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The anti-cancer drug Sunitinib promotes autophagy and protects
from neurotoxicity in an HIV-1 Tat model of neurodegeneration

Jerel A. Fields1, Jeff Metcalf2, Cassia Overk2, Anthony Adame?, Brian Spencer2, Wolfgang
Wrasidlo2, Jazmin Florio?, Edward Rockenstein?, Johnny J. He3, and Eliezer Masliah1:2

1Department of Pathology, University of California San Diego, La Jolla, CA, USA
2Department of Neurosciences, University of California San Diego, La Jolla, CA, USA

3Department of Cell Biology and Immunology, University of North Texas Health Science Center,
Fort Worth, TX, USA

Abstract

Despite the success of antiretroviral therapies to control systemic HIV-1 infection, the prevalence
of HIV-associated neurocognitive disorders (HAND) has not decreased among aging patients with
HIV. Autophagy pathway alterations, triggered by HIV-1 proteins including gp120, Tat, and Nef,
might contribute to the neurodegenerative process in aging patients with HAND. Although no
treatments are currently available to manage HAND, we have previously shown that Sunitinib, an
anti-cancer drug that blocks receptor tyrosine-kinase and cyclin kinase pathways, might be of
interest. Studies in cancer models suggest that sunitinib might also modulate autophagy, which is
dysregulated in our models of Tat-induced neurotoxicity. We evaluated the efficacy of sunitinib to
promote autophagy in the CNS and ameliorate neurodegeneration using LC3-GFP expressing
neuronal cells challenged with low concentrations of Tat and using inducible Tat transgenic mice.
In neuronal cultures challenged with low levels of Tat, sunitinib increased markers of autophagy
such as LC3-1l and reduced p62 accumulation in a dose-dependent manner. /n vivo, sunitinib
treatment restored LC3-11, p62, and Endophilin B1 (EndoB1) levels in doxycycline-induced Tat
transgenic mice. Moreover, in these animals sunitinib reduced the hyperactivation of CDKS5, tau
hyper-phosphorylation and p35 cleavage to p25. Restoration of CDK5 and autophagy were
associated with reduced neurodegeneration and behavioral alterations. Alterations in autophagy in
the Tat tg mice were associated with reduced levels of a CDK5 substrate, EndoB1, and levels of
total EndoB1 were normalized by sunitinib treatment. We conclude that sunitinib might ameliorate
Tat-mediated autophagy alterations and may decrease neurodegeneration in aging patients with
HAND.
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Introduction

The past 10 years have seen a dramatic success in improving the quality of life of HIV-1
infected patients by suppressing systemic HIV-1 infection with the use of combined anti-
retroviral therapies (CART). However, the prevalence of HIV-associated neurocognitive
disorders (HAND) and neurodegeneration (Budka et a/, 1987; Cherner et al, 2007;
Gendelman et a/, 1997; Heaton et a/, 2010; Wiley and Achim, 1994) have remained the same
or increased (Heaton et a/, 2011; Joska et af, 2010), particularly among people over the age
of 50. In the US, the aging population represents one of the fastest growing groups with
HIV-1 (Scott ef af, 2011).

The cognitive impairment in patients with HIV-1 has been associated with
neurodegenerative pathology in cortical and subcortical brains regions (Clifford and Ances,
2013; Ellis et al, 2007). While in the pre-cART era HIV-1 and related proteins could be
found at high levels in the CNS causing acute and subacute neuronal injury and
inflammation(Ranki et a/, 1995; Saito et a/, 1994); in the current period of cART, levels of
HIV-1 proteins in the CNS are lower resulting in effects that are chronic and more protracted
(Bachani et al, 2013; Rom et al, 2011; Var et al, 2016). In fact, in the CART era patients with
HIV-1 live longer (Heaton et a/, 2010; Lashuel et a/, 2013) but nonetheless display evidence
of chronic neurodegenerative pathology that in occasions overlap with Alzheimer's disease
(Achim et al, 2009) and other disorders of the aging population (Rohn et a/, 2011).

The precise mechanisms through which HIV-1 proteins at high or low levels might trigger
neuronal injury are still under investigation and include calcium dysregulation (Lipton,
1994; Nath et a/, 2000), mitochondrial dysfunction (Fields et a/, 2016; Valcour and
Shiramizu, 2004), excitotoxicity (Lipton and Rosenberg, 1994; Rempel and Pulliam, 2005),
oxidative stress (Nath, 2002; Norman et a/, 2008) and inflammation (Kaul and Lipton,
2006). Moreover, previous studies have shown that HIV-1 proteins might trigger
neurodegeneration by interfering with clearance pathways such as macroautophagy
(Alirezaei et al, 2008a; Alirezaei et al, 2008b; Zhou et a/, 2011), a pathway necessary for
recycling proteins or defective and older intracellular organelles (Cuervo, 2004). These
alterations in autophagy in HIV-1 patients and transgenic (tg) mice are exacerbated with age
(Fields et al, 2013a). Moreover, HIV-1 Tat (trans-activator of transcription) could either
activate or suppress, depending on the conditions, autophagy function in glial cells (Bruno et
al, 2014), macrophages (Wang et a/, 2011) and bystander monocytes (Schenk et a/, 2011),
and Tat triggers neurodegeneration by disrupting endolysosomal functioning (Hui et a/,
2012).

Along these lines, we have recently shown that at high concentrations Tat, consistent with
subacute HIV-1 infection, could induce autophagy (Fields ef a/, 2015a). In addition, in
conditional glial fibrillary acidic protein (GFAP)-Tat tg mice (Kim et a/, 2003) Tat induces
abnormal neuronal autophagosome formation possibly through interactions with lysosome-
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associated membrane protein 2 (LAMP2A) (Fields et a/, 2015a). This mechanism could
contribute, in concert with other Tat actions, HIV-1 proteins, or inflammatory factors, to
neurodegeneration in HAND and reduced neuronal autophagy in aging HIV-1 patients where
levels of HIV-1 proteins are lower. In this study we also showed that intra-cerebral infusion
with rapamycin, a drug that targets mammalian target of rapamycin (mTor) and promotes
autophagy, reversed the neurodegeneration and corrected the lysosomal fusion alterations in
the Tat tg mice (Fields et a/, 2015a).

Rapamycin has been used for the treatment of certain types of cancers and might be of
interest in the management of HAND, however the potential may be limited because this
drug has low blood brain barrier (BBB) permeability. For this reason we were interested in
testing other anti-cancer compounds with the ability of crossing the BBB that might
ameliorate the neurodegenerative and autophagic pathology induced by HIV-Tat.
Remarkably, in a previous study we showed that an inhibitor of receptor tyrosine kinase
(RTK), also known as tyrosine receptor kinase (TRK) or tyrosine kinase receptor (TKR) that
has FDA approval for the treatment of renal carcinoma. This RTK inhibitor, sunitinib, is able
to reduce hyper-activation of CDKS5, a cyclin dependent kinase required for brain
development, microtubule associated protein tau (Tau) phosphorylation, and
neurodegeneration in an envelope glycoprotein (gp)120 tg model of HIV-1 neurotoxicity
(Wrasidlo et af, 2014). In addition to the effects on RTKs and CDKS5, recent studies have
shown that sunitinib promotes autophagy in certain prostate carcinomas and other tumors
(Motzer et al, 2007). Therefore, in this context the main objective of this study was to
determine if sunitinib treatment reversed the autophagy and neurodegenerative pathology in
cellular and /n vivo models of chronic, low-level HIV-Tat neurotoxicity, simulating the low-
levels of HIV-Tat seen in patients treated with antiretroviral drugs in the cART era. We show
that sunitinib treatment restored the levels of autophagy markers microtubule-associated
protein light chain 3 (LC3)-I1 and sequestosome 1 (p62) in the Tat tg mice. Moreover,
sunitinib ameliorated neurodegeneration and behavioral deficits in the Tat tg mice.
Alterations in autophagy in the Tat tg mice were associated with reduced levels of
endophilin B1 (EndoB1, also known as Bax-interacting factor 1 (Bif-1) or SH3GLB1),
which is a substrate of CDKS5, and levels of total EndoB1 were normalized by sunitinib
treatment suggesting that sunitinib might be potentially useful in the management of HAND.

Materials and Methods

Cell Culture

For these experiments, the B103 neuroblastoma cell line was used since in previous studies
we have shown that this line generates neuron-like cells that are sensitive to HIV-1 proteins
(Fields et al, 2015a). Cells were grown at 37 °C in humidified air with 5% CO, in DMEM
(Life Technologies) containing 5% FBS and 1% penicillin/streptomycin. A lentiviral vector
expressing the autophagy reporter LC3-GFP (green florescent protein; generous gift from
Joshua Goldstein) was cloned as previously described (Fields et a/, 2015a). The rat neuronal
B103 cell line was transduced with LC3-GFP, as previously described (Fields et a/, 2015a),
at various multiplicity of infection (MOI) from 1-100 (multiples of 10) to determine optimal
expression and then re-plated onto glass coverslips or into 6-well plates (for collection and
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homogenization). At MOI 40 optimal expression of LC3-GFP was observed in over 90% of
the cells. Under these conditions, after 2h cells were treated with Sunitinib (Calbiochem) at
a concentration of 1.0 or 10.0 pM or DMSO control for an additional 2h. They were then
treated for 24 h with HIV-1 Tat (NIH AIDS Reagent Program) at a concentration of 10
ng/ml. For immunoblot analysis, cells were washed with PBS and lysates were harvested
with 100 pL of lysis buffer containing fresh protease and phosphatase inhibitors (EMD
Millipore, Temecula, CA, USA). Lysates were homogenized by sonication and partitioned
into nuclear, cytosolic and particulate fractions by ultracentrifugation.

The following antibodies were used: pCDKS5 (Rb Polyclonal, Santa Cruz Biotech -
SC-129/9-R - 1:500); total (t) CDKS5 (Rb Polyclonal, Santa Cruz Biotech - SC-173 -
1:1000); p35 (Rb Polyclonal, Santa Cruz Biotech - SC-820 - 1:500); total (t)-Tau (Mu
Monoclonal, Sigma - T5530 - 1:1000); LC3 (Rb Polyclonal, MBL- PD014 - 1:1000);
EndoB1 (Gt Polyclonal, Santa Cruz Biotech - SC-50565 - 1:500); p62 (Rb Polyclonal, Cell
Signaling - 5114S - 1:500); p-Tau (PHF1, Mu Monoclonal, Davies lab - 1:250); HIV-1
BH10 Tat (Mu Monoclonal, NIH AIDS Reagent Program - Cat.# 1974 — 1:250); MAP2
(mouse monoclonal, Millipore, 1:1000); NeuN (mouse monoclonal, Millipore, 1:2000);
synaptophysin (SY38, mouse monoclonal, Millipore, 1:1000); beta-actin (mouse
monoclonal, mab1501, Millipore, 1:2000) and GFAP (mouse monoclonal, Millipore, 1:500).

Briefly, as previously described, cells were collected by trypsin digestion and centrifugation
(Fields et al, 2013b). Cell pellets were homogenized in radio-immunoprecipitation assay
(RIPA) lysis buffer by sonication and centrifuged at 5000 x g for 5 minutes. After
determining the protein content of all samples by bicinchoninic acid (BCA) Protein assay
(Thermo Fisher Scientific), homogenates were loaded (20 g total protein/lane), separated
on 4-12% Bis-Tris gels and electrophoresed in 5% HEPES running buffer, and blotted onto
Immobilon-P 0.45 um membrane using NuPage transfer buffer. The membranes were
blocked in 5% BSA in phosphate-buffered saline-tween 20 (PBST) for one hour. Membranes
were incubated overnight at 4°C with primary antibodies. Following visualization, blots
were stripped and probed with a mouse monoclonal antibody against actin as a loading
control. All blots were then washed in PBS, 0.05 % tween-20 and then incubated with
species-specific secondary antibodies (American Qualex, 1:5000 in BSA-PBST) and
visualized with enhanced chemiluminescence reagent (ECL, Perkin-Elmer). Images were
obtained and semi-quantitative analysis was performed with the VersaDoc gel imaging
system and Quantity One software (Bio-Rad). For Tau and CDKS5 results were expressed as
ratio of total Tau and CDKS5, for other markers as ratio of actin.

Immunohistochemistry and double immunolabeling

The B103 neuronal cell line expressing LC3-GFP under a lentivirus promoter was treated
with Tat and sunitinib or vehicle. Cells were grown on acid-washed, poly-d-lysine-treated
coverslips for 24 hours. Cells were fixed in 4% paraformaldehyde for 20 minutes at 4°C and
then mounted with DAPI immunomount for analysis of size and number of LC3-GFP puncta
by laser scanning confocal analysis (Biorad) (Fields ef a/, 2015a). Alternatively, uninfected
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cells were double labeled with appropriate primary antibodies (MAP2, p62), secondary
antibody and then mounted with DAPI immunomount. The immunolabeled blind-coded
sections were serially imaged with a laser scanning confocal microscope (MRC-1024; Bio-
Rad) and with a Zeiss (Oberkochen, Germany) high magnification (x63) objective
(numerical aperture, 1.4) on an Axiovert 35 microscope (Zeiss), analyzed with ImageJ v1.43
software (NIH), as previously described (Crews et a/, 2010). For each condition a total of 50
cells were analyzed. All slides were processed under the same standardized conditions.

For non-tg and Tat tg mice that treated with vehicle or sunitinib, briefly, as previously
described (Masliah et a/, 2003), free-floating 40 um thick vibratome sections of mouse
brains were washed with Tris buffered saline (TBS, pH 7.4), pre-treated in 3 % H,0,, and
blocked with 10 % serum (Vector Laboratories), 3 % bovine serum albumin (Sigma), and
0.2 % gelatin in TBS-Tween (TBS-T). Sections were incubated at 4°C overnight with the
primary antibodies (LC3, p62, EndoB1, Tat, CDK5, p35, GFAP, NeuN, pTau and tTau).
Sections were then incubated in secondary antibody (1:75, Vector), followed by Avidin D-
horseradish peroxidase (HRP, ABC Elite, Vector) and reacted with diaminobenzidine (DAB,
0.2 mg/ml) in 50 mM Tris (pH 7.4) with 0.001 % H,0,. Control experiments consisted of
incubation with pre-immune rabbit serum. Immunostained sections were imaged with a
digital Olympus microscope and assessment of levels of immunoreactivity was performed
utilizing the Image-Pro Plus program (Media Cybernetics, Silver Spring, MD). For each
case a total of three sections (10 images per section) were analyzed in order to estimate the
average humber of immunolabeled cells per unit area (mm?2) and the average intensity of the
immunostaining (corrected optical density). For analysis of neuronal cells, sections were
immunostained with an antibody against NeuN (Millipore) and analyzed by stereology with
the dissector method using the Stereolnvestigator system as previously described (Overk et
al, 2014). In addition, double immunolabeling studies were performed as previously
described (Spencer et al, 2009) to determine the cellular localization of LC3 in neuronal
cells using an antibody against microtubule-associated protein 2 (MAP2). For this purpose,
vibratome sections of mouse brains were immunostained with antibodies against LC3 (red)
and an antibody against MAP2 (green). Sections were then reacted with secondary
antibodies tagged with FITC to detect MAP2 and with the tyramide red amplification system
(Perkin-Elmer) to detect LC3. Sections were mounted on superfrost slides (Fisher) and
cover-slipped with media containing DAPI (4”,6-diamidino-2-phenylindole). Sections were
imaged with a Zeiss 63x (N.A. 1.4) objective on an Axiovert 35 microscope (Zeiss) with an
attached MRC1024 laser scanning confocal microscope system (BioRad, Hercules, CA).

All experiments were blind-coded, and the code was broken after analysis was performed.
Experiments were performed in duplicate to evaluate reproducibility of the effects of Tat and
autophagy compounds in the /n vitro and /n vivo systems.

Neurotoxicity assay

Lactate dehydrogenase (LDH) cytotoxicity assay was used (CytoTox96, Promega, Madison,
WI), as per the manufacturer's instruction, to determine the effects of Tat on neuron viability.
Briefly, B103 neuronal cells were pre-treated with sunitinib and then with Tat alone (10
ng/mL) or in combination for 24 hours. Supernatants were collected and incubated with
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LDH reaction buffer in the dark at room temperature for 30 minutes before stop solution was
added. Absorbance at 490 nm was taken on Molecular Devices FilterMax. Readings were
normalized to lysis buffer-treated cells to obtain percent cell death.

Generation of Inducible Tat Transgenic Mice, sunitinib treatment and behavior

Briefly, as previously described, (Kim et a/, 2003) inducible Tat transgenic mouse colonies
(GT-tg) were obtained by generation of two separate transgenic lines Teton-GFAP mice (G-
tg) and TRE-Tat86 mice (T-tg), and then cross-breeding of these two lines of transgenic
mice. Briefly, a DNA fragment (2238 bp) containing the Teton-GFAP gene, along with
downstream simian virus 40 splicing and polyadenylation sequences, was released by X/l
and Pvull digestion of the pTeton-GFAP plasmid and purified by agarose gel
electrophoresis, and microinjected into fertilized eggs of F1 females obtained from mating
between C3HeB and FeJ mice (Jackson Laboratories, Bar Harbor, ME). Founder transgenic
animals were crossed with C57BL/6 mice to generate stable G-tg transgenic lines. Similarly,
T-tg transgenic lines were obtained using a DNA fragment (1189 bp) released by X#ol and
Pvull digestion of the pTRE-Tat86 plasmid. Founder animals and progeny carrying the
transgenes were identified by PCR analysis of genomic DNA, which was extracted from
mouse tail clippings (0.5 to 1 cm long) using the Wizard genomic DNA isolation kit
(Promega). With this construct, mice express Tat upon doxycycline (DOX) treatment. For
these experiments a total of n=16 non-tg mice (9 male/7 female) and n=16 Tat tg mice (8
male/8 female) were utilized (8-9 months old). The non-tg and Tat tg mice were divided into
2 groups, at first mice were treated with DOX at 40 mg/kg (daily IP) for two weeks and then
treated with vehicle or sunitinib (10 mg/kg, IP, daily) as previously described (Wrasidlo ef
al, 2014) for an additional 4 weeks. Then mice were tested in the open field (25.5 x 25.5 cm)
for 15 min using an automated system (Truscan system for mice; Coulbourn Instruments,
Allentown, PA). Time spent in-motion was automatically collected 3 x 5 min time bins using
the TruScan software. Data were analyzed for both the entire 15 min session and for each of
the 5 min time blocks.

Following the conclusion of the behavioral testing, mice were euthanized and brains were
removed and divided sagittally. One hemibrain was post-fixed in phosphate-buffered 4%
paraformaldehyde (PFA), pH 7.4, at 4°C for 48 h and sectioned at 40 um with a Vibratome
2000 (Leica, Nussloch, Germany) and placed in cryosolution, while the other hemibrain was
snap frozen and stored at —70°C for RNA and protein analysis.

Statistical analysis

All the analyses were conducted on blind-coded samples. After the results were obtained,
the code was broken and data were analyzed with the StatView program (SAS Institute, Inc.,
Cary, NC). Comparisons among groups were performed with one-way ANOVA with post
hoc Dunnett's test compared to control and indicated by * or Tukey-Kramer test and
indicated by #. To further highlight the statistical comparison, a down tick mark was used to
indicate each column that was significantly different from the indicated control group and
either a * or # symbol placed above to indicated a statistical difference for each group
identified by the down tick. All results were expressed as mean + SEM. The differences
were considered to be significant if p-values were < 0.05
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Sunitinib treatment promotes autophagy and protects a neuronal cell line from HIV-1 Tat

toxicity

The HIV-1 protein Tat can be secreted from infected macrophage/microglia cells and affect
bystander cells, such as neurons (Richard et a/, 2013; Schenk et af, 2011; Toborek et al,
2003). We have previously shown that Tat affects autophagy in a neuronal cell line (B103)
and mouse primary neuronal cultures by interfering with lysosomal-autophagosome fusion
(Fields et af, 2015a). To determine the effects of sunitinib on autophagy, B103 cells
expressing the reporter LC3-GFP were treated with sunitinib at 1 and 10 uM in the presence
or absence of Tat (10 ng/ml). As expected, in the presence of Tat alone the number of LC3-
GFP puncta per cells were reduced (Figure 1 A, B); however the size of these puncta was
considerably increased when compared to controls (Figure 1 A, C). In contrast, when cells
were pre-treated with sunitinib and then challenged with Tat, the numbers of puncta were
increased in a dose-dependent manner (Figure 1 A, B) while the size of the LC3-GFP
particles was comparable to the vehicle control (Figure 1 A, C). Pixel intensity was
significantly increased with sunitinib treatment compared to vehicle-treated cells in the
absence of Tat (Figure 1A, D). Next, the neuronal cells were double labeled with antibodies
against MAP2 to ascertain the length of the neuronal process and p62 to corroborate the
effects of activating autophagy with a different autophagy marker (Figure 1E). Following
challenge with Tat, levels of p62 immunoreactivity (Figure 1 E, F) were increased and levels
of MAP2 immunoreactivity were decreased (Figure 1 E, G) compared to vehicle alone. In
contrast, sunitinib pre-treatment normalized the levels of p62 and MAP2 immunoreactivity
in cells challenged with Tat so they were comparable to the vehicle control (Figure 1E-G).
To confirm the effects of sunitinib protecting neurons from Tat toxicity, the LDH assay was
performed. Following challenge with Tat, cell survival was decreased by 35% compared to
vehicle alone (Figure 1H). In contrast, sunitinib pre-treatment reduced cell death in neuronal
cells challenged with Tat (Figure 1H).

Sunitinib treatment normalizes levels of EndoB1, CDK5 and pTau in neuronal cell line
challenged with HIV-1 Tat

Next, to verify the effects of sunitinib on markers of autophagy using an alternative method,
immunoblot analysis was performed (Figure 2A). In the vehicle-treated group (without Tat),
levels of LC3-11 were increased (Figure 2A, B) with sunitinib treatment at 10 uM. Challenge
with Tat resulted in reduced LC3-I1 (Figure 2A, B) and increased p62 (Figure 2A, C)
compared to vehicle-treated non-Tat-challenged cells. In contrast in cells pre-treated with
sunitinib and challenged with Tat, levels of LC3-I1 were increased in a dose dependent
manner compared to Tat-challenged vehicle-treated cells (Figure 2A, B). Levels of p62 were
reduced in a dose-dependent manner at 1 and 10 UM concentrations compared to vehicle-
treated Tat-challenged cells (Figure 2A, C). Next we measured the levels of EndoB1, also
referred as BIF1, (Figure 2A, D) since this molecule has been shown to regulate autophagy
via interactions with the UV radiation resistance-associated gene (UVRAG)/Beclinl
complex (Wong et a/, 2011). Moreover, EndoB1 is a substrate of CDK5 (Wong et a/, 2011),
which is hyper-activated by Tat (Fields et a/, 2015b; Lee et a/, 2013), and as we have shown,
sunitinib modulates CDKS5 activation (Wrasidlo et a/, 2014). In vehicle-treated cells,
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challenge with Tat resulted in reduced EndoB1 compared to non-Tat-challenged cells
(Figure 2A, D). In contrast, pre-treatment with sunitinib (in cells challenged with Tat),
increased levels of EndoB1 in a dose-dependent manner (Figure 2A, D). To corroborate the
effects on CDKS5 activation, immunoblot analysis was performed with antibodies against
pCDKS5 and tCDKS5 (Figure 2A, E) and p35/25 (Figure 2A, F). As expected, upon challenge
with Tat, the ratio of of p/tCDKS5 levels increased and p35 conversion to p25 were decreased
in vehicle-treated cells (Figure 2A, E, F). Pre-treatment with sunitinib (in cells challenged
with Tat) reduced the ratio of p/tCDKS5 levels and p35 conversion to p25 in a dose dependent
manner (Figure 2A, E, F). Next we checked the levels of a substrate of CDKS5 hyper-
activation, namely Tau (Figure 2A, G). In agreement with previous studies, upon Tat
challenge levels of p/tTau were increased, in contrast pre-treatment with sunitinib (in cells
challenged with Tat) reduced the ratio of p/tTau to baseline levels (Figure 2A, G).

Sunitinib treatment reverses the autophagy alterations in Tat tg mice

For these /n vivo experiments the DOX-dependent GFAP-Tat tg mice (tet-ON) were used.
We have recently shown that Tat over-expression results in alterations in lysosomal fusion
and abnormally enlarged autophago-lysosomes (Fields ef a/, 2015a). First, Tat expression
was induced with DOX for 2 weeks followed by treatment for 4 weeks with vehicle of
sunitinib. Immunocytochemical analysis with an antibody against Tat confirmed that only
Tat tg mice treated with DOX expressed Tat in glial cells; sunitinib had no effects of levels
of Tat immunoreactivity (Figure 3A, B). Next, autophagy was evaluated with antibodies
against LC3, p62 and EndoB1. Compared to non-tg mice (treated with vehicle or sunitinib),
the vehicle-treated Tat tg mice displayed an increase in the average size of LC3 positive
autophagosomes (Figure 3A, C), increased p62 levels (Figure 3A, D) and a trend toward
decreased EndoB1 immunoreactivity (Figure 3A, E) in neurons. In contrast, treatment of Tat
tg mice with sunitinib resulted in normalization of the average size of the LC3 particles
(Figure 3A, C), as well as decreased levels of p62 immunoreactivity (Figure 3A, D), and
increased EndoB1 immunostaining (Figure 3A, E) of neurons. To confirm if the effects on
autophagy markers were in neurons, double labeling analysis and confocal microscopy was
performed (Figure 4A). This study showed that the LC3 particles were present in MAP2-
positive neuronal cells in all four groups of mice (Figure 4A, B) and that compared to non-tg
mice (treated with vehicle or sunitinib) the vehicle-treated Tat-induced tg mice displayed a
decrease in the number of particles per neuron (Figure 4) with a concomitant increase in the
average size of LC3 positive autophagosomes (Figure 4). Next we independently confirmed
the effects of sunitinib on autophagy markers using immunoblot analysis. Compared to
vehicle-treated non-tg mice, vehicle-treated Tat tg mice displayed a decrease in the LC3-11/
LC3-I ratio (Figure 5A, B), an increase in p62 (Figure 5A, C) and a decrease in EndoB1
(Figure 5A, D). In contrast, Tat tg mice treated with sunitinib displayed an increase in the
LC3-11/LC3-1 ratio (Figure 5A, B), a decrease on p62 accumulation (Figure 5A, C) and a
normalization of levels of EndoB1 immunoreactivity (Figure 5A, D). Compared to vehicle-
treated non-tg mice, vehicle-treated Tat tg mice displayed an increase in the p/tCDKS5 ratio
(Figure 5A, E), an decrease in p35/25 (Figure 5A, F) and an increase in p/tTau (Figure 5A,
G). In contrast, Tat tg mice treated with sunitinib displayed a decrease in the ratio of p/
tCDKS5 levels (Figure 5A, E), an increase on p35/25 accumulation (Figure 5A, F) and a
decrease in p/tTau immunoreactivity (Figure 5A, G) compared to vehicle-treated Tat tg mice.
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These results are in agreement with the /n vitro and immunocytochemical studies and
support the notion that sunitinib activates autophagy.

Treatment with sunitinib ameliorates the neurodegenerative and behavioral alterations in

Tat tg mice

We have previously shown that the signaling and autophagy alterations in Tat tg mice are
associated with neurodegeneration (Fields et a/, 2015a). For this reason, we wanted to
evaluate /n vivo if sunitinib rescued the neuronal pathology, CDKS5 hyper-activation, and
behavioral alterations in Tat tg mice. Compared to non-tg mice (treated with vehicle or
sunitinib), stereological analysis showed that in the vehicle-treated Tat tg mice there was a
35% decrease in the estimated numbers of NeuN-immunoreactive pyramidal neuronal cells
in the cortex (Figure 6A, B) which was accompanied by astrogliosis, as demonstrated with
an antibody against GFAP (Figure 6A, C). In Tat tg mice that were treated with sunitinib the
neuronal counts and levels of GFAP immunoreactivity were comparable to the non-tg mice
(Figure 6A-C). Next we evaluated by confocal microscopy the percent area of the neuropil
in the frontal cortex covered by MAP2 immunoreactive dendrites (Figure 6A, D) and
synaptophysin- (SY38) immunoreactive presynaptic terminals (Figure 6A, E). Compared to
non-tg mice (treated with vehicle or sunitinib), image analysis showed that in the vehicle-
treated Tat tg mice there was a 30% decrease MAP2 immunoreactive dendrites (Figure 6A,
D) and a 40% decrease in SY38 immunoreactive terminals in the cortex (Figure 6A, E). In
Tat tg mice that were treated with sunitinib the percent area of the neuropil covered by
MAP2 immunoreactive dendrites (Figure 6A, D) and SY 38 immunoreactive terminals in the
cortex were comparable to the non-tg mice (Figure 6A, E).

Among other pathways, Tat-mediated neurodegeneration has been associated with hyper-
activation of CDKS5 and accumulation of increased Tau phosphorylation (Fields et a/, 2015b;
Lee et al, 2013). Consistent with this notion and similar to the biochemical findings in
Figure 5, we found that compared to non-tg mice (treated with vehicle or sunitinib), vehicle
treated Tat tg mice displayed increased CDKS5, p35 and pTau immunoreactive in the cortex
(Figure 7A-D). However, in Tat tg mice that were treated with sunitinib in the levels of
CDKS5, p35 and pTau immunoreactive in the cortex were similar to those detected in the
non-tg mice (Figure 7A-D). Levels of total Tau were not different among the four groups of
mice (Figure 7A, E). These results were in agreement with the immunoblot analysis showing
increased pCDKS5, increased degradation of p35 to p25 and increased pTau in vehicle treated
Tat tg mice, with levels comparable to non-tg mice in the sunitinib treated Tat tg mice
(Figure 5).

Finally, functional analysis was performed by assessing total locomotor activity using the
open field given that previous studies have shown that Tat tg mice can be hyper-active
(Figure 8). Consistent with this possibility we found that compared to non-tg mice (treated
with vehicle or sunitinib), vehicle-treated Tat tg mice displayed significantly increased total
activity and thigmotaxis, a measure of anxiety (Figure 8B, C). In contrast, Tat tg mice that
were treated with sunitinib displayed levels of total activity and % time in the periphery of
the box comparable to the non-tg mice (Figure 8B, C). Together these results support the
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possibility that treatment with sunitinib ameliorates neurodegenerative and behavioral
deficits associated with Tat-induced autophagy dysfunction and CDKS5 activation.

Discussion

The present study showed that sunitinib, an anti-cancer drug utilized in the treatment of
renal carcinomas, had protective effects from the neurotoxic effects of chronic low-level
HIV1-Tat in /n vitroand in in vivo models. In the present study we chose to use low levels of
Tat to mimic what would be expected in patients treated with CART, as opposed to our
previous paper, which modeled an acute, high dose of Tat (Fields et a/, 2015a). The
neuroprotective effects of sunitinib in Tat models were associated with induction of
autophagy, reduced activation of CDKS5, and normalization of the levels EndoB1 and pTau.
These results are consistent with previous studies utilizing /n vitro and in vivo models of
HIV1-gp120 neurotoxicity (Avraham et a/, 2015; Wrasidlo et a/, 2014). The main
differences are that the gp120 studies focused on the effects of sunitinib regulating CDK5
and substrates such as Tau phospho-epitopes and CRMP2 in a model mimicking the acute
effects of HIV-1 infection using a high concentration of HIV-1 proteins for a short time
period. (Fields et a/, 2015b; Wrasidlo et al/, 2014), In the present study we investigated the
protective effects of sunitinib v/a induction of autophagy and substrates such as EndoB1
using a chronic, low-level Tat neurotoxicity mouse model, which mimics older individuals
with HIV-1 whom have been on cART for a long time,

In the present study using the chronic, low-level HIV1-Tat exposure model autophagy was
decreased and autophagosome size was increased. Since EndoB1 is a multifunctional protein
involved in the regulation of apoptosis, mitochondrial morphology and autophagy (Wang et
al, 2014), we were particularly interested in the neuroprotective effects of sunitinib on
EndoB1, which forms a complex with Beclinl via UVRAG and promotes the activation of
the class I11 P13 kinase, VVps34, neuronal and non-neuronal cells (Takahashi et a/, 2009).
Recent studies have identified EndoB1 as a CDKD5 substrate and have shown that CDK5-
related abnormal phosphorylation of EndoB1 plays a role in neurodegeneration in models of
Parkinson's disease (Wong et a/, 2011). In Tat tg mice (as well as in aged patients with
HAND) the levels of EndoB1 were reduced. Moreover, we found that sunitinib rescued the
alterations in levels of EndoB1 in the Tat-induced tg mice, which coincided with
improvements in other markers of autophagy such as LC3-11 and p62 levels. Interestingly, in
Alzheimer's disease (AD) the levels of EndoB1 are reduced and EndoB1 knockdown
exacerbates the alterations in AD-like models. In contrast, overexpression of EndoB1b or c,
but not EndoB1a, prevented apoptosis and mitochondrial fragmentation induced by EndoB1
knockdown or knockout (Wang et a/, 2015; Wang et a/, 2014). Ischemic damage in mice also
results in reduced EndoB1 protein and mice lacking EndoB1 displayed increased infarct
sizes and astrogliosis compared to wild-type mice (Wang et a/, 2015; Wang et al, 2014).

We postulate that the regulatory effects of sunitinib on CDK5 might explain in part the
beneficial effects of this anti-cancer drug in our model of HIV1-Tat neurotoxicity. We also
propose that these effects are related to the ability of sunitinib to stimulate autophagy via
EndoB1. Although most of the pathological effects of CDK5 hyper-activation might be
mediated via aberrant phosphorylation of substrates such as Tau, CRMP2 and EndoB1, it
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has been recently postulated that CDK5 could also regulate cell survival pathways at the
transcriptional, post-transcriptional and post-translational levels (Shah and Lahiri, 2014).
This is consistent with previous studies where modulation of CDKS5 has been shown to be
neuroprotective in different models of HIVV1- mediated neurotoxicity (Lee et a/, 2013,;
Wrasidlo et al, 2014).

Sunitinib was originally designed as an anti-angiogenic drug that blocked VEGF and
PDGFB receptors (Gotink and Verheul, 2010);(Faivre et a/, 2007; O'Farrell et af, 2003;
Schueneman et a/, 2003). Therefore, the neuroprotective effects of sunitinib in the Tat tg
models might also be related to signaling regulation of RTKs. For example, modulation of
platelet-derived growth factor (PDGF)b receptors have been shown to regulate autophagy
(Ertmer et a/, 2007) probably through PI3K signaling and drugs such as Imatinib and other
RTK inhibitors have been shown to stimulate autophagy in glioma cells (Takeuchi et a,
2004). Along these lines, sunitinib has been shown to stimulate autophagy in tumors of the
genito-urinary tract (Santoni et a/, 2013) and thyroid cancers (Lin et a/, 2012). Together,
these studies support the notion that, among other functional regulatory roles in angiogenesis
and proliferation, sunitinib also is capable of stimulating autophagy.

Dysregulation of the autophagy pathways have been reported in AD (Nixon et a/, 2005;
Pickford et a/, 2008), Parkinson's disease (Crews et al/, 2010; Cuervo et al, 2004) and other
CNS disorders (Cuervo, 2004). Likewise, defects in autophagy have been described in
patients with HAND (Alirezaei et al, 2008a; Alirezaei et al, 2008b; Fields et a/, 2013b; Zhou
et al, 2011). While autophagy is up-regulated in neuronal and glial cells in the brains of
young patients with HIV-1 encephalopathy (HIVE), in the CNS of aged patients with HIVE
autophagy is down-regulated (Fields et a/, 2013b). Similarly, while following acute over-
expression of Tat in the tg mice autophagy is up-regulated, after several weeks of Tat over-
expression autophagy is reduced. This biphasic shift in Tat-induced alterations may explain
the observed differences between high and low doses of Tat on neuronal autophagy, /n vitro
(Fields et al, 2015a). Moreover, gp120 and Nef (negative regulator of transcription) have
been shown to affect autophagy protein levels and progression, respectively (Fields et al,
2013b; Kyei et al, 2009). The mechanisms thought which HIVV1 proteins might dysregulate
autophagy in neurons are under investigation; however it appears likely that Tat (and other
HIV proteins) released from glial cells might penetrate bystander cells such as neurons and
interact with components of the autophagy process including beclin-1, Lamp2 and LC3
(Fields et a/, 2015a). In agreement with the neuroprotective and autophagy-activating effects
of sunitinib in Tat models, we have previously shown that Torin 1 or LAMP2A
overexpression reduces Tat neurotoxic effects. Similarly, rapamycin reversed the autophagy
alterations and ameliorated the neurodegenerative and inflammatory phenotype in the Tat tg
mouse model (Fields et a/, 2015a) supporting the notion that autophagy promotion might
have beneficial effects in models of HIV-1 mediated toxicity.

In summary, we showed that sunitinib is neuroprotective in models of chronic HIV-1
infection, associated with low-level HIV-1-Tat neurotoxicity, via promoting autophagy via
regulation of CDKS5 and EndoB1. Given that sunitinib is currently an FDA approved drug,
our results suggest that this RTK might be a candidate for repositioning for the management
of HAND.
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Fig 1. In vitro effects of sunitinib on autophagy in the presence of Tat
B103 cells expressing the reporter LC3-GFP were used for all experiments in the presence

or absence of sunitinib (1.0 and 10 uM) and Tat (10 ng/ml). (A) Confocal microscopy of
B103 cells expressing LC3-GFP as a marker of autophagy. Detailed images provide
examples of the LC3-GFP-positive puncta in the cytosol. (B) Computer-aided analysis of the
number of puncta per cell showed a significant decrease in Tat-challenged vehicle-treated
cells compared to non-challenged vehicle-treated cells. Sunitinib showed a significant dose-
dependent increase in the number of LC3-GFP puncta compared to non-challenged vehicle
treated cells. (C) Computer-aided analysis of the average puncta size showed a significant
increase in Tat-challenged vehicle-treated cells compared to non-challenged vehicle-treated
cells. Sunitinib-treated cells had average puncta size that was indistinguishable from to non-
challenged vehicle treated cells. (D) Computer-aided analysis of the pixel intensity of the
LC3-GFP puncta showed a significant increase with sunitinib treatment compared to
vehicle-treated non-Tat challenged cells. (E) Confocal microscopy of the colocalization of
MAP2, a dendritic marker (green), and p62, an autophagy marker (red). (F) Computer aided
analysis of pixel intensity showed a significant increase in p62-immunoreactivity in Tat-
challenged cells compared to vehicle-treated non-challenged cells, which was normalized
with sunitinib treatment. (G) Computer aided analysis of neurite length showed a significant
decrease in MAP2-immunoreactivity in Tat-challenged cells compared to vehicle-treated
non-challenged cells, which was normalized with sunitinib treatment. (H) Analysis of LDH
cell survival assay showed a significant decrease in cell survival in Tat-challenged cells
compared to vehicle-treated non-challenged cells, which was normalized with sunitinib
treatment. Statistical analysis performed using ANOVA followed by post hoc analysis using
Dunnett's comparison to vehicle control (* = p-value < 0.05) or Tukey-Kramer comparison
to Tat-challenged cells in the absence of sunitinib (# = p-value < 0.05). Scale bar in A =10
um; scale bar in E =1 um.
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Fig 2. Western blot analysis of markers of autophagy and pTau in B103 cells challenged with Tat
and treated with Sunitinib

B103 cells expressing the reporter LC3-GFP were used for all experiments in the presence
or absence of sunitinib (1 and 10 uM) and Tat (10 ng/ml). (A) Representative Western blot
images of p-Tau (doublet at ~55 kDa), p35/p25 (at 35 and 25 kDa, respectively), p-CDK5
(at 35 kDa), EndoB1 (at 40 kDa), p62 (at 62 kDa), and LC3 (at 14 kDa). (B) Computer-
aided image analysis of LC3-11 showed a statistically significant increase in non-challenged
sunitinib-treated cells at 10 uM. In tat-challenged cells with sunitinib treatment there was a
statistically significant dose response at 1 and 10 pM concentrations of sunitinib compared
to vehicle-treated Tat-challenged controls. (C) Computer-aided image analysis of p62
showed a statistically significant increase in Tat-challenged vehicle-treated cells compared to
non-challenged vehicle-treated cells. Treatment with sunitinib significantly decreased p62
levels in Tat-challenged cells compared to vehicle-treated Tat-challenged cells in a dose
dependent manner at 1 and 10 uM. (D) Computer-aided image analysis of EndoB1 (aka
BIF1) levels showed a statistically significant decrease in Tat-challenged vehicle-treated
cells compared to non-challenged vehicle-treated cells. Sunitinib treatment significantly
increased EndoB1 levels in Tat-challenged cells compared to vehicle-treated Tat-challenged
cells at both 1 and 10 pM. (E) Computer-aided image analysis of pCDKS5 and tCDKS5 levels
showed a statistically significant decrease in the ratio of p/tCDKS5 with sunitinib treatment
(10 uM) in non-challenged cells. Tat-challenge in vehicle-treated cells caused a significant
increase in p/tCDKS5 levels, which was decreased with sunitinib treatment at both 1 and 10
UM concentrations. (F) Computer-aided image analysis of p35/25 levels showed a significant
increase with 10 uM sunitinib treatment compared to vehicle treatment in non-challenged
cells. There was a significant decrease in p35/25 levels in Tat-challenged vehicle-treated
cells compared to vehicle-treated non-challenged cells. Sunitinib treatment significantly
increased p35/25 levels in Tat-challenged cells compared to vehicle-treated cells at both 1
and 10 pM. (G) Computer-aided image analysis of the ratio of p/tTau levels showed a
significant increase in p/tTau levels in Tat-challenged vehicle-treated cells compared to non-
challenged vehicle-treated cells. Treatment with sunitinib significantly decreased p/tTau
levels in Tat-challenged cells compared to vehicle-treated Tat-challenged cells. Statistical
analysis performed using ANOVA followed by post hoc analysis using Dunnett's
comparison to vehicle control (* = p-value < 0.05) or Tukey-Kramer comparison to Tat-
challenged cells in the absence of sunitinib (# = p-value < 0.05).
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Fig 3. In vivo immunohistochemical analysis of the effects of Sunitinib treatment on autophagy
markersin Tat tg mice

Doxycycline (DOX)-dependent GFAP-Tat tg mice were treated with DOX for 2 weeks to
express Tat, and then treated with vehicle or sunitinib for 4 weeks. 8 mice were used per
group and were 6.5-7.5 months of age when DOX treatment began. All representative
images are of pyramidal neuronal cells in the frontal parietal cortex. (A) Photomicrographs
of non-tg and Tat-tg mouse tissue immunoreacted with antibodies against Tat, LC3, p62, and
EndoB1. (B) Computer-aided analysis of the Tat expression showing that DOX-treatment
increased Tat expression in Tat-tg mice, but not in non-tg mice. (C) Computer-aided analysis
of the average size of LC3-positive puncta. Induction of Tat significantly increased the LC3-
positive puncta size compared to non-tg mice. Sunitinib-treatment of DOX-induced Tat tg
mice normalized LC3 puncta size. (D) Computer-aided analysis of p62 immunoreactivity
was significantly increased in DOX-induced Tat tg mice compared to non-tg mice.
Sunitinib-treatment normalized p62 immunoreactivity in DOX-induced Tat-tg mice. (E)
Computer-aided analysis of EndoB1 immunoreactivity was significantly increased in DOX-
induced Tat tg mice treated with sunitinib compared to vehicle-treated DOX-induced Tat tg
mice. Statistical analysis performed using ANOVA followed by post hoc analysis using
Dunnett's comparison to vehicle-treated non-tg mice (* = p-value < 0.05) or Tukey-Kramer
comparison to Tat vehicle-treated tg mice (# = p-value < 0.05). Scale bar = 10 um. N =8
mice per treatment group.
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Fi_g 4. Confocal analysis of the effects of sunitinib on L C3 autophagosomesin neurons of Tat tg
mice

Doxycycline (DOX)-dependent GFAP-Tat tg mice were treated with DOX for 2 weeks to
express Tat, and then treated with vehicle or sunitinib for 4 weeks. 8 mice were used per
group and were 6.5-7.5 months of age when DOX treatment began. Vibratome sections were
double immunolabeled and analyzed by laser scanning confocal microscopy. All
representative images are of pyramidal neuronal cells in the frontal parietal cortex. (A)
Confocal images of MAP2 (green) and LC3 (red) double labeled neurons showing
colocalization of LC3 (orange puncta) in the MAP2-positive cytoplasm of neurons (merged
and detail). (B) Computer-aided analysis of LC3-positive puncta size showed sunitinib
significantly increased the LC3-positive puncta in non-tg mice compared to vehicle-treated
non-tg mice. In vehicle-treated Tat-tg mice LC3-positive puncta size was significantly
decreased compared to vehicle-treated non-tg mice, and sunitinib-treatment normalized
LC3-positive puncta size in Tat-tg mice. (C) Pearson correlation between puncta size and the
number of puncta is inversely related. Vehicle-treated Tat tg mice had a few particles, which
were the largest size, while sunitinib-treated Tat tg mice had the most puncta, which were
the smallest in size. Statistical analysis performed using ANOVA followed by post hoc
analysis using Dunnett's comparison to vehicle-treated non-tg mice (* = p-value < 0.05) or
Tukey-Kramer comparison to Tat vehicle-treated tg mice (# = p-value < 0.05). Scale bar =5
um, Scale bar in detail panel = 2.5 um. N = 8 mice per treatment group.
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Fig 5. Immunoblot analysis of autophagy markersin Tat tg mice treated with sunitinib
Doxycycline (DOX)-dependent GFAP-Tat tg mice were treated with DOX for 2 weeks to

express Tat, and then treated with vehicle or sunitinib for 4 weeks8 mice were used per
group and were 6.5-7.5 months of age when DOX treatment began. (A) Representative
Western blot of LC3-11 (12 kDa) and LC3-1 (14 kDa), p62 (doublet at ~62 kDa), EndoB1
(doublet at 40 kDa), p-CDKS5 (singlet at 35 kDa), p35/25 (doublet at ~35 kDa), and pTau (at
~55 kDa, with triplet in the vehicle-treated Tat tg mice, and doublet in the other groups). (B)
Computer-aided analysis of LC3-11/LC3-I showed a significant increase in sunitinib-treated
non-tg mice compared to vehicle-treated non-tg mice. Vehicle-treated Tat tg mice LC3-I1/
LC3-1 levels were significantly decreased compared to vehicle-treated non-tg mice, and
treatment with sunitinib significantly increased those levels compared to vehicle-treated Tat
tg mice. (C) Computer aided analysis of p62 levels showed significant increase in vehicle-
treated Tat tg mice compared to vehicle-treated non-tg mice. Treatment of Tat tg mice with
sunitinib significantly decreased p62 levels compared to vehicle-treated Tat tg mice. (D)
Computer-aided analysis of EndoB1 levels revealed a significant decrease in vehicle-treated
Tat tg mice compared to non-tg vehicle-treated mice. Treatment with sunitinib significantly
increased EndoB1 levels in Tat tg mice compared to vehicle-treated Tat tg mice. (E)
Computer-aided analysis of p/tCDKS5 levels showed a significant increase in vehicle-treated
Tat tg mice compared to non-tg vehicle-treated mice. Treatment of Tat tg mice with sunitinib
significantly decreased p/tCDK5 levels compared to vehicle-treated Tat tg mice. (F)
Computer-aided analysis of p35/25 levels revealed a significant decrease in vehicle-treated
Tat tg mice compared to vehicle-treated non-tg mice. Sunitinib treatment significantly
increased p35/25 levels in Tat tg mice compared to vehicle-treated Tat tg mice. (G)
Computer-aided analysis of p/tTau levels using the PHF1 antibody showed a significant
increase in vehicle-treated Tat tg mice compared to vehicle-treated non-tg mice. Treatment
with sunitinib significantly decreased p/tTau levels in Tat tg mice compared to vehicle-
treated Tat tg mice. Statistical analysis performed using ANOVA followed by post hoc
analysis using Dunnett's comparison to vehicle-treated non-tg mice (* = p-value < 0.05) or
Tukey-Kramer comparison to vehicle-treated Tat tg mice (# = p-value < 0.05). (# = p-value <
0.05). N = 8 mice per treatment group.
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Fig 6. Immunohistochemical and confocal analysis of markers of neurodegeneration
Doxycycline (DOX)-dependent GFAP-Tat tg mice were treated with DOX for 2 weeks to

express Tat, and then treated with vehicle or sunitinib for 4 weeks. 8 mice were used per
group and were 6.5-7.5 months of age when DOX treatment began. All representative
images are of pyramidal neuronal cells in the frontal parietal cortex. (A) Representative
bright field and confocal images of markers of neurodegeneration including NeuN
(neurons), GFAP (astroglia), MAP2 (dendrites), and SY38 (synaptic), respectively. (B)
Stereological counts of NeuN-positive cells revealed a significant decrease in vehicle-treated
Tat tg mice compared to vehicle-treated non-tg mice. Sunitinib treatment significantly
increased the number of NeuN-positive cells in Tat tg mice compared to vehicle-treated Tat
tg mice. (C) Computer-aided analysis of GFAP-immunoreactivity showed vehicle-treated Tat
tg mice had a significant increase in GFAP compared to non-tg vehicle-treated mice.
Treatment of Tat tg mice with sunitinib significantly decreased GFAP reactivity compared to
vehicle-treated Tat tg mice. (D) Computer-aided analysis of MAP2 showed vehicle-treated
Tat tg mice had a significant decrease in MAP2-immunoreactivity compared to non-tg
vehicle-treated mice. Treatment of Tat tg mice with sunitinib significantly increased GFAP
reactivity compared to vehicle-treated Tat tg mice. (E) Computer-aided analysis of SY38
showed vehicle-treated Tat tg mice had a significant decrease in SY38-immunoreactivity
compared to non-tg vehicle-treated mice. Treatment of Tat tg mice with sunitinib
significantly increased SY 38 reactivity compared to vehicle-treated Tat tg mice. Statistical
analysis performed using ANOVA followed by post hoc analysis using Dunnett's
comparison to vehicle-treated non-tg mice (* = p-value < 0.05) or Tukey-Kramer
comparison to Tat vehicle-treated tg mice (# = p-value < 0.05). Scale bar =20 um. N =8
mice per treatment group.
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Fi_g 7. Immunohistochemical analysis of the effects of sunitinib on CDK5, p35, and Tau, in Tat tg
mice

Doxycycline (DOX)-dependent GFAP-Tat tg mice were treated with DOX for 2 weeks to
express Tat, and then treated with vehicle or sunitinib for 4 weeks. 8 mice were used per
group and were 6.5-7.5 months of age when DOX treatment began. All representative
images are of pyramidal neuronal cells in the frontal parietal cortex. (A) Representative
photomicrographs of CDK5-, p35-, pTau-, and t-Tau-immunoreactivity. (B) Computer aided
analysis of CDK5-immunoreactivity showed vehicle-treated Tat tg mice had a significant
increase in CDK5-immunoreactivity compared to non-tg vehicle-treated mice. Treatment of
Tat tg mice with sunitinib significantly decreased CDK?5 reactivity compared to vehicle-
treated Tat tg mice. (C) Computer aided analysis of p35-immunoreactivity showed vehicle-
treated Tat tg mice had a significant increase in p35-immunoreactivity compared to non-tg
vehicle-treated mice. Treatment of Tat tg mice with sunitinib significantly decreased p35
reactivity compared to vehicle-treated Tat tg mice. (D) Computer aided analysis of pTau-
immunoreactivity showed vehicle-treated Tat tg mice had a significant increase in pTau-
immunoreactivity compared to non-tg vehicle-treated mice. Treatment of Tat tg mice with
sunitinib significantly decreased pTau reactivity compared to vehicle-treated Tat tg mice. (E)
There was no statistical difference between the different treatment groups for t-Tau.
Statistical analysis performed using ANOVA followed by post hoc analysis using Dunnett's
comparison to vehicle-treated non-tg mice (* = p-value < 0.05) or Tukey-Kramer
comparison to Tat vehicle-treated tg mice (# = p-value < 0.05). Scale bar =20 pym. N =8
mice per treatment group.
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Fig 8. Analysis of open field locomotor activity test of the effects of sunitinib treatment in Tat tg
mice

Doxycycline (DOX)-dependent GFAP-Tat tg mice were treated with DOX for 2 weeks to
express Tat, and then treated with vehicle or sunitinib for 4 weeks. 8 mice were used per
group and were 6.5-7.5 months of age when DOX treatment began. (A) Example of the
equipment set up for the open field test. (B). Total activity, as measured by the number of
beam breaks, was significantly increased in vehicle-treated Tat tg mice compared to non-tg
vehicle-treated mice. Treatment with sunitinib significantly decreased total activity in Tat tg
mice to levels similar to non-tg vehicle-treated mice. (C) Thigmotaxis was significantly
increased in vehicle-treated Tat tg mice compared to vehicle-treated non-tg mice. Sunitinib-
treated Tat tg mice had a statistically significant decrease in thigmotaxis compared to
vehicle-treated Tat tg mice. Statistical analysis performed using ANOVA followed by post
hoc analysis using Dunnett's comparison to vehicle-treated non-tg mice (* = p-value < 0.05)
or Tukey-Kramer comparison to Tat vehicle-treated tg mice (# = p-value < 0.05). N = 8 mice
per treatment group.

J Neurovirol. Author manuscript; available in PMC 2017 December 14.

[ Vehicle
Il Sunitinib



	Abstract
	Introduction
	Materials and Methods
	Cell Culture
	Antibodies
	Immunoblot
	Immunohistochemistry and double immunolabeling
	Neurotoxicity assay
	Generation of Inducible Tat Transgenic Mice, sunitinib treatment and behavior
	Statistical analysis

	Results
	Sunitinib treatment promotes autophagy and protects a neuronal cell line from HIV-1 Tat toxicity
	Sunitinib treatment normalizes levels of EndoB1, CDK5 and pTau in neuronal cell line challenged with HIV-1 Tat
	Sunitinib treatment reverses the autophagy alterations in Tat tg mice
	Treatment with sunitinib ameliorates the neurodegenerative and behavioral alterations in Tat tg mice

	Discussion
	References
	Fig 1
	Fig 2
	Fig 3
	Fig 4
	Fig 5
	Fig 6
	Fig 7
	Fig 8



