
was inhibited by bafilomycin A,.

DISCUSSION

Despite much research on the pathogenesis of neurological
complications associated with HIV-1 infection, the mechanisms
associated with the development of CNS impairment remain
unclear. Recently, we proposed that alterations in neuronal
autophagy may play an important role in HIV-related CNS
impairment [43]. Autophagy is involved with both neuro-
protection and neurodegeneration, and has been implicated in
a number of neurological diseases including Alzheimer’s disease,
Parkinson’s disease, and Huntington’s disease [44]. In these
conditions, an accumulation of autophagosomes is found in
brains of persons who died of the disorders as well as in mouse

models that represent an increase in autophagy associated with
a deficiency in autophagosome-lysosome fusion [44-46]. A
common pathway for these neurodegenerative diseases appears
to be the inadequate or inefficient removal of protein aggregrates
by autophagy [47]. Additionally, there is increasing evidence to
suggest that enhanced autophagy leads to neurite degeneration.
In contrast, inhibition of autophagy results in a decrease in the
number of autophagosomes and protects neurites against de-
generation [48]. However, although autophagy protects cells
from stress-related toxicity, overinduction of autophagy can lead
to cell death. Thus, a delicate balance exists in which autophagy
protects neurons from external toxins but overinduction can
lead to cell destruction.

In our previous research, we have demonstrated that per-
missive HIV-1 infection of CD4" lymphocytes and macro-
phages leads to a down-regulation of autophagy, whereas
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induction of autophagy can inhibit HIV-1 replication [32]
(Campbell and Spector, submitted). In the findings presented
here, we demonstrate that within the CNS, neurons that are
nonpermissive for HIV-1 show an increase in autophagic
activity. We have used a number of different approaches to
confirm this increase in the brains with histopathologically
confirmed HIV-1 encephalitis. First, because Beclin 1 is re-
quired for autophagy, we examined the levels of Beclin 1 by
Western blot analysis. Brains with HIV-1 encephalitis con-
sistently expressed higher levels of Beclin 1 protein compared
with those of HIV-positive only brains and uninfected con-
trol brains. In additional experiments, levels of Atg proteins
Atg-5 and Atg-7 were found to be increased in HIV en-
cephalitis brains. Autophagosome formation requires Beclin
1 for nucleation, whereas vesicle elongation is regulated by
the covalent binding of Atg-5 to Atg-12—a process catalyzed
by Atg-7 and Atg-10. These findings suggested to us that the
level of autophagy is, in fact, likely increased. Because con-
jugation of LC3-I to LC3-1I is mediated by Atg-7, Atg-3, and
Atg-4, we compared LC3-II to LC3-I and found the ratio to
be increased HIV encephalitis brains. Unlike the Atg-12-Atg-
5-Atg-16 complex, which is only transiently associated with
the autophagosome, LC3-II remains associated with mature
autophagosomes and is degraded together with the cargo
following fusion of the autophagosome with a lysosome. This
finding combined with the increase in LC3 puncta in HIV
encephalitis brains further supports an increase in autophagic
activity.

Since an increase in autophagic activity is known to be as-
sociated with increased numbers of lysosomes and autophago-
somes, we also examined the brain tissues for evidence of the
expression of LAMP-1. Similar to the increase in the level of
autophagic proteins in HIV encephalitis brains, we found an
increase in the level of LAMP-1 protein in the same brain tissues.
An increase in the numbers of autophagosomes and lysosomes
in HIV encephalitis brains detected by TEM provides additional
support for enhanced autophagic activity.

Of interest, we observed no differences in autophagic markers
between the brains obtained from persons with documented
HIV-associated dementia prior to death and those from persons
with HIV encephalitis diagnosed postmortem. The brains
available for this study were obtained from persons who had
neurocognitive evaluations a median of 12 months prior to
death. In the interim, it is likely that impaired CNS function
would have been detected if evaluations were performed at
shorter intervals. Additionally, consistent with our findings of
autophagic markers, no differences were observed in the extent
of HIV encephalitis between the 2 groups.

A limitation of our study was that only postmortem brain
tissues were evaluated. Therefore, it is possible that the
changes observed postmortem might not be present during
life. However, given that all specimens were obtained

postmortem, it is unlikely that the increase in autophagy-
related proteins would be differentially altered in 1 group of
patients. Another potential limitation to our study is that the
cause of death and some other demographic data were not
available for all the patients whose brain tissues were evalu-
ated. However, any brains that demonstrated evidence of
infection with pathogens other than HIV-1 or were found to
have any HIV-unrelated neuropathological disease were
excluded from the study.

Recently, Alirezaei et al [49] found evidence for impaired
autophagy in a limited number of primate brains with simian
immunodeficiency virus encephalitis (SIVE) infection and brains
obtained postmortem from HIV-infected persons with HIV-
associated dementia. However, in an addendum, the investigators
briefly noted that exposure of SK-N-SH cells to microglial
supernatant resulted in increased autophagy [50]. Our research
demonstrates that SK-N-SH cells exposed to gp120 from either
CXCR4- or CCR5-using viruses results in induction of autophagy.
Although it is unclear why Alirezaei et al [49, 50] have observed
a decrease in autophagy in brains of persons who died of HIV-
associated dementia, we believe that our findings of increased
levels of autophagic markers in brains with documented HIV
encephalitis and/or HIV-associated dementia are consistent with
the in vitro findings of Alirezaei et al [49, 50] and with those of
Espert et al [30], who observed increased autophagy in gp120-
treated CD4 ™" T cells. In the study by Espert et al [30], autophagic
proteins Atg-7 and Beclin 1 were examined; both were found to be
increased in CD4 ™ cells following exposure to gp120.

It is important to note that our findings of increased markers
of autophagy in brains of persons with HIV encephalitis may
represent either an absolute increase of autophagy within neu-
rons or ineffective autophagy with an accumulation of auto-
phagic products. In this regard, our findings in this and previous
research suggest a possible model for the development and
progression of HIV-related CNS impairment. In this model,
during permissive infection of susceptible cells, HIV-1 down-
regulates autophagy to facilitate viral replication. In contrast,
cells that bind HIV-1 gp120 and other products of infection that
are nonpermissive to HIV-1 replication enhance autophagy in
an attempt to remove toxic stress and maintain cell survival. In
this scenario, our data suggest that although autophagy may
help to sustain neuron survival, the increase in autophagic ac-
tivity contributes to the development of HIV encephalitis and
cognitive impairment. Therefore, when combined with anti-
retrovirals, drugs that reduce autophagic activity to homeostatic
levels may help to prevent or reverse the CNS deficits associated
with HIV-1 infection.

In summary, our findings indicate that postmortem brains
with evidence of HIV encephalitis have increased markers of
autophagy compared with brains from HIV-infected persons
without evidence of HIV encephalitis or HIV-uninfected control
brains. These findings provide support for the hypothesis that
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the dysregulation of autophagy during HIV infection is im-
portant in the pathogenesis of neuroAIDS.
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