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Viruses often exploit autophagy, a common cellular process of degradation of damaged proteins, organelles, and
pathogens, to avoid destruction. HIV-1 dysregulates this process in several cell types by means of Nef protein. Nef is a
small HIV-1 protein which is expressed abundantly in astrocytes of HIV-1-infected brains and has been suggested to
have a role in the pathogenesis of HIV-Associated Neurocognitive Disorders (HAND). In order to explore its effect in the
CNS with respect to autophagy, HIV-1 Nef was expressed in primary human fetal astrocytes (PHFA) using an adenovirus
vector (Ad-Nef). We observed that Nef expression triggered the accumulation of autophagy markers, ATG8/LC3 and p62
(SQSMT1). Similar results were obtained with Bafilomycin A1, an autophagy inhibitor which blocks the fusion of
autophagosome to lysosome. Furthermore co-expression of tandem LC3 vector (mRFP-EGFP-LC3) and Ad-Nef in these
cells produced mainly yellow puncta (mRFPC, EGFPC) strongly suggesting that autophagosome fusion to lysosome is
blocked in PHFA cells in the presence of Nef. Together these data indicate that HIV-1 Nef mimics Bafilomycin A1 and
blocks the last step of autophagy thereby helping HIV-1 virus to avoid autophagic degradation in human astrocytes.

Introduction

A vast number of HIV-1-infected individuals suffer from
HIV-associated neurocognitive disorders (HAND) despite very
effective antiviral therapies such as Highly Active Antiretroviral
Therapy (HAART).1,2 HIV-1 infects predominantly T-cells and
macrophages via cell surface receptor, CD4, a transmembrane
glycoprotein. Viral infection starts when the HIV-1 envelope
protein gp120 binds to CD4 and forms a complex enabling the
virus to enter host cells.1,3 Once the virus enters the cells, it
reverse transcribes viral DNA from its RNA and proceeds to the
nucleus where it eventually integrates into the host cell genome,
replicates and either spreads to other cells or stays dormant in the
form of a latent provirus. In addition to envelope protein, the
HIV-1 genome encodes several structural and regulatory proteins
such as Gag and reverse transcriptase. Furthermore, several small
accessory proteins, Rev, Tat, Vpr, and Vpu are also generated by
its genome as well as Nef.4 Nef was originally thought to be a
negative factor. However, in cases where the Nef gene is deleted,
people infected with HIV-1 did not develop AIDS indicating
that this small protein is involved in the replication of HIV-15.

Nef is a multifunctional small protein (25 to 34 kD), possess-
ing no enzymatic activity and carrying a myristic acid residue at
the N-terminus as a result of posttranslational modification.
Myristylation is required for the functionality of the protein.6

Nef is expressed in the early stages of HIV-1 infection and is
known to interact with many cellular proteins and affects many
cellular pathways including cytokine networks and signal

transduction.7,8 Nef primarily targets cell surface receptors such
as CD4, which is responsible for HIV-1 entry and down-regu-
lates these receptors to prevent superinfection.9 Nef is also
involved in endosome biogenesis to facilitate HIV-1 infectivity.10

Nef is released in extracellular vesicles known as exosomes
through which it can migrate to neighboring bystander cells
where it inflicts most of its toxic effects. For example, release of
Nef via exosomes from HIV-infected CD4C T cells can induce
apoptosis in neighboring cells.11 Nef is one of the most abun-
dantly expressed HIV-1 proteins and its effect in brain cells is
detrimental due to its toxicity. Early studies by Ranki et al.,
199512 analyzed postmortem brain tissues of HIV-infected indi-
viduals and found that patients with a history of moderate to
severe dementia had Nef-positive astrocytes suggesting neuro-
toxic effects of this protein. AIDS patients with high viral loads
show increased levels of Nef in their blood, which can be used to
monitor progression of the disease. Intracellular Nef was also
found in infected PBMCs from the AIDS patients.13

HIV-1 can infect astrocytes and cause a latent infection sug-
gesting that astrocytes can serve as viral reservoirs.14,15,16 Nef is
also known to affect neuronal cell viability.17 Treatment of
human glial cells and neurons with recombinant Nef showed
25% and 32% decrease in cell numbers, respectively.17 Despite
recent advancements in the HIV-1 field, the exact role of Nef in
these cells is not completely understood.

Macroautophagy (hereafter called autophagy) is a common
cellular process whereby unwanted proteins, damaged organelles,
viruses and pathogens are first captured as cargo, trapped in
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double-membraned vesicles, and then degraded and/or recycled
back to the cell. These processes are regulated by more than 30
ATG (autophagy-related) proteins. Autophagy is composed of
several steps: initiation, autophagosome formation, and fusion of
lysosome with autophagosome to form autophagolysosome
where degradation of the cargo takes place.18,19 The relationship
between HIV-1 and autophagy was first reported by Zhou and
Spector,20 demonstrating that the virus downregulates this cellu-
lar process during acute infection. Since then, regulation of
autophagy by HIV-1 has increasingly received more attention.21

Kyei et al., 200922 reported the involvement of Nef in autophagy
by showing that Nef-GFP expression in HEK cells induced the
autophagy marker LC3-II and further demonstrated that Nef
binds to one of the autophagy proteins, ATG1/Beclin1 to block
autophagy.22 To further establish the role of Nef, macrophages
infected with an HIV-1 strain carrying a Nef deletion did not
block autophagy while wild-type virus with Nef did. These find-
ings led to the discovery of a negative autophagy regulator
GAPR-1 by exploiting the specific interactions between HIV-1
Nef and Beclin1.23 HIV-1 Nef also induces autophagosome for-
mation by interacting with IRGM an immunity associated
GTPase family M, which is commonly targeted by RNA
viruses.24 All this evidence has suggested that Nef could be a mul-
tifaceted player in the dysregulation of autophagy by HIV-1 and
exploit autophagy by interacting with several key regulatory cellu-
lar proteins thereby promoting productive HIV-1 infection.

The reports regarding Nef involvement in autophagy are lim-
ited to cells lines such as HEK, HeLa, and macrophages.20,22 To
date, there are no reports assessing the effects of HIV-1 Nef on
autophagy in human astrocytes. Given the importance of astro-
cytes in various functions of the brain including secretion and
absorption of neuronal transmitters, metabolism in the brain,
neuronal circuitry and others, combined with the presence of
Nef in these cells, it is essential to understand the role of Nef in
pathways controlling cell survival and death. Here we show for
the first time that expression of Nef in human astrocytes compro-
mises the autophagic pathway by inducing autophagosome for-
mation and blocking the assembly of autophagolysosomes.

Results

HIV-1 Nef was expressed in PHFA cells by transduction with
Ad-Nef. Nef expression was detectable in most of the cells by
immunocytochemistry. Interestingly, some of the HIV-1 Nef-
expressing astrocytes showed morphological changes and shrunk
drastically indicating formation of apoptotic bodies (Fig. 1A).
Western blot analysis of cell lysates from Ad-Nef transduced
astrocytes shows a copious amount of Nef protein expression and
a significant increase in the autophagy marker ATG8/LC3-II lev-
els when compared to Ad-Null transduced control cell lysates at
48 hrs post-transductions (Fig. 1B and D). In the presence of
Nef, LC3-II levels increased nearly fold4- in PHFA cells. We also
detected a substantial increase in p62 (SQSMT1) protein in cells
expressing Nef (Fig. 1B), suggesting that Nef dysregulates
autophagy. These observations were reproducible in PHFA cells

derived from 3 different fetal brain tissues. The Nef-dependent
increase in the autophagy marker proteins appears to be restricted
to ATG8/LC3-II and p62. Other autophagy-related proteins
such as ATG3, ATG7 and Beclin1 showed no significant varia-
tions in their levels upon Nef production.

We also performed MTT assay to assess cell viability. Results
showed that expression of Nef has no significant toxic effect on
PHFA cells (Fig. 1C). In fact, we found that MTT activity was
modestly increased in the presence of Nef compared to Ad-Null.
The increase in MTT activity may be a cellular response to
expression of the foreign protein. An increase in MTT activity in
the presence of Nef has also been reported by Trillo-Pazos et al15

and does not correlate with cell viability. In fact, the same investi-
gators found a decrease in cell viability using LDH release and
trypan blue exclusion. In our experiments, we also detected dead
cells after AdNef transductions.

Bafilomycin A1 (BafA1), an inhibitor of V-ATPase, blocks
autophagolysosome formation by preventing fusion between
autophagosomes and lysosomes.25 BafA1 leads to an accumula-
tion of LC3-II and p62 proteins that are protected from the auto-
lysomal protease degradation. The levels of LC3-II and p62
proteins were both increased similarly in Ad-Nef tranduced and
BafA1 treated astrocytes suggesting that Nef mimics the effects of
BafA1 in PHFA cells by blocking autophagolysosome formation
(Fig. 2).

In order to demonstrate the impact of Nef on autophagy at
the cellular level, we utilized a tandem expression vector produc-
ing mRFP-EGFP-LC3B fusion protein. Cells were first trans-
fected with the tandem LC3 vector followed by transduction
with Ad-Nef. mRFP-EGFP-LC3B expression was monitored by
color puncta formation. Red puncta are an indicator of autopha-
golysosome formation where mRFP red fluorescence is visible
while EGFP fluorescence is quenched due to acidic conditions.
Yellow puncta indicates both mRFP and EGFP fluorescence are
in autophagosomes demonstrating inhibition of autophagosome
and lysosome fusion, while the green puncta indicate autophago-
some formation. When Ad-Nef transduced astrocytes were ana-
lyzed by immunofluorescence, the majority of puncta observed
in the cells were yellow indicating that fusion of autophagosome
to lysosome was blocked. Ad-null transduced cells exhibited only
few yellow and some red puncta, while the rest of the puncta
remained green (Fig. 3A and B).

Discussion

Besides HIV-1, other viruses such as human T-cell leukemia
virus type 1 (HTLV-1) and influenza A are also known to dysre-
gulate autophagy in order to avoid degradation by autolyso-
somes.26,27 Influenza A virus and HTLV-1 utilize small auxiliary
proteins to facilitate control of autophagy. Influenza A virus
matrix protein 2 inhibits the fusion of autophagosome with lyso-
some to ensure the survival of virus-infected cells without affect-
ing viral replication.26 Likewise, HTLV-1 Tax protein also
inhibits fusion of autophagosome and lysosome. The Tax protein
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not only helps to increase
HTLV-1 infection, but also
prevents its degradation by
autophagy.27

The relationship between
autophagy and HIV-induced
cell damage is not clear. While
astrocytes have been shown to
harbor HIV-1, they have yet to
robustly support viral replica-
tion and thereby may serve as a
reservoir for viral latency site in
the brain.28 Nef, a HIV-1 pro-
tein, has been shown to cause
neurological impairments
directly or indirectly. Earlier
studies have shown that HIV-1
Nef expression in astrocytes
leads to deficiencies in spatial
memory.29 Astrocytes also
release inflammatory proteins
such as IP-10 known to be
neurotoxic.30 The amount of
Nef present in the CNS as a
result of HIV-1 infection could
be a determining factor in neu-
rotoxicity. Dysregulation of
autophagy is a common feature
of several neurological dis-
eases.31 It has been shown that
HIV-1 can suppress autophagy
in neuronal cells as evidenced
by the accumulation of p62/
SQSMT1.32

In the era of HAART, while
the replication of HIV-1 is con-
trolled, neurological disorders
resulting from neurotoxic
impact of viral regulatory pro-
teins remain a major clinical
problem.33 At the clinical level
it has become clear that the
effect of HIV-1 on various bio-
logical events including autoph-
agy plays a significant role in
pathophysiology of HIV-1/
CNS disorders. Although it is
known that HIV-1 dysregulates
autophagy by promoting and
blocking its early and late steps
respectively, the details of the
viral role in this cellular process
are not completely understood.
Recently the effect of HIV-1
Tat protein on neuronal
autophagy and the implications

Figure 1. Effect of HIV-1 Nef expression on autophagy in Primary Human Astrocytes (PHFA). (A) Immunocyto-
chemistry. PHFA cells were plated in 2 well chamber slides in astrocyte growth medium. Adenovirus transduc-
tions and fixing the cells were performed as described in the Materials and Methods. The fixed cells were
probed with anti-GFAP antibody for astrocyte marker and anti-HIV-1 Nef (SF2) then mounted on slides using
DAPI solution. The slides were visualized using a fluorescence microscopy. Green is GFAP; Red is HIV-1 Nef and
blue is DAPI. (B) Immunoblotting of Cell lysates obtained from PHFA transduced with Ad-Nef or Ad-Null. PHFA
cells were harvested and lysed using TNN buffer containing 1% NP40 supplemented with mammalian protease
inhibitors at 4�C followed by SDS-PAGE and Western blots as described in Materials and Methods. Three differ-
ent cultures of PHFA were used. The results are representative of at least 3 independent experiments. (C) MTT
Assay. MTT proliferation assay was performed as described in Materials and Methods. The experiments were
performed in duplicates in a 96 well plate and averages are shown as bar graphs. MTT activity is described dif-
ferences in absorbances between 620 nm and 595 nm. (D) PHFA cells were transduced with Adnull and AdNef,
harvested and lysed at 10, 24, and 48 hrs post-transductions (hpt) using TNN buffer containing 1% NP40 sup-
plemented with mammalian protease inhibitors at 40C followed by SDS-PAGE and Western Blots as described
in Materials and Methods.
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of this effect for neurological disorders have been reported.34

Interestingly, unlike Nef, HIV-1 Tat increases autophagic degra-
dation in neurons.34 It is important to understand the details of
how HIV-1 controls and exploits autophagy for its own advan-
tage with respect to HIV-1-associated neurocognitive disorders.
In conclusion, our results suggest that HIV-1 Nef dysregulates
autophagy by blocking the assembly of autophagolysosomes, and
may help HIV-1 to escape degradation by autophagy.

Materials and Methods

Ethics statement
Fetal human brain tissues were obtained and utilized in accor-

dance with Temple University human subject protocols and the
approval of the Temple University Institutional Review Board.

Cell lines
PHFA were obtained from the Comprehensive NeuroAIDS

Center (CNAC) at Temple University School of Medicine. Cells
were maintained in astrocyte growth media, Dulbecco’s Modified
Eagle Medium (DMEM): F12 medium supplemented with 10%
fetal bovine serum (FBS), 10% Glutamax, insulin and gentamy-
cin (10 mg/ml) at 37�C under 5% CO2 atmosphere. The growth
media were changed every 3–4 d The cells were plated at densi-
ties of 500,000 cells/well in 6 well plates or at densities of
100,000 cells/chamber in 2 chamber slides.

Plasmids, adenovirus constructs and reagents
ptfLC3, tandem LC3 plasmid (mRFP-EGFP-LC3B, plasmid

# 21074, characterized by Kimura et al.35) was purchased from
Addgene. pCDNA-3.1-sf2-Nef was obtained from the NIH-
AIDS Reagent program (Germantown, MD). The HIV-1 Nef
gene from this vector was subcloned into Adenovirus-5 (Ad5)
and propagated in HEK292A cells and purified using
OptiPrepTM Gradient to its pure form. The final titer of the puri-
fied AdNef is 1 £ 109 U/ml. AdGFP was also cloned in Ad5 also
prepared from the same cell line and purified using CsCl gradient
(courtesy Dr. Alexey Bogush). The final AdGFP titer was 3 £
1010. AdNull (1.5 £ 1010 U/ml) was a gift from Dr. Satish
Deshmane.36 Monoclonal antibodies were obtained from the fol-
lowing sources; anti-Nef (SF2), EH1 from NIH-AIDS Reagent
Program, anti-GAPDH from Santa Cruz (Dallas, TX). Poly-
clonal antibodies were obtained from the following sources; anti-
LC3B from Sigma-Aldrich (St. Loius, MO), b-tubulin from
LI-COR, Odyssey (Lincoln, NE) and anti-p62(SQSTM1), anti-
ATG7, anti-ATG3 anti-Beclin1 and anti-BAX from Cell Signal-
ing (Beverly, MA). Mammalian protease inhibitors and Bafilo-
mycin A1 were obtained from Sigma-Aldrich (St Louis, MO).
Bradford reagent was from BioWorld (Dublin, OH). Vybrant
MTT proliferation assay kit was purchased from Life Technolo-
gies (Carlbad, CA).

Transduction of human primary astrocytes (PHFA)
PHFA cultures in 6-well plates were transduced using 1–3 £

106 units of AdNef or AdNull as a control. For the Bafilomycin
A1 (BafA1) experiment, un-transduced PHFA cells were treated
with 10 nM BafA1 3 hrs prior to harvesting. The cells were har-
vested after 10–24–48 hrs and lysed using TNN buffer with 1%
NP40 supplemented with protease inhibitors. The clear cell
lysates were obtained after centrifugation at max speed at 4�C for
10 min (Eppendorf Microfuge). Protein concentrations were
determined by Bradford Assay.

Western blotting
Cell lysates (40–50 mg) were prepared in 1 x SDS loading

buffer after heating at 95�C for 5 min. The lysates were loaded
onto 10 or 12% SDS-polyacrylamide gels and electrophoresis
was performed. After the electrophoresis, the gels were trans-
ferred onto nitrocellulose membranes at 250 mA for 30 min for
0.22 mm membranes (LI-COR Odyssey) or 2 hrs at 250 mA or
overnight at 40 mA for 0.45 mm membranes (Santa Cruz Tech-
nologies) in 1 x cold transfer Buffer (100 mM TrisHCl pH 7.4,
150 mM NaCl, 20% methanol). After transfer, membranes were
blocked in either 1x PBST buffer containing 10% dried fat free
milk or 1x Li-Cor blocking buffer at least 1 hr at RT. The pri-
mary antibodies; monoclonal anti-Nef sf2 (EH1), monoclonal
anti-GAPDH, polyclonal anti-LC3B, polyclonal anti-p62
(SQSTM1), polyclonal b-tubulin, polyclonal anti-ATG7, poly-
clonal anti-ATG3, polyclonal anti-Beclin1 and polyclonal anti-
BAX were diluted 1/1000 in PBST buffer containing 5% dried
fat free milk and the nitrocellulose membranes were incubated
with these antibodies where needed overnight at 4�C with gentle
shaking. After three 5 minute washes with PBST buffer, the

Figure 2. HIV-1 Nef mimics the BafA1 to block autophagy in primary
human astrocytes. PFHA were plated in 6-well plates as described earlier
and transduced with Ad-Nef or Ad-Null when the cells were confluent. In
this experiment, 3 times more (3 £ 106 U) Ad-Nef was used to maximize
Nef expression (Lane 3) and BafA1 (10 nM) treatment in untransduced
cells was shown in Lane 4. Controls are shown in lane 1, untransduced
PHFA and lane 2, Ad-null transduced PHFA Lane 2. Cells were harvested
after 24 hours and analyzed by SDS-PAGE/Western Blotting as described
before. Immunoblotting was performed using anti-HIV-1 Nef, anti-LC3B
and anti p62 antibodies along with loading controls b-tubulin and
GAPDH similar to shown in Fig. 1B. These results are representative of at
least 3 different independent experiments.
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secondary antibodies [Li-Cor goat
against rabbit 680 for polyclonal,
Li-Cor goat against mouse 800 for
monoclonal] were added to the
membranes followed by 45 min
incubation at RT. The final step
was 3 5-minute wash using PBST
buffer and 5 min final wash using
PBS buffer. Washed membranes
were stored in 1x PBS before scan-
ning the image. The Western blot
images were obtained using the
ODYSSEY

�
CLx Imaging system.

The intensity of the protein bands
was determined using ImageJ soft-
ware (NIH) to quantitate relative
protein levels.

Immunocytochemistry
PHFA cultures were grown in 2

well chamber slides until 80–90%
confluency. Transfection of ptfLC3
was performed using Lip-
ofectamineTM 3000 (Life Technolo-
gies, Carlsbad, CA) according to the
manufacturer’s guidelines. The fol-
lowing day, growth media in slides
was replaced with fresh media and
the transductions were performed
using 1 £ 106 U AdNef or AdNull.
One day after transduction, the
slides were fixed using 4% parafor-
maldehyde, 0.25% Triton X-100
for 10 min followed by 3 washes using 1x PBS. The fixed slides
were first incubated in 400 ml blocking solution 1 x PBST con-
taining 1% BSA for 1 hr at RT, then anti-Nef antibodies (EH1)
were added at 1/200 dilution in the same blocking solution and
incubated overnight at RT. The next day the slides were washed
3 times (10 min) using 1x PBST and treated with Li-Cor donkey
anti mouse 680 secondary antibodies (1/400 dilution) in dark for
45 min. The slides were washed 3 times (10 min each) with 1 x
PBST and mounted using VectashieldTM mounting solution
containing DAPI. The slides were allowed to dry overnight and
fluorescence images were obtained using a Leica Fluorescence
Microscope.

MTT assay
PHFA cells were plated in 96-well plates in astrocyte growth

medium. Adenovirus titers were scaled down to 96 wells. After
24 hrs transduction, MTT assay was performed using Vybrant �

MTT cell proliferation assay from Life Technologies according
to the manufacturer’s guidelines. Absorbances were measured in
a Multiscan FC plate reader (Thermo Fisher Scientific) and the
differences between 620 nm and 595 nm were calculated at least
from 2 independent experiments and plotted using Microsoft
Excel.
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Figure 3. Effect of HIV-1 Nef expression on mRFP-EGFP-LC3 puncta in PHFA cells by Immunocytochemistry
(ICC). (A) PHFA cells were plated in 2 well chamber slides the day before the transfection. The cells were
first transfected with ptfLC3 plasmid using LipofectamineTM 3000 according to the manufacturer’s guide-
lines followed by transduction with Ad-null or Ad-Nef and immunocytochemistry was performed as
described in Materials and Methods. The upper panel shows the ICC of the Ad-Nef transduced primary
astrocytes. From left to right purple for HIV-1 Nef, green for EGFP, red for mRFP, blue for DAPI, and merging
EGFP-mRFP-DAPI where puncta were shown. The bottom panel is control with Ad-null transduced PHFA
and the slides followed the same order. The far right panels depict the zoom-in where yellow puncta are
shown in detail as indicated by arrows. (B) Percentage of Green-red-yellow puncta signal over total puncta
per cell in merged images was calculated and shown as a bar graph. Data are shown as mean § SD and
are representative of at least 10 different cells from 10 different fields.
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