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Abstract

Neurons that endocytose the human immunodeficiency virus-1 (HIV) protein gp120 exhibit
neurite retraction and activation of caspase-3, suggesting that the endocytic process may be crucial
for gp120-mediated neuronal injury. The goal of this study is to demonstrate that internalization
and accumulation of gp120 play a role in its neurotoxic effects. In mammalian cells, endocytosis is
primarily a dynamin-dependent process. To establish whether gp120 is endocytosed in a dynamin-
dependent manner, we used fibroblasts in which deletion of dynamins was induced by tamoxifen.
We observed a robust reduction of intracellular gp120 immunoreactivity in tamoxifen-treated cells.
To examine whether endocytosis of gp120 is crucial for its neurotoxic effect, we blocked gp120
internalization into primary rat cortical neurons by dynasore, an inhibitor of the dynamin GTPase
activity. We found that dynasore blocks both gp120 internalization and neurotoxicity. We then
utilized gp120-loaded mesoporous silica nanoparticles to deliver gp120 intracellularly. We
established that once internalized, gp120 is neurotoxic regardless of chemokine receptor
activation. Our data suggest that dynamin-dependent endocytosis of gp120 is critical for its
neurotoxicity.
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Introduction

Human immunodeficiency virus-1 (HIV)-associated neurocognitive disorders (HAND)
persist despite the use of combined active antiretroviral therapy (Gelman 2015). HAND
subjects may exhibit axonal injury and loss of synapses (Ellis et al. 2007; Spudich and
Gonzalez-Scarano 2012). Neurite pruning is caused by the HIV glycoprotein gp120 even in
the absence of productive HIV infection. In fact, transgenic mice overexpressing gp120
(Toggas et al. 1994; Toggas and Mucke 1996; Lee et al. 2013) or rats injected with gp120
(Bagetta et al. 1996; Bansal et al. 2000; Nosheny et al. 2004) exhibit widespread neuronal
injury. Therefore, it has been suggested that gp120, alone or in combination with other viral
proteins or host factors, may be a crucial pathological agent causing direct neuronal cell
death. Understanding the detailed mechanisms of gp120-mediated neurotoxicity will
ultimately help discover new adjunct therapies for HAND.

Gp120 binds the chemokine co-receptors CXCR4 or CCR5 (Herbein et al. 1998; Rizzuto et
al. 1998; Misse et al. 1999), which in turn activate intracellular signals (Davis et al. 1997,
Meucci et al. 1998; Kaul and Lipton 1999) that could impair neuronal survival. However,
gp120 is also detected inside both central and peripheral neurons (Bachis et al. 2003; Berth
et al. 2015). In neurons, gp120 forms a vesicular complex with mannose-binding lectin
(Teodorof et al. 2014), binds to microtubules (Avdoshina et al. 2016a), and undergoes
anterograde or retrograde axonal trafficking (Bachis et al. 2006; Ahmed et al. 2009;
Teodorof et al. 2014). Endocytosed gp120 impairs mitochondrial transport and dynamics
(Avdoshina et al. 2016b), and consequently it negatively influences energy distribution
within synapses. Thus, revealing the mechanism through which gp120 is endocytosed and
the consequences of this internalized gp120, could lead to a new treatment for gp120-
mediated neurotoxicity.

Gp120 binds to CXCR4 and CCR5 by the third variable region (V3) (Huang et al. 2005).
These chemokine receptors are G protein-coupled receptors (GPCRs) that undergo
constitutive, as well as ligand-mediated endocytosis (Amara et al. 1997; Signoret et al. 1997,
Tarasova et al. 1998). GPCR internalization is a multiple step process which includes kinase-
mediated phosphorylation and B-arrestin binding (Orsini et al. 1999), and G protein
uncoupling and formation of coated vesicles around membranes by clathrin (Kirchhausen et
al. 2014). The endocytic process continues with the cleavage of clathrin-coated vesicles from
the cell membrane by dynamin, a cytosolic protein with GTPase activity (Doherty and
McMahon 2009; Ferguson and De Camilli 2012). Thus, dynamin controls the release of
clathrin-coated vesicles from the membrane into the intracellular space and plays a crucial in
endocytosis. There are three dynamin isoforms that are encoded by three different genes:
dynamin I, 11, and I11 (Cao et al. 1998). Both dynamin I and 111 are expressed in the central
nervous system and have several overlapping functions which include the regulation of the
endocytosis and recycling of synaptic vesicles (Ferguson et al. 2007; Raimondi et al. 2011),
GPCRs (Wolfe and Trejo 2007) and ionotropic receptors (Carroll et al. 1999; Anggono and
Huganir 2012). In addition, endocytosis is the main mechanism through which HIV enters
immune cells (Bosch et al. 2008; Miyauchi et al. 2009). Thus, gp120 could be endocytosed
by a dynamin-mediated event. However, several investigators have demonstrated the
presence of non-canonical endocytic pathways in neurons that do not require dynamin
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and/or clathrin (Doherty and McMahon 2009). For instance, presynaptic vesicle retrieval
occurs via clathrin-independent endocytosis (Xu et al. 2008; Chung et al. 2010). In addition,
other HIV proteins, including trans-activator of transcription (Tat), are internalized by
neurons via a clathrin—-independent mechanism (Liu et al. 2000). In this study, we tested the
hypothesis that gp120 is internalized by neurons by means of dynamin-dependent
endocytosis, initiated by binding to one of the chemokine co-receptors. We report that
blocking gp120 internalization prevents its neurotoxicity. Moreover, we provide evidence
that gp120 can be neurotoxic regardless of CXCR4 activation.

Materials and Methods

Reagents

Fluorescein isothiocyanate (FITC) conjugated gp120111B and gp120111B were purchased
from Immunodiagnostics, Inc., (Woburn, MA). FITC conjugated Tat was from US
Biological (Salem, MA). AlexaFluor488 conjugated transferrin was purchased from
ThermoFisher Scientific (Waltham, MA). AMD3100 octahydrochloride hydrate (A5602),
dynasore hydrate (D7693), 4-hydroxytamoxifen (H6278), tetraethyl orthosilicate (TEOS), 3-
(aminopropyl) triethoxysilane (APTES), hexadecyltrimethylammonium bromide (CTAB),
fluorescein 5(6)-isothiocyanate (FITC), 2-propanol (IPA), ethanol, HCI, 2-mercaptoethanol
(BME), and N-(3-diethylaminopropyl)-N"-ethylcarbodiimide hydrochloride (EDC) were
purchased from Sigma-Aldrich (St. Louis, MO). 2-ethylsulfonic acid (MES), and NaCl from
Acros Organics (Fairlawn, NJ); NH4F and N-hydroxysulfosuccinimide (Sulfo-NHS) were
from ThermoFisher Scientific (Waltham, MA).

Cell Cultures

Animal studies were done in strict accordance with the Laboratory Animal Welfare Act,
with National Institutes of Health Guide for the Care and Use of Laboratory Animals, and
after approval from the Georgetown University Animal Care and Use Committee. Primary
rat cortical neurons were prepared as previously described (Avdoshina et al. 2010) from the
cortex of embryonic (E17-18) Sprague-Dawley rats (Taconic, Derwood, MD). In brief, cells
were grown on coverslips (ThermoFisher Scientific) pre-coated with poly-L-lysine in
neurobasal medium (NBM) containing 2% B27 supplement, 25 nM glutamate, 0.5 mM-
glutamine, and 1% antibiotic-antimycotic solution (ThermoFisher Scientific). Cultures were
grown for 7 days at 37 °C in 5% C0O,/95% air.

Dynamin triple knock out (TKO) fibroblasts are a generous gift from Dr. De Camilli (Yale
University, New Haven, CT). Their characterization has been described elsewhere (Park et
al. 2013). Fibroblasts were grown in high glucose DMEM, 10% fetal bovine serum (FBS),
2% antibiotic-antimycotic solution (ThermoFisher Scientific) at 37 °C in 5% C0O,/95% air.
Fibroblasts were grown in flasks until they were about 50% confluent and then were
exposed to 3 uM 4-hydroxytamoxifen on days 1 and 2 (without changing media) to knock
out dynamins. On day 3, tamoxifen-treated medium was replaced with unconditioned
medium, leaving about 5% of tamoxifen media. On day 5, one flask of untreated and one
flask of tamoxifen-treated cells were trypsinized, transferred, and grown on cover slips
(ThermoFisher Scientific) at a low density of 12,500 cells/well or were collected for
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characterization of dynamin expression by Western blot analysis. On day 6, after a complete
media exchange with serum free media, cells were exposed to F-gp120111B (1:200), FC-
transferrin (5 pg/ml), or F-Tat (1:50), kept on ice for 30 min, and transferred to 37 °C for 30
min.

Immunocytochemistry

After treatment with fluorescent compounds, cells were rinsed gently with ice-cold 1x
Phosphate Buffered Saline (PBS) and then fixed in 4% paraformaldehyde (PFA) for
fibroblasts and 4% PFA/4% sucrose for neurons, for 10 min at room temperature (RT). Cells
were permeabilized with a 0.02% Triton X-100 solution in PBS for 10 min and then blocked
with 1% bovine serum albumin (BSA) in PBS for 1 h at RT. Primary antibodies were used in
the following concentrations and incubated at 4 °C overnight: gp120111B (cat#1301, 1:200,
Immunodiagnostics, Inc.) and anti-microtubule associated protein-2 (MAP2) (cat#M4403,
1:5000, Sigma-Aldrich). Corresponding goat anti-mouse secondary antibodies
AlexaFluor488 (cat#A11029, 1:1000) and AlexaFluor594 (cat#A11005, 1:1000), goat anti-
rabbit AlexaFluor 594 (cat#A11012, 1:1000) all from ThermoFisher Scientific were
incubated for 1 h at RT. Staining for actin was done by incubating cells for 20 min at RT
with AlexaFluor594 Phalloidin (cat#A12381, ThermoFisher Scientific) diluted in 1% BSA
in PBS according to manufacturer instructions at a final concentration of approximately 160
nM. Coverslips were washed three times with 1x PBS and then incubated with 4 ,6”-
diamidino-2-phenylindole (DAPI) (Cat#D9542, 1:5000, ThermoFisher Scientific) for 10 min
at RT. After a final three washes with 1x PBS, coverslips were mounted with Fluoro-Gel
with TES Buffer (Electron Microscopy Sciences, Hatfield, PA), and imaged with Zeiss
LSM880 microscope.

Analysis of Internalization

Internalization of gp120 and transferrin was calculated using ImageJ (NIH, Bethesda, MD)
in four to five coverslips per treatment. First, the region of interest was selected using the
Phalloidin staining. Then, intensity of fluorescence of either gp120 or transferrin was
measured and normalized to the area of each cell body. After subtracting baseline
autofluorescence typically seen in untreated cells, fluorescence in cells treated with gp120 or
transferrin was set arbitrarily as 100%. The effect of treatments on gp120 and transferrin
internalization was calculated as the difference between 100% and the fluorescence
remaining after AMD3100 pretreatment or dynamin TKO.

Neuronal Processes and Cell Death

Experimenters were blinded to all treatments during analyses. The length of neuronal
processes was measured by 2D Sholl analysis using ImageJ as previously described (Bachis
et al. 2012). In brief, cortical neurons were grown on coverslips and fixed as described in
immunocytochemistry. Fixed cells were then blocked, permeabilized and incubated
overnight at 4 °C with a MAP2 antibody (1:5000; Sigma-Aldrich). Coverslips were washed
and then incubated for 1 h at room temperature with the corresponding secondary antibody
(1:2000; ThermoFisher Scientific). Cells were imaged with a Zeiss LSM880 microscope as
described above. Image scale was calibrated and length of MAP2 positive processes was
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measured in three randomly selected fields (10 neurons per field) using ImageJ. Experiments
were repeated two to four times using different preparations of primary cortical neurons.

Cell death was measured using Hoechst/Propidium lodide staining (cat#94403, Sigma
Aldrich) as previously described (Avdoshina et al. 2016a). Cells were counted with ImageJ.

Western Blot Analysis

Cells were kept on ice throughout all processing. Conditioned media was aspirated and cells
were gently rinsed with 1x PBS. Cells were then collected in 1x Radioimmunoprecipitation
assay (RIPA) buffer (Merk Millipore Corp., Billerica, MA) with 1x Halt Proteinase/
Phosphatase inhibitors (ThermoFisher Scientific). After microtip sonication on ice, lysates
were centrifuged at >10,000 g at 4 °C for 10 min. Protein concentration was determined by
BCA protein assay (ThermoFisher Scientific). Lysates were loaded onto 4-12% Bis-tris gels
(ThermoFisher Scientific) for gel electrophoresis. After transfer to a nitrocellulose
membrane using the iBlot2 transfer machine (ThermoFisher Scientific), the membrane was
blocked for 30—60 min in 5% BSA in Tris-buffered saline with 0.05% Tween-20 (TBST).
Membranes were incubated sequentially with the following antibodies overnight at 4 °C:
pErk (cat#9101, 1:1000, Cell Signaling Technology, Danvers, MA), Erk (cat#9102, 1:1000,
Cell Signaling) or with Dynamin clone 41 (cat#610245, 1:1000, BD Biosciences, San Jose,
CA) and p-actin as a loading control (cat#A2228, 1:20,000, Sigma-Aldrich). After washing
3 x 5 minutes with TBST, incubation with corresponding HRP conjugated anti-rabbit and
anti-mouse secondary antibodies (cat# 111-035-003, 1:10,000, cat#115-035-003, 1:10,000,
Jackson ImmunoResearch, West Grove, PA) occurred for 1 h at RT. Between each step, blots
were stripped with Restore™ PLUS Western Blot Stripping Buffer (ThermoFisher
Scientific) for 30 min at 37 °C and then examined for remaining chemiluminescence before
re-blocking and probing with the next antibody.

Mesoporous Silica Nanoparticles Synthesis and Characterization

Mesoporous Silica Nanoparticles (MSNs) were prepared by hydrolysis and condensation of
tetraethyl orthosilicate (TEOS) following a Stober modified method as we previously
reported (Parodi et al. 2014). In details, 170 mg ammonium fluoride (base) and 150 mg
hexadecyltrimethylammonium bromide (template) were dissolved in 48 ml water (80 °C for
1 h). 1 ml of TEOS were then added drop-wise to the solution followed by a 0.72 ml of 3-
(aminopropyl) triethoxysilane and the reaction proceeded for 2 h at 80 °C. MSNs were
washed twice with ethanol and then let overnight in a 2% HCl/ethanol solution to remove
surfactants. The particles were finally washed with 50% ethanol and stored in 2-propanol.
MSNs were conjugated to gp120 via N-(3-diethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC)/sulfo-NHS coupling reaction. The gp120 was activated in a solution of
2 mM EDC/5 mM sulfo-NHS in 0.1 M MES and 0.5 M NaCl for 15 min at 1 mg/ml. 1 mg
of MSNs was dispersed in the reaction solution. The conjugation took place at room
temperature for 2 h under agitation. Hydroxylamine HCI was added to the solution at a
concentration of 10 mM to quench the reaction. The final loading efficiency was determined
to be the 80% of the total gp120 used in the reaction.
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Transmission electron microscope (TEM) and scanning electron microscope (SEM) images
were used to determine the porosity and the dimension of the particles after synthesis. TEM
samples were prepared by drying nanoparticles onto 300 mesh carbon-coated copper grids.
Samples were prepared for SEM by drying nanoparticles on a stage and sputter coating the
sample with a 5 nm thick layer of platinum/palladium using a Sputter Coater 208HR
(Cressington Scientific, Watford, U.K.). Microscopy images were taken using Nova
NanoSEM 230 (FEl, Hillsboro, Oregon).

Statistical Analysis

Results

Statistical analyses were performed using GraphPad Prism software (GraphPad Software,
Inc. La Jolla, CA). Results are depicted as mean + standard error of mean. For a comparison
of more than two groups, an ANOVA test, followed by a proper post-hoc test for multiple
comparisons, was applied. Pvalues of <0.05 indicate statistical significance.

Gp120 Internalization is Dynamin-Dependent

To test the hypothesis that gp120 is endocytosed through a dynamin-mediated mechanism,
we used fibroblasts generated from mice harboring floxed alleles of all three dynamin genes
in which application of 4-hydroxytamoxifen (tamoxifen) causes conditional triple dynamin
knock out (TKO) (Park et al. 2013). These fibroblasts without tamoxifen treatment were
used as a control. We first confirmed that tamoxifen inhibits expression of dynamin by
Western blot analysis of lysates of control and tamoxifen-exposed cells with a dynamin
monoclonal antibody recognizing the N terminus of dynamin | and Il (Werbonat et al. 2000)
with equal affinity. Fig. 1a shows that cells exposed to tamoxifen to knock down dynamin do
not exhibit dynamin immunoreactivity. Control and tamoxifen-treated fibroblasts were then
exposed to FITC-conjugated gp120111B (F-gp120) for 30 min at 4 °C and 30 min at 37 °C.
To confirm that these cells exhibit proper endocytosis, fibroblasts were exposed to
transferrin conjugated to AlexaFluor488 (AF-transferrin), whose internalization is known to
be dynamin-dependent (van Dam and Stoorvogel 2002). In untreated cells, in which
dynamin | and Il are functional, both F-gp120 and AF-transferrin (Fig. 1b) were observed
inside cells. Most of the gp120111B immunoreactivity localized perinuclearly as previously
demonstrated in neurons (Bachis et al. 2003; Bachis et al. 2006). In contrast, a drastic
reduction of immunoreactivity for both F-gp120 (80.5%) and AF-transferrin (78.9%) when
compared to untreated cells was obtained in tamoxifen-treated fibroblasts (Fig. 1c),
suggesting that conditional TKO of dynamins impairs the endocytic process of gp120,
similar to that of transferrin. To ensure that the general process of internalization was not
blocked due to the dynamin TKO, we exposed tamoxifen-treated fibroblasts to FITC-
conjugated Tat (F-Tat, 1:50), an HIV protein that is internalized by a dynamin-independent
mechanism (Liu et al. 2000). F-Tat was endocytosed in TKO fibroblasts (Fig. 1c) confirming
that the internalization of Tat is dynamin-independent. Overall, our data show that the
endocytic process of gp120111B requires dynamin, suggesting a clathrin-mediated event.
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CXCR4 Plays a Role in gp120 Internalization

Gp12011IB binds to CXCR4 even in the absence of CD4 (Bandres et al. 1998). This receptor
is a crucial co-receptor for HIV infection of T-cells (Herbein et al. 1998), but also mediates
the neurotoxic effect of gp120 (Hesselgesser et al. 1998; Meucci et al. 1998; Kaul et al.
2007). Thus, CXCR4, which is endocytosed by a clathrin-mediated mechanism (Orsini et al.
1999; Venkatesan et al. 2003), is a valid target to explain gp120 internalization. However,
recent data have shown a partial CXCR4-independent internalization of gp120 (Berth et al.
2015). Therefore, we utilized untreated fibroblasts to determine the extent by which CXCR4
mediates gp120 internalization. Fibroblasts were exposed to F-gp120 alone or in the
presence of AMD3100, a CXCR4 antagonist that has been used to block both HIV infection
(Donzella et al. 1998; De Clercq 2003) and gp120 neurotoxicity (Catani et al. 2000; Bachis
et al. 2003; Khan et al. 2005). Preincubation of fibroblasts with AMD3100 for 15 min
resulted in a robust 69.4% inhibition of F-gp120 endocytosis but a weak (~10%) reduction
of AF-transferrin internalization (Fig. 1d), confirming that CXCR4 plays a crucial role in
gp120111B endocytosis (Bachis et al. 2006).

Gp120 Endocytosis in Neurons Leads to Neuronal Injury

Endocytosis and subsequent accumulation of intracellular gp120 could be a mechanism to
explain its neurotoxicity. While fibroblasts are a useful model to study dynamin-dependence
and receptor dynamics, primary neurons are a better experimental model to test this
hypothesis. To establish whether the endocytic process has a role in gp120 neurotoxicity, we
first determined whether gp120 endocytosis in neurons could be blocked by dynasore, a cell
permeable inhibitor of dynamin | and Il (Macia et al. 2006). Primary rat cortical neurons
were exposed to gp120111B alone or in combination with dynasore for 1 or 6 h. Double
immunostaining with antibodies against microtubule associated protein-2 (MAP2) and
gp120 confirmed that neurons are capable of internalizing gp120 (Fig. 2a). Dynasore
inhibited gp120 internalization after 1 h (Fig. 2a) supporting our data in fibroblasts that
gp120 endocytosis requires dynamin. We then used dynasore to evaluate the role of gp120
internalization in neuronal survival by determining the effect of gp120 on neurite
simplification. Neurite simplification is often used as a pre-apoptotic marker in experimental
models of HAND (Toggas et al. 1994; Masliah et al. 1997). Neurons were exposed to
dynasore and gp120111B, alone or in combination, for 6 h and their MAP2 positive processes
analyzed by Scholl analysis as previously described (Bachis et al. 2012). Neurons exposed
to gp120 exhibited shorter and fewer MAP2 positive processes (Figs. 2b and c). This
phenomenon was prevented by dynasore (Figs. 2b and c), further suggesting that cellular
factors involved in membrane/receptor trafficking are responsible for gp120’s toxicity.

To examine whether dynasore, in addition to neurite pruning, also prevents gp120-mediated
cell death, neuronal loss was measured following 8 h incubation with gp120 by Hoescht/
Propidium iodide staining. AMD3100 was used as a control to assure that gp120 is
neurotoxic through CXCR4. We found that AMD3100 blocked the neurotoxic effect of
gp120 (Fig. 3). Importantly, gp120 was significantly less toxic in neurons pretreated with
dynasore than those pretreated with vehicle (Fig. 3). Nevertheless, the neuroprotective effect
of dynasore was not sustainable or long-lasting because, after 12—14 h of exposure to
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dynasore, neuronal cultures contained over 50% of propidium iodide positive cells (data not
shown), suggesting a dramatic decrease in neuronal survival.

Gp120 Delivered Intracellularly via Mesopourous Silica Nanoparticles is Neurotoxic

The ability of dynasore to prevent short-term gp120-mediated toxicity suggests that the
accumulation of gp120 inside cells is a major mechanism for neurotoxicity. However,
CXCR4, upon binding to gp120, activates a signal cascade involving extracellular receptor
kinase 1/2 (Erk1/2) (Meucci et al. 1998) which may be involved in the neurotoxic pathway
utilized by gp120. To further examine the extent to which activation of receptor-mediated
signaling cascades are responsible for gp120-mediated neurotoxicity, we designed a gp120
that could enter neurons without binding to CXCR4. We utilized gp120-loaded mesoporous
silica nanoparticles (gp120MSNSs) because these nanoparticles are readily engulfed via
phagocytosis and deliver their contents intracellularly, bypassing receptors on the cell
membrane (Parodi et al. 2014). Fig. 4 shows the characteristics of 50 nm gp120MSNs. The
localization inside neurons of gp120MSNs was confirmed by electron microscopy (Fig. 4c)
as previously described (Avdoshina et al. 2016a). We then examined whether gp120MSNs
activate CXCR4 by determining Erk phosphorylation (pErk), a typical signaling molecule
associated with CXCR4 (Busillo and Benovic 2007). Rat primary cortical neurons were
exposed to gp12011IB (5 nM) or gp120MSNSs (5 pg/ml), which contain an approximately
equivalent concentration of uncoupled gp120, for up to an hour. Boiled gp120 and unloaded
MSNs were used as controls. Gp120, but not boiled gp120, induced pErk (Fig. 5a),
confirming previous data that gp120 activates the MAPK pathway (Meucci et al. 1998).
Neither unloaded MSNs nor gp120MSNs showed a significant induction of pErk (Figs. 5b
and c), consistent with the notion that gp120MSNSs are rapidly internalized without
activation of CXCRA4.

To investigate the neurotoxic effect of internalized gp120MSNs, we examined neurite
pruning. Cortical neurons exposed to gp120MSNs for 24 h exhibited shorter MAP2 positive
processes similar to gp120 as compared to control neurons (Figs. 6a and b). Neurite
shortening by gp120, but not gp120MSNs, was prevented when cells were preincubated for
15 min with 5 nM AMD3100 (Figs. 6a and b). Thus, gp120, when delivered intracellularly,
can be neurotoxic even in the absence of CXCR4 activation.

Discussion

T-tropic gp120 is highly toxic to neurons both in vitro (Meucci and Miller 1996; Kaul et al.
2007) and in vivo (Bansal et al. 2000; Acquas et al. 2004) through a variety of direct and
indirect mechanisms. Furthermore, overexpression of gp120 in transgenic mice leads to
neurite simplification and neuronal loss (Toggas et al. 1994; Lee et al. 2013), a clear
indication that even without the virus, gp120 alone decreases neuronal survival. Because
gp120 binds to chemokine receptors, it has been suggested that its neurotoxicity derives
from the activation of signaling pathways linked to these receptors. However,
synaptodendritic atrophy, impaired mitochondrial function (Avdoshina et al. 2016b), and
activates caspase-3 and other markers of apoptosis (Bachis et al. 2003), are seen in neurons
that internalize gp120, suggesting that the endocytic process of gp120 may be crucial for its
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neurotoxic effects. This direct mechanism could be sufficient to initiate an irreversible
neurodegenerative process. The goal of this study was to reveal whether the endocytic
process and subsequent intracellular accumulation of gp120 has a role in its neurotoxicity.
We first demonstrated that the envelope protein is endocytosed by a dynamin-mediated
mechanism. This suggests that gp120 enters via an endocytic pathway, typically associated
with GPCRs, which utilizes clathrin-coated vesicles. We then discovered that prevention of
gp120 endocytosis abolishes its short-term neurotoxic effects on neurite pruning and
neuronal survival. Lastly, we have shown that once internalized, gp120 is neurotoxic
irrespective of receptor-mediated signaling activation.

Gp120, which can be shed from HIV (Schneider et al. 1986), has been shown to promote
axonal degeneration (Melli et al. 2006) and dendritic injury (Everall et al. 2002; Iskander et
al. 2004), two key pathological events that may account for the synaptodendritic atrophy
observed in HIV positive subjects (Masliah et al. 1997). In our study, we report that gp120-
mediated shortening of neuronal processes as well as neuronal loss are prevented by
dynasore, a non-competitive, cell-permeable inhibitor of dynamin I and Il (Macia et al.
2006). In addition, the delivery of gp120 by MSNs inside neurons induces neuronal injury
similar to that of gp120, suggesting that internalized gp120 triggers a neurotoxic
mechanism(s) independently from receptor signaling. However, the mechanism of how
internalized gp120 causes neuronal injury remains not fully understood. Once internalized,
gp120 is axonally transported and undergoes intracellular trafficking by the microtubular
network (Bachis et al. 2006; Teodorof et al. 2014) by a direct binding to neuronal
microtubules (Avdoshina et al. 2016a). This binding impairs microtubule function and
subsequently the ability to transport mitochondria (Avdoshina et al. 2016b). Reduced
trafficking of mitochondria is known to cause axonal and dendritic degeneration (Chang et
al. 2006; Shirendeb et al. 2012) because it alters mitochondria function and impairs energy
homeostasis. Thus, gp120 could decrease neuronal survival by reducing proper energy
supply within neurites. This would be in line with human studies showing altered
mitochondrial metabolism in HIV subjects (Opii et al. 2007; Bennett et al. 2014). In this
study, we could not examine internalization of R5 strain of gp120 due to technical problems
with gp120ADA immunofluorescence. Nevertheless, it is important to note that both X4-
and R5-tropic gp120s alter mitochondria function by binding to microtubules (Avdoshina et
al. 2016b; Avdoshina et al. 2016a). Thus, it is plausible to suggest that internalization of
both X4 and R5 gp120s is a crucial direct mechanism involved in their neurotoxic effects.
More experiments are needed to confirm this hypothesis.

We found that gp120 causes neurite pruning and cell death regardless of Erk activation, a
typical signaling cascade linked to CXCR4 receptors (Meucci et al. 1998; Luo et al. 2008),
leading us to believe that the internalization and accumulation of gp120 are critical cellular
mechanisms for neurotoxicity. In this study, we did not address the mechanisms by which
internalized gp120 reduces neuronal survival. However, we can speculate about the
consequences of accumulated intracellular gp120 based on previous data as well as our
knowledge of the existing literature. Intracellular gp120 binds to mannose-binding lectin
(Teodorof et al. 2014), a carrier that facilitates glycoprotein trafficking from the endoplasmic
reticulum to the Golgi apparatus (Nonaka et al. 2007). Mannose-binding lectin-gp120
complex associates with subcellular vesicles that traffic along neurites and could carry
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gp120 toward the soma (Teodorof et al. 2014). This suggestion would be consistent with
results showing that gp120 is retrogradely transported from the synaptic cleft to the
perinuclear region of neurons (Bachis et al. 2006; Berth et al. 2015). The transport is mainly
axonal because both colchicine and nocodazole block this event (Bachis et al. 2006;
Teodorof et al. 2014). Interestingly, only a small amount of gp120 is seen inside lysosomes
(Bachis et al. 2006) or associated with lysosome-associated membrane glycoprotein 2
positive organelles (Berth et al. 2015), suggesting that gp120 is not efficiently degraded by
the endogenous autophagic process. This suggestion is supported by recent data showing a
limited autophagy in both gp120 transgenic mice (Fields et al. 2013) as well as in cortical
neurons exposed to gp120 in culture (Passeri et al. 2014). Therefore, we can hypothesize
that gp120 may be forming toxic inclusions in lysosomes or other organelles, which lead to
cell death. For instance, gp120 accumulation inside lysosomes could disrupt the metabolism
of sphingolipids and produce toxic bio-products, such as ceramide, as described by other
investigators (Haughey et al. 2004). However, we cannot ignore the likelihood that gp120 is
neurotoxic to a subset of neurons by other mechanisms including the release of glutamate
(Bezzi et al. 2001; Kaul et al. 2001), activation of NMDA receptors (Xu et al. 2011),
increased proinflammatory cytokines (Milligan et al. 2001), induced oxidative stress
(Mattson et al. 2005), and expression of the proapoptotic transcription factor p53 (Garden et
al. 2004; Khan et al. 2005). Future experiments are needed to test these hypotheses.

Dynamin has been shown to facilitate GPCR internalization, including CXCR4 (Orsini et al.
1999) suggesting that CXCR4 sequestration is mediated by the endocytic pathway. However,
most of the data on CXCR4 internalization thus far have been obtained in non-neuronal cells
(Amara et al. 1997; Tarasova et al. 1998; Bhandari et al. 2007). While our work could not
demonstrate whether gp120 is endocytosed as a complex with CXCR4, AMD3100 reduced
gp120 endocytosis and prevented its toxicity, supporting the suggestion that internalization
of gp120 in neurons occurs primarily through a receptor-mediated mechanism implicating
dynamin. A recent report (Berth et al. 2015) has shown that CXCR4 is not required for
gp120 endocytosis in cultured F11 cells, a cell hybrid of a rat embryonic dorsal root
ganglion and mouse neuroblastoma cell line N18TG2 (Platika et al. 1985). These
investigators have shown that gp120 is internalized through lipid rafts rather than in a
CXCR4- or dynamin-dependent manner (Berth et al. 2015). Lipid rafts are membrane
microdomains, which are proposed to facilitate receptor internalization and incorporation
into endocytic vesicles. They are rich in cholesterol and exhibit a high concentration of
glycosphingolipids (Ewers and Helenius 2011). The cholesterol-rich microdomain is
required for gp120 interaction with chemokine receptors (Yi et al. 2006). In addition, gp120
promotes CXCR4 clustering in the raft microdomains (Kamiyama et al. 2009). Even HIV
endocytosis can be both dynamin-dependent and receptor-mediated (Bosch et al. 2008;
Miyauchi et al. 2009) or receptor independent (Bomsel 1997; Eugenin et al. 2011). In our
study, the knockout of dynamins did not fully prevent gp120 internalization as evidenced by
the slight immunoreactivity (~20%) remaining after knockdown. Thus, it is plausible to
suggest that both lipid rafts and CXCR4 are required for an efficient internalization of
gp120. Perhaps two parallel endocytic mechanisms exist for gp120 internalization.

Although our data were obtained in an experimental model of HIV infection of the CNS, our
results may have a clinical significance in terms of discovering the molecular and cellular
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mechanisms of HIV neurotoxicity that may lead to a new adjunct therapy. Given the fact that
the antiretroviral therapy has not eliminated mild neurocognitive deficits and asymptomatic
neurocognitive impairments seen in HIV positive subjects (McArthur et al. 2003), our data
could help developing new adjunct therapies to reduce the burden of HI\V-mediated
neurodegeneration.
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Fig. 1. Knockdown of dynamins inhibits the internalization of gp120 in fibroblasts
a Fibroblasts were grown for two days in the absence (=) or presence (+) of tamoxifen. Cell

lysates were then prepared for Western blot analysis with an antibody against dynamin | and
I1. The blot was reprobed with p-actin as a loading control. b—d Representative
immunofluorescent images of fibroblasts exposed to various stimuli and counterstained for
filamentous actin using AlexaFluor594 Phalloidin antibody (red). b Untreated (control) cells
exposed to F-gp120 or AF-transferrin or ¢ tamoxifen-treated fibroblasts exposed to F-gp120
(1:200), AF-transferrin (5 pg/ml) or F-Tat (1:50). Fluorescent compounds were added and
cells were kept for 30 min on ice and 30 min at 37 °C. Internalization of gp120 and
transferrin (green) was visualized by confocal microscope. Scale bar = 10 ym. The
experiment was replicated with three independent preparations, in duplicate, with
comparable results. Please note that internalization of F-Tat, which is dynamin-independent,
occurred even without the presence of dynamins. d) Control fibroblasts were exposed to F-
gp120 (1:200, green) or AF-transferrin (5 pg/ml) in the presence of AMD3100 for 30 min at
4 °C and 30 min at 37 °C. AMD3100 pretreatment (500 nM) was initiated 15 min prior to F-
gp120 or AF-transferrin application. Images are representative of two independent
experiments done in duplicate. Scale Bar = 10 um
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Fig. 2. Dynasore prevents the internalization and short-term neurotoxicity of gp120
a Primary rat cortical neurons were exposed to gp120 (5 nM, upper panel) for 1 h alone or in

combination with dynasore (80 pM, lower panel). Neurons were then stained for MAP2
(green) and gp120 (red). Yellow indicates the presence of gp120 internalization (arrow).
Scale bar = 50 pm. b Neurons were exposed to dynasore (80 M) or gp120 (5 nM) alone, or
preincubated with dynasore for 10 min prior to gp120. Six hours later, neurons were fixed
and stained for MAP2 (green) and counter stained with DAPI (blue). Scale bar =50 um. ¢
Quantification of neurite processes was done on 30 randomly selected neurons per treatment
using Sholl’s analysis as described in Materials and Methods. This experiment was repeated
with 3 individual preparations of primary neurons with comparable results. Data are
presented as mean + s.e.m. ¥p < 0.05, *p < 0.01 vs control. Two-way ANOVA and Sheffe’s
test
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Fig. 3. Gp120-mediated neuronal loss is blocked by dynasore
Primary cortical neurons were pre-treated with AMD3100 (5 nM) or dynasore (80 uM) 15

min prior to gp120 (10 nM). Eight hours later, neurons were fixed and cell death was
quantified using Hoescht/Propidium lodide staining. Positive cells were counted using
ImageJ. Experiment was repeated with 3 preparations of primary neurons with comparable
results. Statistics analyzed using one-way ANOVA with Tukey post-hoc, #p < 0.05 vs gp120,
*p < 0.01 vs control
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Fig. 4. Characterization of gp120MSNs
a TEM image of nonmodified MSN with nonordered porosity. b SEM image of loaded

gp120MSNs. ¢ EM of cortical neurons exposed to gp120MSNs (5 pg/ml), which contain an
approximately equimolar concentration of non conjugated gp120 used in this study. sV =
vesicles, M = mitochondria
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Fig. 5. gp120MSNs do not activate pErk
Primary rat cortical neurons were exposed for the indicated time points to a 5 nM boiled

gp120111B (upper panel) or 5 nM gp120111B (fower panel), or b 5 ug/ml of MSNs (upper
panel) or gp120MSNs (/ower panel). Cell lysates were analyzed for pErk and total Erk by
Western blot. ¢ Densitometry analyses of the ratio pErk/total Erk of boiled gp120111B
(closed circles), gp120111B (gpen circles), MSNs (closed squares), and gp120111B MSNs
(gpen squares). Data are presented as mean + s.e.m. from 5 individual preparations of
primary neurons. *p < 0.05, **p < 0.01,****p < 0.0001 MSN v. gp120111B; #p< 0.01, ##p
< 0.001, ##%p < 0,0001 gp120MSN v. gp120111B (Two-way ANOVA with Tukey post-hoc).
[B-actin was used to confirm protein loading
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Fig. 6. AMD3100 does not prevent gp120MSN neurotoxicity
Primary rat cortical neurons were exposed to boiled gp12011IB (5 nM), gp12011IB (5 nM),

MSNSs, or gp120MSNSs (5 ug/ml) with or without a 15 min preincubation with AMD3100 (5
nM). Neurons were fixed and imaged 24 h later. a Representive immunofluorescent images
of neurons fixed and stained for MAP2. Scale bar = 50 um. b Neurite lengths were
quantified by ImageJ as described in Materials and Methods. The total number of neurons
imaged each treatment are as follows: boiled gp120 (81), gp120111B (99), MSNs (41),
gp120111B MSNS (83), AMD3100 (63), AMD3100 + gp120111B (96), AMD3100 +
gp120111BMSNSs (90). No significant differences in neurite length were seen with AMD3100
+ boiled gp120 or AMD3100 + MSNs (data not shown). Data are shown as mean = s.e.m. *p
< 0.0001 vs boiled gp120111B. (One-way ANOVA, and Dunnett post hoc)
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