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HIV Tat-mediated induction of autophagy regulates the disruption of ZO-1 in
brain endothelial cells
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ABSTRACT
The blood-brain barrier (BBB) is a tight barrier that is critical for preventing the entry of pathogens
and small molecules into the brain. HIV protein Tat (Tat) is known to disrupt the tight junctions of
the BBB. Autophagy is an intracellular process that involves degradation and recycling of
damaged organelles to the lysosome and has recently been implicated in the BBB disruption.
The role of autophagy in Tat-mediated BBB disruption, however, remains elusive. Herein we
hypothesized that Tat induces endothelial autophagy resulting in decreased expression of the
tight junction protein ZO-1 leading to breach of the BBB. In this study, we demonstrated that
exposure of human brain microvessel endothelial cells (HBMECs) to Tat resulted in induction of
autophagy in a dose- and time-dependent manner, with upregulation of BECN1/Beclin 1, ATG5
and MAP1LC3B proteins and a concomitant downregulation of the tight junction protein ZO-1
ultimately leading to increased endothelial cell monolayer paracellular permeability in an in vitro
BBB model. Pharmacological and genetic inhibition of autophagy resulted in the abrogation of
Tat-mediated induction of MAP1LC3B with a concomitant restoration of tight junction proteins,
thereby underscoring the role of autophagy in Tat-mediated breach of the BBB. Additionally, our
data also demonstrated that Tat-mediated induction of autophagy involved PELI1/K63-linked
ubiquitination of BECN1. Increased autophagy and decreased ZO-1 was further recapitulated in
microvessels isolated from the brains of HIV Tg26 mice as well as the frontal cortex of HIV-infected
autopsied brains. Overall, our findings identify autophagy as an important mechanism underlying
Tat-mediated disruption of the BBB.
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Introduction

The blood-brain barrier (BBB) controls the ability
of molecules, cells and viruses to cross from the
periphery into the brain and plays a critical role in
maintaining homeostasis of the central nervous
system (CNS).1,2 Disruption of the BBB contri-
butes to the pathogenesis of many CNS diseases,
including but not limited to HIV-associated CNS
dysfunction.3,4 HIV-associated neurocognitive dis-
orders (HAND) have been described as a spectrum
of neurocognitive dysfunctioning associated with
HIV infection.5 Even in the presence of successful
control of virus replication by combined antiretro-
viral therapy (cART), almost 15–55% of HIV
infected individuals will go on to develop
HAND.6 HAND is associated with reduced quality
of life and difficulty with everyday functioning,
making HAND an important healthcare concern
and an unresolved issue.7 The study by Avison

et al. demonstrated that chronic damage to the
BBB resulted in impaired neurocognitive function-
ing in patients with HAND.8 The underlying
mechanisms responsible for this, however, remain
elusive.

One possible mediator of damage to the BBB in
HIV-infected individuals is the early viral protein –
Tat. Tat is both secreted by infected cells and also
be taken up by neighboring cells in various tissues,
despite successful control of virus replication by
cART.9 In addition, Tat has also been shown to
compromise the integrity of the BBB and to
impact the expression and distribution of specific
tight junction proteins such as Tight Junction
Protein-1/Zonula occludens-1 (ZO-1) in the
brain endothelium, leading ultimately to the
breakdown of the BBB.10 The detailed underlying
mechanism(s) mediating this breach, however, are
not well understood.
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Autophagy is an intracellular process that involves
the degradation and recycling of damaged organelles
to the lysosome.11 The study by Chen and colleagues12

demonstrated that autophagy is involved in nano-
alumina-mediated disruption of the BBB. Recent stu-
dies have also implicated autophagy in Tat-mediated
dysfunction of neurons and glia.13–15 In this study, we
sought to examine the role of autophagy in Tat-
mediated disruption of endothelial cells. We thus
hypothesized that exposure of HBMECs to Tat results
in the induction of autophagy leading to decreased
expression of tight junction proteins and ensuing
disruption of the BBB. The ability of Tat to induce
autophagy along with a decreased expression of tight
junction proteins was examined in both endothelial
cells as well as in an in vivo model – the Tg26 mice
that over express HIV proteins globally. To further
validate the role of autophagy, we also examined the
effects of blocking this pathway using both pharma-
cological as well as genetic silencing approaches in
Tat-mediated regulation of tight junction proteins
expression as well as endothelial permeability.

Results

Exposure of HBMECs to Tat resulted in the
induction of autophagy

HBMECs were exposed to Tat protein varying
concentrations (50, 100 and 200 ng/ml) and
heated-denatured Tat (100 ng/ml) for 24 h and
then evaluated for the expression of autophagy
mediator MAP1LC3B and autophagic flux marker
SQSTM1. Tat exposure resulted in the induction
of MAP1LC3B (Figure 1a) and reduction of
SQSTM1 (Figure 1b) expression in a dose-
dependent manner, with a maximal effect at
200 ng/ml Tat. Since 100 ng/ml Tat also showed
strong effect on the induction of autophagy in
HBMECs, the lower concentration of Tat
(100 ng/ml) was chosen for all the ensuing experi-
ments. As expected, heat-denatured Tat (100 ng/
ml) did not affect MAP1LC3B and SQSTM1
expression, suggesting a requirement for native
conformation of Tat for autophagy induction.
Next, to determine the optimal time of Tat-
mediated induction of autophagy in HBMECs
treated with 100 ng/ml Tat, cells were exposed to
Tat for varying times (1–24 h) and assessed for

expression of autophagy markers. There was
a significant induction of MAP1LC3B (Figure
1c), BECN1/Beclin 1 (Figure 1e) and ATG5
(Figure 1f) in the presence of Tat. Interestingly,
the expression levels of SQSTM1 protein, a marker
for autophagic flux, decreased from 3 h to 24 h
exposure with Tat (Figure 1d).

Tat increased intracellular autophagosome
formation and autophagic flux in HBMECs

Having demonstrated that Tat induced autophagy
in HBMECs as assessed by expression of autophagy
markers, we next sought to confirm our findings by
detecting Tat-mediated formation of autophago-
somes, as reflected by the presence of MAP1LC3B
puncta in HBMECs exposed to Tat. Herein
HBMECs were transfected to overexpress a GFP-
MAP1LCB plasmid, followed by exposure of the
cells to Tat (100 ng/ml) for 24 h and, subsequent
detection of GFP-MAP1LC3B puncta by immuno-
fluorescence imaging. Intriguingly, the formation of
exogenous MAP1LC3B puncta was increased in
Tat-exposed HBMECs but not in the control vehi-
cle-exposed cells (Figure 2a). Further validation of
these findings was done by assessing the expression
of endogenous levels of MAP1LC3B in the presence
of Tat using immunofluorescence (Figure 2b) and
TEM (Figure 2c) approaches. Next, we sought to
examine the effect of Tat on autophagic flux.
HBMECs were transfected with a tandem fluores-
cent-tagged MAP1LC3B plasmid for 24 h, followed
by exposure of the cells to Tat protein for 24 h. In
cells transfected with the plasmid construct, forma-
tion of autophagosomes resulted in emission of both
red and green fluorescence from the tandem plas-
mid that, in turn, appeared as merged yellow puncta
owing to the colocalization of mRFP and GFP-
MAP1LC3B. Under acidic pH, however, the GFP
signal of the tandem fluorescent-tagged MAP1LC3B
fusion protein was quenched in the lysosomes, with
the red fluorescence remaining stable, thus appear-
ing as red puncta and indicating increased autopha-
gic flux (Figure 2d). In HBMECs transfected with
the tandem fluorescent-tagged MAP1LC3B reporter
plasmid followed by exposure to HIV-1 Tat (100 ng/
mL) for 24 h, there was a significant increase in the
red puncta with a concomitant decrease in the green
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puncta, thereby indicating increased autophagy flux
(Figure 2e).

Tat-mediated disruption of tight junction protein
involves autophagy

Next, we sought to examine the role of autophagy in
Tat-mediated disruption of tight junction proteins.
For this, HBMECs were pretreated with autophagy
inhibitors 3-Methyladenine (3-MA) or wortmannin
(WM) for 1 h followed by exposure of the cells to Tat
and assessed for expression of autophagy markers. In

cells pretreated with 3-MA or WM, exposure to Tat
resulted in significantly inhibited expression of the
autophagy markers MAP1LC3B, BECN1, ATG5 and
SQSTM1 (Figure 3a-d). Furthermore, in cells trans-
fected with ATG5 siRNA to knock down the expres-
sion of ATG5, Tat failed to upregulate the expression
of MAP1LC3B and SQSTM1 compared with cells
transfected with scrambled siRNA (Figure 3e,f).

Next we sought to examine the expression of tight
junction protein ZO-1 in HBMECs exposed to Tat.
As shown in Figure 4a, exposure of cells to Tat resulted
in time-dependent (1-24 h) downregulation in the

Figure 1. Tat-mediated induction of autophagy in HBMECs.
HBMECs were treated with Tat or heat-denatured Tat (hTat – as a negative control) for the indicated concentrations and times, and
expression levels of autophagy markers MAP1LC3B (A and C), SQSTM1 (B and D), BECN1/Beclin-1 (E) and ATG5 (F) were determined
by western blotting. Data are presented as the fold of basal levels in control cells and are the means ± SEM from three independent
experiments. *p < .05; **p < .01 versus control groups.
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expression of tight junction protein ZO-1 with
a maximal decrease at 24 h. Interestingly, exposure of
HBMECs to Tat resulted in increased colocalization of
LC3 puncta with ZO-1, when assessed by immunos-
taining (Figure 4b). Next we sought to examine
whether autophagy played a role in Tat-mediated
downregulation of ZO-1. For this HBMECs were pre-
treated with autophagy inhibitor(s) 3-MA or WM for
1 h followed by exposure of the cells to Tat and

assessed for the expression of ZO-1. In cells pretreated
with 3-MA orWM, Tat resulted in significantly inhib-
ited expression of ZO-1 as assessed by western blotting
(Figure 4c) and immunofluorescence (Figure 4d).
Similar to the findings with SQSTM1, HBMECs trans-
fected with ATG5 siRNA failed to downregulate the
expression of ZO-1 in the presence of Tat as assessed
by western blotting (Figure 4e) and immunofluores-
cence (figure 4f).

Figure 2. Tat-mediated induction of autophagosome formation and autophagic flux in HBMECs.
Autophagosome formation in HBMECs treated with vehicle (Ctl) or Tat was visualized using the following methods: (A) Exogenous
GFP-MAP1LC3B puncta (scale bar, 10 μm); (B) Endogenous MAP1LC3B puncta (green) with nuclei visualized with DAPI (blue; scale
bar, 20 μm); (C) Autophagosomes (indicated by red arrows) viewed using electron microscopy (scale bar, 1 μm). (D) The
autophagosome marker protein, MAP1LC3B was tagged with RFP and GFP in tandem. Here autophagosomes appeared yellow
whereas autolysosomes appear red. (E) HBMECs transfected with tandem fluorescent-tagged MAP1LC3B plasmid followed by
exposure of cells to vehicle (Ctl) or Tat (100 ng/mL) for 24 h. Scale bar: 20 μm. ***p < .001 versus control groups.
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Functional relevance of autophagy-mediated
downregulation of ZO-1, leading to BBB dis-
ruption was further tested using trans-well
endothelial cell monolayer permeability assays
and TEER. As shown in Figure 4g, exposure of
HBMEC monolayers to Tat resulted in
increased permeability and furthermore, this

effect was ameliorated in cells pretreated with
autophagy inhibitors 3-MA and WM.
Additionally, genetic knockdown ATG5 in
HBMECs also resulted in abrogation of Tat-
mediated increase in permeability of HBMECs
assessed by trans-well endothelial cell mono-
layer permeability assays (Figure 4h) and TEER
(Figure 4i).

Figure 3. Effect of 3-MA, WM and ATG5 siRNA on Tat-mediated induction of autophagy in HBMECs.
(A-D) HBMECs were pretreated as indicated with 5 mM 3-MA or 100 nM WM for 1 h or (E, F) transfected with non-targeting (Non) or
ATG5 siRNA (Si-ATG5) followed by exposure to 100 ng/ml Tat for 24 h and autophagy markers were assessed by western blotting.
Data are presented as fold change compared to basal levels (control or untreated cells) and are the means ± SEM from three
independent experiments. *p < .05; ***p < .001 versus control groups.
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Tat-mediated induction of autophagy involves
pellino-1/K63-linked ubiquitination of BECN1/
Beclin 1

Having demonstrated that exposure of HBMECs to
Tat induces autophagywith a concomitant decrease of

tight junction protein ZO-1, in turn, leading to
increased permeability; next, we sought to examine
the mechanism(s) underlying this process. BECN1/
Beclin 1 is a key component of a class III phosphati-
dylinositol 3-kinase complex (PI3KC3) that initiates

Figure 4. Role of autophagy in the Tat-mediated downregulation of tight junction protein and increased paracellular permeability in
HBMECs.
(A) HBMECswere exposed to 100ng/ml Tat or left unexposed for indicated times. (B) Increased colocalization of LC3Bpuncta (Green)with ZO-1
(Red) was observed in cells exposed to 100 ng/ml Tat, but not in unexposed HBMECs (scale bar, 10 μm). (C, D) HBMECs were pretreated as
indicated with either 5 mM 3-MA or 100 nMWM for 1 h followed by exposure of cells to 100 ng/ml Tat for 24 h and assessed for expression of
ZO-1 bywestern blotting (C) and immunostaining (D, scale bar, 10 μm). (E, F) HBMECswere transfectedwith ATG5 siRNA followed by exposure
of cells to 100 ng/ml Tat for 24 h. Expression of tight junction proteins ZO-1 was determined by western blotting (E) and immunostaining (F,
scale bar, 10 μm). (G) HBMECs were pretreated as indicated with either 5 mM 3-MA or 100 nM WM for 1 h or (H and I) transfected with non-
targeting (Non) or ATG5 siRNA (Si-ATG5), followed by exposure of cells to 100 ng/ml Tat for 24 h and assessed for cell permeability by trans-well
endothelial cell monolayer permeability assays (H) and TEER (I). The data are presented asmeans ± SEM from three independent experiments.
*p < .05; **p < .01; ***p < .001 vs. control.

e1748983-6 K. LIAO ET AL.



the formation of autophagosomes by facilitating the
localization of other autophagy proteins to the pre-
autophagosomal membrane.12 Oligomerization of
BECN1/Beclin 1 could thus serve as a scaffold for
other molecules that associate with it for the initiation
of autophagosome formation. For example, the study
by Chong-Shan Shi et al.16 demonstrated that K63-
linked ubiquitination of BECN1/Beclin 1 controlled
TLR4 ligand-induced autophagy via amechanism that
depended on TRAF6. PELI1/Pellino-1 is a well-
known E3-ubiquitin ligase involved in ubiquitination
and has been reported to facilitate TRAF6-mediated
ubiquitination of TLR signaling.17 Whether PELI1/
Pellino-1 also mediates K63-linked ubiquitination of
BECN1/Beclin 1 however, remains unknown. We
thus sought to examine whether Tat-mediated induc-
tion of PELI1/Pellino-1 could lead to ubiquitination of
BECN1/Beclin 1, resulting in increased autophagy and
permeability in HBMECs. As shown in Figure 5a, in
HBMECs exposed to Tat there was significantly
(P < .05) increased expression of PELI1/Pellino-1 pro-
tein starting at 1 h post exposure. Next, to determine
whether BECN1/Beclin 1 underwent K63-linked ubi-
quitination, HBMECs were stimulated with Tat for
various times (0–3 h). Cells were then lysed followed
by dissociation of protein–protein interactions and
then immunoprecipitated using the BECN1/Beclin 1
antibody and analyzed for the expression of K63-
linked ubiquitin by western blotting. As shown in
Figure 5b, in the presence of Tat there was increased
smearing of ubiquitinated proteins specifically in the
range of 43 to 95 kD, within 30min post-Tat exposure
with the effect peaking at 3 h. To next assess the
binding of PELI1/Pellino-1 to BECN1/Beclin 1,
HEK293 cells were co-transfected with Flag-BECN1/
Beclin-1 and GFP-PELI1-1 plasmids to overexpress
the proteins and analyzed by confocal microscopy
for colocalization of the two proteins using the anti-
GFP and anti-FLAG antibodies. As shown in Figure
5c, in cells overexpressing both the proteins, there was
an indication of increased protein–protein interaction
as evidenced by increased merging of the red and
green fluorescence. Further validation of this interac-
tion was done by series of co-immunoprecipita-
tion assays using lysates from Tat-treated HBMECs.
As shown in Figure 5d, in the presence of Tat, we
consistently found the presence of BECN1/Beclin 1
immunoreactive band in the HBMEC lysates immu-
noprecipitated using the anti-PELI1/Pellino1

antibody. Having demonstrated that in HBMECs Tat
induced the interaction of PELI1/Pellino-1 and
BECN1/Beclin 1, leading, in turn, to K63-mediated
ubiquitination of BECN1/Beclin 1, we next sought to
explore whether PELI1/Pellino-1 also played a role in
Tat-mediated induction of autophagy and increased
permeability in HBMECs. For this, HBMECs were
transfected with either PELI1/Pellino-1 or scrambled
siRNA followed by exposure of the cells to Tat and
assessed for the expression of autophagy marker pro-
teins by western blotting. As expected, HBMECs
transfected with PELI1/Pellino-1 siRNA followed by
exposure to Tat failed to alter the expression of autop-
hagy markers, MAP1LC3B (Figure 6a), BECN1/
Beclin 1 (Figure 6b), ATG5 (Figure 6c) and SQSTM1
(Figure 6d). Cells transfected with scrambled siRNA,
on the other hand, continued to demonstrate Tat-
mediated alteration of the autophagy markers.

For further validation of the role of PELI1/
Pellino-1 in Tat-mediated disruption of
HBMECs, we knocked down the expression of
PELI1/Pellino-1 using the siRNA approach and
subsequently assessed the effect of Tat exposure
on the expression of tight junction ZO-1 and per-
meability of HBMECs. As shown in Figures 6e,f, in
HBMECs transfected with PELI1/Pellino-1 siRNA,
Tat exposure failed to downregulate the expression
of ZO1 as assessed by western blotting (Figure 6e)
and immunofluorescence (figure 6f). Additionally,
in the PELL1 knocked down group, Tat exposure
had no effect on cellular permeability as evidenced
by dextran fluorescence across the in vitro blood-
brain barrier model (Figure 6g).

Presence of increased autophagy and disrupted
tight junctions in the brains of HIV Tg26 mice
and in HIV+ humans

To validate the in vitro findings on the role of autop-
hagy in Tat-mediated downregulation of tight junc-
tion proteins, we next sought to assess the expression
of both autophagy marker MAP1LC3B, as well as the
tight junction protein ZO-1 in the brain microvascu-
lar endothelial cells present in the microvessels iso-
lated from the brains of Tg26 mice and HIV, infected
humans. There was increased expression of PELI1/
Pellino-1, autophagy markers BECN1/Beclin-1,
ATG5 and MAP1LC3B with a concomitantly
decreased expression of ZO-1 in the lysates of brain

TISSUE BARRIERS e1748983-7



microvessels isolated fromHIVTg26mice (Figure 7a)
and HIV+ subjects (Figure 7b). Additionally, isolated
microvessels from both HIV Tg26 as well asWTmice
were also subjected to double immunostaining using
antibodies specific for MAP1LC3B (green color) and
PECAM1/CD31 (endothelial cell marker, red color).
Our findings demonstrated a significant upregulation
of MAP1LC3B puncta in PECAM1/CD31-positive
endothelial cells in the microvessels isolated from
HIV-1 Tg26 (Figure 7c) that was accompanied by
significant downregulation of ZO-1 expression in
endothelial cells (Figure 7d).

Discussion

The breach of BBB is one of the underlying features
contributing to neuroinflammation associated with

HAND.3,18-20 Various reports implicate disruption
of the BBB during HIV-1 infection,21,22 with
a prominent role of the viral protein Tat, which is
often implicated as one of the pathogenic factors of
HAND.23,24 Many studies implicate the role of
autophagy in vascular leakage and BBB disruption,
for example, the inflammatory mediator
HMGB1 has been shown to induce autophagy, lead-
ing, in turn, to increased vascular permeability.25,26

Additionally, sepsis-mediated secretion of cytokines
has also been shown to increase both vascular per-
meability as well as autophagy.26,27 In a separate
study, alumina nanoparticles have also been shown
to induce brain endothelial barrier disruption via
induction of autophagy.12 It remains less under-
stood, however, whether Tat-mediated breach of
BBB involves the autophagy pathway.

Figure 5. Tat-mediated induction of PELI1/K63-linked ubiquitination of BECN1/Beclin-1.
(A) HBMECs were either exposed to 100 ng/ml Tat or left unexposed for indicated times followed by assessing the expression of
PELI1/Pellino-1 by western blotting. (B) K63-linked ubiquitination of BECN1/Beclin-1 – western blot of immunoprecipitated (IP)
BECN1/Beclin-1 samples was assessed for the presence of K63-linked ubiquitin using whole-cell lysates (input). (C) HEK cells were
transfected with flag-BECN1/Beclin-1 and GFP-PELI1/Pellino-1 plasmids and interaction of BECN1/Beclin-1 and PELI1/Pellino-1 was
analyzed using immunofluorescence microscopy. (D) HBMECs were exposed to Tat for varying times (0–3 h) and the interaction
between BECN1/Beclin-1 and PELI1/Pellino-1 was assessed using co-immunoprecipitation assay. The data are presented as mean ±
SEM from three independent experiments. *p < .05 vs. control.
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Based on the above information, we thus
hypothesized that exposure of HBMECs to Tat
could lead to the induction of endothelial autop-
hagy, which in turn, could contribute to the down-
regulated expression of tight junction proteins,
ultimately resulting in the disruption of BBB.
Our findings demonstrate the time-dependent
induction of autophagy in HBMECs exposed to
Tat. Increased autophagy, in turn, contributed to
Tat-mediated downregulation of tight junction

protein ZO-1, thereby increasing vascular perme-
ability in our in vitro BBB model. We do acknowl-
edge the limitation of our in vitro BBB model is
that it comprises of a single cell type – HBMECs.
Although brain microvascular endothelial cells are
the major components of the BBB, many studies
have included other cell types such as astrocytes,
pericytes and neurons in their model system, all of
which play crucial regulatory roles in the mainte-
nance of the BBB.28 It is reported29 that the TEER

Figure 6. Role of PELI1/K63-linked ubiquitination of BECN1/Beclin-1 in Tat-mediated induction of autophagy and increased
paracellular permeability of HBMECs.
HBMECs transfected with PELI1/Pellino-1 siRNA followed by exposure to 100 ng/ml Tat for 24 h were assessed for presence of
MAP1LC3B (A), BECN1/Beclin-1 (B) ATG5 (C) and SQSTM1 (D) by western blotting and the presence of ZO-1 by western blotting (E)
and immunostaining (F). (G) HBMECs transfected with non-targeting (Non) or PELI1 siRNA (Si-PELI1) followed by exposure to 100 ng/
ml Tat for 24 h and cell permeability were assessed by trans-well endothelial cell monolayer permeability assays. The data are
presented as mean ± SEM from three independent experiments. *p < .05; **p < .01 vs. control.
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values measured in vivo could reach as high as
5900 Ω.cm2 which is markedly greater than that
achieved in our in vitro model (around 150 Ω.
cm2). In our future studies will plan to use com-
plex in vitro co-culture models involving other cell
types. Next, we sought to examine the molecular
mechanism(s) underlying this process. BECN1/
Beclin-1 is a key component of class III

phosphatidylinositol 3-kinase complex (PI3KC3)
that initiates the formation of autophagosomes by
facilitating the localization of other autophagy pro-
teins to the pre-autophagosomal membrane.12

K63-linked ubiquitination of BECN1/Beclin-1 has
been demonstrated to be required for the initiation
of autophagosome formation.30 In our current
study, we demonstrated a novel mechanism by

Figure 7. Induction of autophagy and disruption of tight junction proteins in the brains of Tg26 mice and HIV-E subjects.
(A) Western blotting of the autophagy markers and tight junction proteins in microvessels isolated from the brains of HIV Tg26 mice,
and (B) in lysates isolated from the frontal cortices of HIV-E autopsied brains. (C) MAP1LC3B puncta and (D) ZO-1 were visualized by
immunofluorescence microscopy in the microvessels isolated from the brains of WT and HIV Tg26 mice; PECAM1/CD31 was used as
an endothelial cell marker (Scale bar, 50 μm). Images shown are representative of data from eight mice and six human specimens.
The data are presented as mean ± SEM. *p < .05; **p < .01; ***p < .001 vs. control.
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which Tat triggered PELI1/K63-linked ubiquitina-
tion of BECN1/Beclin-1 resulting in the induction
of autophagy with a concomitant downregulated
the expression of tight junction proteins ZO-1,
ultimately leading to increased vascular permeabil-
ity. Our findings demonstrated the Tat-mediated
induction of autophagosome formation with
a concomitant down-regulated expression of
SQSTM1 in HBMECs. These findings are in agree-
ment with previous studies in glial cells demon-
strating Tat-mediated induction of BAG3 proteins,
subsequently leading to increased autophagy, as
evidenced by an increase in MAP1LC3B expres-
sion and a decrease in SQSTM1.15 Reports in other
cells such as the neurons by Hui et al.31 however,
have reported that Tat (100 nM, 1.6 µg/ml) was
associated with lysosomes resulting in reduced
expression of MAP1LC3B. It is thus possible that
Tat could exert differential effects in different cell
types, and also that these effects could be dose-
dependent.

In accordance with earlier reports,32,33 our find-
ings also demonstrated that in HBMECs, Tat
exposure resulted in decreased expression of tight
junction protein (ZO-1) that was accompanied by
increased permeability of these cells. The function
of tight junctions regulating permeability is based
on two pathways: (1) “pore” pathway that can
carry small uncharged solutes and specific ions
and (2) “leak” pathway that can carry none-
charged larger molecules.34 The TJ membrane pro-
teins such as claudins (such as claudin-2) have
been shown to play a crucial role in regulating
the cation-selective pore pathway while the bar-
rier-forming protein occludin is known to regulate
the leak pathway. Induction of autophagy has been
shown to result in degradation of claudin-2,
which, in turn, leads to enhancement of TJ barrier
function with increased transepithelial resistance
(TEER). In contrast, nitric oxide-mediated induc-
tion of autophagy resulted in lysosome-dependent
degradation of claudin-5 in the endothelial cells
under prolonged ischemia (OGD/R injury), lead-
ing to disrupted endothelial barrier.35 In addition,
Kim et al. have demonstrated oxygen-glucose
deprivation-mediated induction of ischemic
autophagy in the brain endothelial cells, which,
in turn, leads to the degradation of occludin with
permeability disruption.36 Overall, autophagy-

mediated degradation of claudins (pore pathway)
and occludin (leaky pathway) has been shown to
be critical for regulating function of the TJ barrier.
ZO-1 is known to act as a scaffolding protein
linking claudin and occludin to the actin cytoske-
leton. ZO-1 is thus important for both pore and
leak pathways in the maintenance of BBB perme-
ability. In the current study, we also found that
exposure of HBMECs to Tat induced colocaliza-
tion of MAP1LC3B puncta with ZO-1 and also
that Tat-mediated downregulation of ZO-1 was
attenuated by pretreating the cells with pharmaco-
logical inhibitors of autophagy as well as by
a silencing approach using si-RNA-ATG5.
Collectively these findings underpin the role of
autophagy in Tat-mediated downregulation of
ZO-1. Corroboration of these findings was also
done ex vivo, wherein we observed upregulation
of the autophagy marker MAP1LC3B and
a concomitant downregulation of ZO-1 in micro-
vessels isolated from the brains of HIV-1 Tg26
mice. In line with these observations and of
importance, we also observed increased autophagy
and disrupted expression of ZO-1 in sections of
frontal cortices from the brains of individuals with
HIV-E compared with the uninfected controls,
thereby underscoring the conservation of this
effect across species.

A number of other mechanisms besides autop-
hagy have been implicated in Tat-mediated dis-
ruption of BBB underlying HAND. For example,
Tat can induce activation of oxidative stress,37,38

which, in turn, leads to increased expression of
inflammatory genes such as MCP-1,39 TNF-α40

IL6,41 IL1-β42 and PDGF-BB.4 Importantly, it has
been well-established that induction of inflamma-
tory chemokines in the brain such as MCP-1-
43,44can further perpetuate increased recruitment
of HIV-infected monocytes into the CNS, thereby
enhancing the pool of cytotoxic Tat in the CNS. In
light of our current studies, this increased pool of
Tat could cause a further cascade of neuroinflam-
mation by mediating disruption of the BBB per-
meability. In parallel, Tat has also been shown to
induce apoptosis of brain endothelial cells by acti-
vating caspase-3,45 which could further exacerbate
BBB breach, leading to an even more increased
influx of HIV-infected monocytes into the CNS.
Such a vicious loop triggered by Tat could
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continually perpetuate neuroinflammation,42,46,47

likely contributing to the development and persis-
tence of HAND. Our novel findings for the first
time implicate autophagy as a regulator in Tat-
mediated disruption of BBB, which, in turn,
could lead to a further increase in the influx of
peripheral leukocytes into the CNS, thereby con-
tributing to underlying neuroinflammation.
Herein we also demonstrate a novel mechanism
by which Tat induces autophagy involving the
PELI1/K63-linked ubiquitination of BECN1/
Beclin-1. Our results have established a novel
link between PELI1/K63-linked ubiquitination of
BECN1/Beclin-1, autophagy and disruption of
tight junction proteins (Figure 8), thereby suggest-
ing that interventions aimed at dampening the
autophagy signaling pathway could be considered
as promising therapeutic targets for abrogating
HIV-1-mediated neuroinflammation and progres-
sion of HAND.

Materials and methods

WM (W3144), 3-MA (M9281), fluorescein isothio-
cyanate Dextran-4 and Mammalian Cell Lysis kit
were purchased from Sigma-Aldrich (St Louis,
MO, USA). Recombinant Tat was purchased from

ImmunoDiagnostics (Foster City, CA, USA). The
transfection reagent Lipofectamine 2000 was pur-
chased from Invitrogen (Waltham, MA, USA).
Antibodies were as follows: ZO-1 (Cat # 40–2200),
mouse anti-β-actin antibody (Cat # AM4302), Alexa
Fluor 594 goat anti-rabbit IgG (Cat #:A-11012) and
Alexa Fluor 488 goat anti-mouse IgG (Cat #
A32723) were purchased from Invitrogen
(Waltham, MA, USA); BECN1/Beclin 1 (sc-48341),
MAP1LC3B (sc-16756), PELI1 (sc-271065) Santa
Cruz Biotechnology (Dallas, TX, USA); ATG5
(NB110-53818), SQSTM1 (H00008878-M01),
Novus Biologicals (Littleton, CO, USA); goat anti-
rabbit (111-035-144) and goat anti-mouse (115-035-
003), Jackson ImmunoResearch Laboratories (West
Grove, PA, USA). Short interfering RNA (siRNA) of
ATG5 (Cat # AM16708) was purchased from
Thermo Scientific (Hudson, NH, USA). Trypsin
were purchased from Gibco (Grand Island, NY,
USA). Fetal bovine serum (FBS) were from Cell
Sciences (Newburyport, MA, USA). The GFP-
MAP1LC3B plasmid was a generous gift from
Dr. Howard Fox (University of Nebraska Medical
Center, Omaha, NE), and HIV-1 transgenic mice
(Tg26), which express high levels of HIV proteins,
including Tat, rev, nef, vif, vpr and vpu, were estab-
lished as described previously48 and kindly provided

Figure 8. Schematic of Tat-mediated induction of the BBB disruption via autophagy.
Exposure of HBMECs to Tat triggers PELI1/K63-linked ubiquitination of BECN1/Beclin-1, with subsequent induction of autophagy
resulting in downregulated expression of tight junction proteins and increased permeability of the BBB.
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by Dr. Roy L. Sutliff (Veterans Affairs Medical
Center, Atlanta, GA). Human brain tissue samples
were obtained from the Cell-Animal-Tissue Core of
UNMC.

HBMECs culture

Human primary brain microvascular endothelial
cells (HBMECs, ScienCell, Cat # 1000) were pur-
chased from ScienCell (the donor information:
Donor1: fetal brain, age 21 weeks, male, TAN
Record: #1404, Donor2: fetal brain, age 21 weeks,
unknown sex, TAN Record: #1405, Donor3: fetal
brain, age 21 weeks, unknown sex, TAN Record:
#1409). HBMECs were grown and routinely main-
tained in Endothelial Cell Medium (ScienCell, Cat
# 1001) with 5% FBS, 5 ml Endothelial Cell
Growth Supplement (ECGS, ScienCell, Cat
#1052), 100 U/mL penicillin, 100 μg/mL strepto-
mycin at 37°C and 5% CO2 and used up to pas-
sage 5.

Western blotting

Cell and brain lysates were extracted using the
Mammalian Cell Lysis kit (MCL1-1KT), Sigma-
Aldrich (St. Louis, MO, USA). Equal amounts of
protein were separated by electrophoresis in
a sodium dodecyl sulfate-polyacrylamide gel fol-
lowed by transfer to PVDF membranes. The mem-
branes were blocked with either 5% nonfat dry
milk or 5% BSA in PBS (137 mM NaCl; 2.7 mM
KCl; 10 mM Na2HPO4; 2 mM KH2PO).
Subsequently, the membranes were incubated
with primary antibodies overnight at 4°C. After
washing three times with TBST, the blots were
incubated with secondary antibodies for 1 h, fol-
lowed by 3 washes, and MAP1LC3B, SQSTM1,
BECN1/Beclin1, ATG5 and ZO-1 were detected
using an enhanced chemiluminescence detection
kit. β-Actin was used as an internal control to
normalize the protein amounts loaded.

Plasmid transfection

HBMECs were seeded into 24-well plates and
maintained in complete culture medium over-
night. The next day, cells were incubated with
GFP – MAP1LC3B plasmid dissolved in 100 µl

Opti-MEM together with Lipofectamine 2000 for
20 min at room temperature. Following exposure
to the DNA-lipofectamine mixture, cells were
incubated in serum-free medium for 6 h at 37°C.
The medium was then replaced with complete
culture medium. After 24 h, cells were treated
with 100 ng/ml Tat for 24 h and imaged under
a fluorescence microscope to visualize exogenous
GFP-MAP1LC3B puncta formation.

Immunocytochemistry

HBMECs were plated on coverslips and exposed
to 100 ng/ml Tat for 24 h. Subsequently, cells
were fixed with 4% paraformaldehyde for
10 min at room temperature, followed by per-
meabilization with 0.3% Triton X-100 in PBS.
Cells were then incubated with a blocking buffer
containing 10% normal goat serum (NGS) in PBS
for 1 h at room temperature followed by incubat-
ing with either rabbit MAP1LC3B antibody
(1:200) or ZO-1 (1:200) overnight at 4°C. The
next day, the cells were washed three times, fol-
lowed by incubation with the secondary Alexa
Fluor 594 goat anti-rabbit IgG (at 1:500) for
2 h. After a final wash with PBS, the coverslips
were mounted with Prolong Gold Anti-fade
Reagent. HBMECs were analyzed using
a fluorescence microscope for endogenous
MAP1LC3B puncta formation and ZO-1 expres-
sion. Images were processed using the AxioVs 40
Version 4.8.0.0 software (Carl Zeiss
MicroImaging GmbH).

Transmission electron microscopy (TEM)

HBMECs were exposed to 100 ng/ml Tat for 24 h,
then washed twice with PBS. The cells were fixed
by 2.5% TEM grade glutaraldehyde fixative buffer
for 30 min at room temperature. HBMECs were
collected and centrifuged for 5 min at 200 g.
Subsequently, the cell pellets were re-suspended
in the fixative solution and stored at 4°C until
used for electron microscopy.

Cell permeability

HBMECs were seeded into 6.5-mm polyester
Transwell inserts (0.4-μm pore size) to form
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monolayers. After reaching confluency, HBMEC
monolayers were treated with 100 ng/ml Tat for
24 h in the absence or presence of inhibitors 3-MA
and WM. Fluorescein isothiocyanate-labeled
Dextran-4 (1 mg/mL) was then added, followed by
the detection of changes in monolayer permeability
by measuring changes of fluorescence in the lower
chamber at excitation/emission wavelengths of 480/
530 nm.

Transendothelial electrical resistance (TEER)

The transwell with PET membrane (6.5-mm polye-
ster Transwell inserts (0.4-μm pore size)) was filled
with fresh HBMEC culture media in the upper and
lower chambers at the same height. The TEER of
blank PET membrane was assessed by a Millicell
electrical resistance system (Millipore, Bedford,
MA). Next, we seeded the HBMECs transfected
with either siRNA-control or siRNA-ATG5 into
the transwell insert to form the monolayers, fol-
lowed by treating of HBMECs with or without
HIV Tat for 24 h. The TEER of the HBMECs were
assessed by a Millicell electrical resistance system.
The resistance of the cell monolayer was calculated
by subtracting the ‘blank’ cell-free inserts from the
TEER of the transwell insert containing cells.

Short interfering RNA transfection

HBMECs were seeded into 24-well plates and main-
tained with complete culture medium overnight. The

next day, ATG5 siRNA was dissolved in 100 µl Opti-
MEM and incubated with Lipofectamine 2000 for
20 min at room temperature. The cells were exposed
to the siRNA-lipofectamine mixture and incubated in
serum-free medium for 6 h at 37°C. The medium was
then replaced with complete culture medium. After
24 h, cells were treated with 100 ng/ml Tat for 24 h,
and MAP1LC3B, and ZO-1 expression was measured
by Western blotting.

Animals

All mice strains (male, 8–10 weeks), wild-type
C57BL/6 mice and Tg26 mice were housed under
conditions of constant temperature and humidity on
a half/half light and dark cycle. All animal proce-
dures were performed following approved protocols
from the Institutional Animal Care and Use
Committee of the University of Nebraska Medical
Center and the National Institute of Health. Animals
were divided into two groups with 6 per group
(wild-type and Tg26) for brain microvessel isolation.

Isolation of brain microvessels

Mouse and human (patients with HIV-E were
obtained from the Cell-Animal-Tissue Core of
UNMC (for clinical data, see Table 1)) brain
microvessels were isolated following a differential
centrifugation protocol as described previously.2

Briefly, the brains were removed and immediately
immersed in ice-cold isolation buffer A (103 mM
NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2

Table 1. Brain tissue donor characteristics.
Age

(years) Gender
Donor
program

Brain
region Pathology

HIV-Negative Control Patients
42 Male From

pathology
Cortex Hypertensive and severe conronary artery disease. Old infarct revealed-right temporal area.

66 Male From
pathology

Cortex Massive pulmonary consolidation secondary to diffuse alveolar damage (ARDS). Cryptogenic cirrhosis
complicated with portal hn, upper GI bleed due to ulcers, hepatic encephalopathy, corpulmonate,
chronic renal failure.

55 Male From
pathology

Cortex Sudden Cardiac death in a setting of moderate-severe coronary artery disease

HIV- E Patients
38 Male Gift of

hope
Cortex Brain: HIV Encephalopathy/Leukoencephalopathy. No evidence of toxoplasma infection or progressive

multifocal leukoencephalopathy. AIDS
36 Male Gift of

hope
Cortex Brain: Cytomegalovirus (CMV) Encephalitis. Endstage AIDS Mild dementia, opportunistic infections.

34 Male Gift of
hope

Cortex Brain: Encephalitis with microglial nodules suggestive of CMV infection. AIDS
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PO4, 1.2 mM MgSO4 and 15 mM HEPES, pH 7.4),
followed by the removal of the cerebellum, olfac-
tory bulb and meninges. Subsequently, the brains
were homogenized in 2.5 ml of isolation buffer
B (10 mM glucose, 25 mM NaHCO3, 1 mM Na
pyruvate and 10 g/L Dextran, pH 7.4) containing
protease inhibitors. The homogenates were added
to Dextran (6 ml; 26%) and centrifugated for
20 min at 5800 × g. Pellets were resuspended in
isolation buffer B, followed by filtration through
a 70-μm mesh filter. Isolated brain microvessels
were then harvested from the filtered homogenates
by centrifugation. Some pure brain microvessels
were used for immuno-staining by spreading on
glass slides and prepared for MAP1LC3B,
PECAM1/CD31 and ZO-1 detection; others were
lysed for Western blotting to detect MAP1LC3B,
BECN1/Beclin 1, ATG5 and ZO-1.

Statistical analysis

Bonferroni post hoc tests were used following
a one-way analysis of variance (ANOVA) to com-
pare data between groups. Results were judged
statistically significant if Bonferroni test p < .05.
All the analyses were done using GraphPad
Prism 7.03 (GraphPad Software, Inc. CA, USA).

Abbreviations

ANOVA Analysis of variance
BBB Blood-brain barrier
CNS Central nervous system
FBS Fetal bovine serum
HBMECs Human brain microvessel endothelial cells
HAND HIV-associated neurocognitive disorder
siRNA Short interfering RNA
Tat HIV Tat
TEM Transmission electron microscopy
Tg26 HIV-1 transgenic mice
WM Wortmannin
3-MA 3-Methyladenine
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