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Abstract

The HIV-1 coat protein gp120 continues to be implicated in the pathogenesis of HIV-1 associated
neurocognitive disorder (HAND); a condition known to affect ~50% of people living with

HIV-1 (PLWH). Autopsy brain tissues of HAND individuals display morphological changes to
mitochondria and endolysosomes, and HIV-1 gp120 causes mitochondrial dysfunction including
increased levels of reactive oxygen species (ROS) and de-acidification of endolysosomes. Ferrous
iron is linked directly to ROS production, ferrous iron is contained in and released from
endolysosomes, and PLWH have elevated iron and ROS levels. Based on those findings, we tested
the hypothesis that HIV-1 gp120-induced endolysosome de-acidification and subsequent iron
efflux from endolysosomes is responsible for increased levels of ROS. In U87MG glioblastoma
cells, HIV-1 gp120 de-acidified endolysosomes, reduced endolysosome iron levels, increased
levels of cytosolic and mitochondrial iron, and increased levels of cytosolic and mitochondrial
ROS. These effects were all attenuated significantly by the endolysosome-specific iron chelator
deferoxamine, by inhibitors of endolysosome-resident two-pore channels and divalent metal
transporter-1 (DMT-1), and by inhibitors of mitochondria-resident DMT-1 and mitochondrial
permeability transition pores. These results suggest that oxidative stress commonly observed

with HIV-1 gp120 is downstream of its ability to de-acidify endolysosomes, to increase the
release of iron from endolysosomes, and to increase the uptake of iron into mitochondria.

Thus, endolysosomes might represent early and upstream targets for therapeutic strategies against
HAND.

Keywords

HIV-1 gp120; endosomes; lysosomes; mitochondria; reactive oxygen species; iron; lysosomal
stress response

Introduction

HIV-associated neurocognitive disorder (HAND) affects about 50% of people living with
HIV-1 (PLWH) despite effective viral suppression achieved using antiretroviral therapeutics
(ART) (McArthur et al., 2010). Clinically, HAND presents with deficits in cognition,
memory, and motor function (Clifford and Ances, 2013); the severity varies from mild
(asymptomatic) to severe (dementia) (Antinori et al., 2007). Pathologically, post-mortem
brain samples exhibit decreased synaptodendritic arborization (Masliah et al., 1992; Masliah
etal., 1997; Everall et al., 1999), Alzheimer’s disease-like changes (Brew et al., 2005),

and morphological changes in subcellular organelles including endolysosomes (Gelman et
al., 2005), endoplasmic reticulum (Lindl et al., 2007), and mitochondria (Fields et al.,

2013; Avdoshina et al., 2016). Implicated in the pathogenesis of HAND are HIV-1 proteins
(Kovalevich and Langford, 2012), reactive oxygen species (ROS) (Turchan et al., 2003) as
well as ART drugs used to treat PLWH (Heaton et al., 2011). However, the full spectrum of
underlying mechanisms of HAND remains unclear.
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Several soluble factors, including the HIV-1 proteins transactivator of transcription (Tat)
and glycoprotein 120 (gp120) continue to be implicated in the pathogenesis of HAND
(Kovalevich and Langford, 2012). Tat and gp120 are neurotoxic, decrease synaptodendritic
arborization (Toggas et al., 1996; Fields et al., 2013; Fitting et al., 2013), and disrupt
intracellular levels of calcium and iron (Nath et al., 1995; Haughey et al., 2001; Festa et

al., 2015). Furthermore, Tat and gp120 are capable of affecting the structure and function of
subcellular organelles including endolysosomes and mitochondria (Hui et al., 2012; Bae et
al., 2014; Avdoshina et al., 2016; Fields et al., 2016; Datta et al., 2019).

Endosomes and lysosomes, collectively referred to here as endolysosomes, are dynamic
organelles involved in the trafficking and degradation of intracellular cargo. Endolysosomes
are acidic organelles that help regulate a wide variety of essential physiological functions
including plasma membrane repair, cell homeostasis, energy metabolism, nutrient-dependent
signal transduction, and immune responses (Jaiswal et al., 2002; Bird et al., 2009;
Settembre et al., 2013; Mony et al., 2016; Ballabio and Bonifacino, 2020). Additionally,
endolysosomes contain readily releasable stores of biologically important cations including
calcium and iron (Xiong and Zhu, 2016). De-acidification of endolysosomes, such as has
been shown to occur with Tat and gp120 (Pietrella et al., 1998; Hui et al., 2012; Bae et

al., 2014), releases calcium and iron (Christensen et al., 2002; Fernandez et al., 2016) from
endolysosomes and disrupts endolysosome membrane integrity (Hui et al., 2015). These
actions of Tat and gp120 might affect mitochondrial function because calcium and iron
overload in mitochondria can result in increased levels of ROS and cell death via apoptosis
and ferroptosis (Brookes et al., 2004; Dixon et al., 2012; Huang et al., 2017).

PLWH often exhibit elevated serum iron levels (Chang et al., 2015), and iron has been
implicated in HIV-1 progression and HAND pathogenesis (Nekhai et al., 2013; Chang et
al., 2015; Patton et al., 2017). Extracellular ferric iron (Fe3*) binds to the iron transport
protein transferrin and is endocytosed into endosomes where it is reduced to ferrous iron
(FeZ*). Endolysosomes play an essential role in maintaining intracellular levels of iron;
these acidic organelles are known to release iron when they are de-acidified and they
contain a variety of cation channels through which iron can be released into the cytosol
(Kurz et al., 2011;Dong et al., 2008; Fernandez et al., 2016). Through Fenton reactions
(Eaton and Qian, 2002), ferrous iron in endolysosomes, cytoplasm, and mitochondria can
generate ROS and can cause oxidative stress. Oxidative stress continues to be implicated
in the pathogenesis of neurodegenerative diseases including HAND, and others and we
have shown that Tat and gp120 both increase levels of ROS (Foga et al., 1997; Kim et al.,
2015; Viviani et al., 2001). Furthermore, HIV-1 gp120 can damage subcellular organelles,
such as endolysosomes and mitochondria (Viviani et al., 2001; Bae et al., 2014; Avdoshina
etal., 2016; Fields et al., 2016). However, prior to this study nothing was known about
the extent to which gp120-induced release of iron from endolysosomes led to increased
levels of ROS in the cytosol and in mitochondria. Therefore, we tested the hypothesis
that HIV-1 gp120-induced de-acidification of endolysosomes led to an efflux of iron from
endolysosomes, an accumulation of iron in the cytosol and mitochondria, and subsequent
increases in levels of cytosolic and mitochondrial ROS.
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Materials and Methods

Cell cultures:

Glioblastoma (U87MG) cells were cultured in 1x DMEM (Invitrogen) containing 10% fetal
bovine serum and 1% penicillin/streptomycin (Invitrogen). U87MG cells were grown in T75
flasks and then sub-cultured in 35 mm? dishes (Mattek) or 12-and 24-well plates (Corning);
cells were maintained in a 5% CO, incubator at 37°C. Cells were not used past their tenth
passage.

Propidium iodide cell death assay:

Cell death was measured by cellular uptake of propidium iodide (PI) staining (Sigma-
Aldrich) (Crowley et al., 2016). U87MG cells were treated with gp120 (4 nM) in the
absence or presence of deferoxamine (DFO; 100 uM) for 30 min or 24 h. Cells were washed
once with pre-warmed 1x PBS then suspended in a PI (20 pg/mL) + PBS buffer for 30

min. Cells were analyzed using our Attune NXT flow cytometer. Pl was excited by the blue
(488 nm) excitation laser and light emission was determined using a BL2 (574/26 nm) filter.
Mean fluorescent intensity, standard error of the mean, and the number (n) cells analyzed for
Pl were determined using Attune NXT software (ThermoFisher).

Endolysosome pH measurements:

As previously described (Hui et al., 2012), endolysosome pH was measured using a
ratiometric indicator-dye LysoSensor Yellow/Blue DND-160; a dual excitation dye that
measures pH independently of intracellular dye concentration. U87MG cells were loaded
with 5 to 10 uM DND-160 for 5 min at 37°C. Post-incubation, dye-containing media was
removed, and fresh media was added to the cells just prior to imaging. Light emitted at 520
nm in response to excitation for 2 msec at 340/380 nm was measured every 10 seconds
using a filter-based imaging system (Zeiss Axiovert 200M, Germany). Ratios of light excited
(340/380 nm) versus light emitted (520 nm) were converted to pH using a calibration curve
as previously described (Hui et al., 2012). Using the formula pH = —log[H*] we calculated
percent reductions of intraluminal proton concentrations.

Endolysosome morphology:

Morphological features of plasma membranes, nucleus, and endolysosomes were determined
by immunostaining. Lysosomes were stained with an anti-LAMP1 antibody and an Alexa
488 anti-rabbit secondary antibody. Plasma membranes were stained with an anti-betal
sodium potassium ATPase antibody and an Alexa 594 anti-mouse antibody. Nuclei were
stained with DAPI. Confocal scanning microscopy (Zeiss LSM800) was used to acquire
z-stack images with a stack interval of 0.4 um. Images were acquired and then reconstructed
using Imaris (Oxford Instruments) imaging software (version 9.5).

Endolysosome iron measurements:

FeRhoNox-1 (Goryo Chemical), which stains specifically for Fe2* (Hirayama, 2018), was
added at a final concentration of 30 pM; U87MG cells were seeded at a density of 8x103
cells on 35 mm? dishes and incubated at 37°C for 1 h. After washing cells twice with 1
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x PBS, fresh PBS was added, and cells were imaged at an excitation wavelength of 537
nm and an emission wavelength of 569 nm using our confocal scanning microscope (Zeiss,
LSM800). Imaging parameters were kept the same throughout each set of experiments.
Z-stack images were taken at a stack interval of 0.4 um. Images were reconstructed using
Imaris (Oxford Instruments) imaging software (version 9.5). The data were represented as
mean fluorescence intensity (MFI).

Cytosolic iron measurements:

Cytosolic iron levels were measured using PhenGreen™ SK diacetate (PGSK); a quenching
probe for cytosolic iron (Petrat et al., 1999). U87MG cells were seeded at a density of 2 to
3 x 10% cells on 35 mm? dishes and incubated with PGSK at a final concentration of 10 pM
for 30 min at 37°C. Cells were washed three-times with 1 x PBS, collected, suspended and
analyzed using our Attune NXT flow cytometer (ThermoFisher). PGSK was excited using
the blue (488 nm) excitation laser and light was captured after passing through the BL1
(530/30 nm) emission filter. Mean fluorescent intensities, standard error of the mean, and
the numbers (n) of cells analyzed for PGSK were determined using Attune NXT software
(ThermoFisher).

Mitochondrial iron measurements:

Mitochondrial iron levels were measured using rhodamine B-[2,2’-bipyridine-4-yl)-
aminocarbonyl]benzyl ester (RDA) (Squarix). RDA is a Fe2*-specific quenching dye that
localizes within mitochondria; it excites at 562 nm and emits at 598 nm (Rauen et al.,
2007). US7MG cells were seeded at a density of 2 to 3 x 10 cells on 35 mm? dishes and
incubated with 200 nM RDA for 10 min at 37°C. Cells were washed once and resuspended
with 1 x PBS. Z-stack images were captured using confocal scanning microscopy (Zeiss
LSM800); 11 to 23 slices were used per z-stack image. Imaging parameters were kept the
same throughout each set of experiments. Images were taken before and 30 min after the
addition of HIV-1 gp120. In the deferoxamine (DFO) treatment group, cells were incubated
with DFO for 1 h followed by the removal of DFO-containing media and the continuation
of the above-described protocol. ImageJ software was used to merge z-stack images, and

to measure mean fluorescence intensity (MFI) before (time zero) and after (time 307) the
addition of HIV-1 gp120 or vehicle. MFI per cell was determined by dividing MFI values at
time zero by MFI values at time 30’ (ratio 0/30”) and values were expressed as a percentage;
the values were normalized to control values obtained with heat-inactivated HIV-1 gp120

(gp1201).

ROS measurements in cytosol and mitochondria:

Cytosolic ROS levels were measured using 2,7-dichlorodihydrofluoroscein diacetate
(DCFDA), which when oxidized produces DCF; DCF excites at 495 nm and emits at 529
nm. Mitochondrial ROS was measured using MitoSox Red Superoxide Indicator, which
excites at 510 nm and emits at 580 nm. US7MG cells seeded at a density of 2 to 3 x 104
were incubated with 10 uM DCFDA or 5 uM MitoSox for 30 min at 37°C in serum-free
media. Cells were then washed twice with 1 x PBS prior to being analyzed using our Attune
NXT flow cytometer (ThermoFisher). DCF-stained cells were excited by the blue (488 nm)
excitation laser and light was emitted through the BL1 (530/30 nm) emission filter. MitoSox
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Red stained cells were excited by the blue (488 nm) excitation laser and light was emitted
by the BL2 (574/26 nm) emission filter. Mean fluorescence intensities, standard error of the
mean, and the number (n) of cells analyzed for DCF and MitoSox Red were determined
using Attune NXT software (ThemoFisher).

Reagents were purchased from ThermoFisher Scientific unless noted otherwise; CISMBI
(Sigma-Aldrich), TRO-19622 (TOCRIS) and Ned-19 (TOCRIS). HIV-1 gp120 Ii1b was
purchased from ABL Inc. and prepared aliquots were stored at —80°C to prevent freeze-thaw
problems.

All data were expressed as means and standard errors of the mean (SEM). Data analyses
were completed using GraphPad Prism 8 software. Statistical significance between two
groups was determined using a Student’s t test. One-way ANOVA with Tukey’s post-hoc
tests were used to compare differences between multiple groups. p<0.05 was designated to
be statistically significant. All experiments were conducted a minimum of 3 independent
times.

HIV-1 gp120 and deferoxamine treatment did not affect cell viability:

The main focus of the studies reported here was to determine the effects of HIV-1 gp120
on intracellular levels of Fe2* and links between FeZ* and ROS; not gp120-induced cell
death. Accordingly, we determined under our experimental conditions whether gp120
decreased cell viability (Dawson et al., 1993; Nath et al., 2000; Yang et al., 2010).

Using propidium iodide (PI) uptake as a measure of cell death (Crowley et al., 2016),

no statistically significant changes in Pl mean fluorescence intensity (MFI) was observed
between control and HIV-1 gp120 (4 nM) treatments for 30 min (Supplemental Figure 1A)
or 24 h (Supplemental Figure 1B). We found also that treatments with the endolysosome
iron chelator deferoxamine (DFO, 100 uM) for 30 min (Supplemental Figure 1A) or 24 h
(Supplemental Figure 1B) did not affect cell viability in the absence or presence of gp120 (4
nM).

HIV-1 gp120 treatment increased endolysosome pH and volumes, and decreased
endolysosome numbers:

Next, we determined the effect of HIV-1 gp120 treatment on endolysosome pH. HIV-1
gp120 (4 nM) resulted in endolysosome de-acidification (Figure 1A); peak deacidification
was observed by 30 min and pH units were significantly (p<0.0001) increased by 0.13

+ 0.01 pH units from control values of 5.28 + 0.01 to values of 5.41 + 0.01 (Figure

1B). Bafilomycin Al (Baf Al, 200 nM), a vacuolar ATPase inhibitor that de-acidifies
endolysosomes (Yoshimori et al., 1991), was used as a positive control and it significantly
(p<0.0001) increased endolysosome pH by 0.18 + 0.01 pH units from control values of 5.28
+0.01 to 5.46 + 0.01 (Figure 1B). These changes in pH corresponded to a 32% reduction

in intraluminal proton concentration by Baf Al and a 25% reduction by HIV-1 gp120. The
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endolysosome de-acidification by HIV-1 gp120 remained elevated for 30 min while the
effects of Baf A1 normalized about 12 min following its application (Figure 1A).

These findings led us to check the effects of HIV-1 gp120 on endolysosome morphology.
Endolysosome de-acidification has been shown by others and us to change endolysosome
morphology including numbers, sizes and positioning within cells (Dong et al., 2010; Hui
etal., 2012; Fernandez et al., 2016; Johnson et al., 2016; Mauthe et al., 2018). Because
HIV-1 gp120 de-acidified endolysosomes, we next determined the effects of HIV-1 gp120
on endolysosome numbers, sizes and cellular positioning. Qualitatively, endolysosomes
exposed to heat-inactivated gp120 (gp120') displayed a perinuclear distribution pattern, but
when exposed to HIV-1 gp120 endolysosomes were larger and more dispersed towards
plasma membranes (Figure 1C). Quantitatively, HIV-1 gp120 significantly (p<0.0001)
decreased the number of LAMP1-positive vesicles per cell from 371 + 19 to 256 + 34
(Figure 1D), but nevertheless increased significantly (p<0.0001) the total volume (um3) of
LAMP1-positive vesicles by 47% (Figure 1E). Similarly, Baf A1 significantly (p<0.0001)
decreased the number of LAMP1-positive vesicles from 371 + 19 to 264 + 19 (Figure 1D)
and significantly (p<0.0001) increased the total volume of LAMP1-positive vesicles by 36%
(Figure 1E).

HIV-1 gp120-induced decreases in levels of endolysosome iron were blocked by an
inhibitor of two pore channels:

De-acidification of endolysosomes can induce the release of divalent cations from
endolysosomes (Christensen et al., 2002)(Fernandez et al., 2016). Because of this, we

next determined the extent to which heat-inactivated HIV-1 gp120 (gp120), HIV-1 gp120
(gp120), and bafilomycin Al (Baf) affected levels of endolysosome iron. Qualitatively,
treatment of U87MG cells for 30 min with 4 nM HIV-1 gp120 (Figure 2B) but not gp120!
(Figure 2A) decreased FeRhoNox-1 fluorescence staining for Fe2*. Quantitatively, HIV-1
gp120 decreased significantly (p<0.01) levels of endolysosome iron by 41% (Figure 2C); the
positive control bafilomycin Al decreased significantly (p<0.0001) levels of endolysosome
iron by 66% and this decrease was significantly (p<0.01) greater than that produced by
gp120 (Figure 2C).

We next investigated the extent to which the release of endolysosome Fe2* induced by
HIV-1 gp120 involved endolysosome-resident two-pore channels (TPCs) in part because
TPCs are localized on endolysosomes and because they are permeable to divalent cations
such as Fe2* (Brailoiu et al., 2009; Calcraft et al., 2009; Fernandez et al., 2016).

As expected, we observed a robust co-localization between FeRhoNox-1 and LAMP1
staining regardless of the treatments applied (Supplemental Figure 2A-D). Qualitatively,
HIV-1 gp120 decreased FeRhoNox-1 staining in endolysosomes and these decreases were
blocked by the TPC inhibitor Ned-19 (Supplemental Figure 2A-D). Compared to control
treatments with heat-inactivated HIV-1 gp120! (Figure 2A), HIV-1 gp120 (4 nM) decreased
significantly (p<0.01) levels of endolysosome iron (Figure 2C) and caused marked changes
in endolysosome morphology (Figure 2B); these effects of HIV-1 gp120 were significantly
(p<0.01) blocked by pretreatment of cells with NED-19, an antagonist of TPC (Figure 2D).
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HIV-1 gp120-induced increases in cytosolic iron and ROS were blocked by chelation
of endolysosome iron, and inhibitors of two-pore channels (TPCs) and divalent metal
transporter 1 (DMT1):

Having found that HIV-1 gp120 caused increased release of Fe2* from endolysosomes,

we next sought to determine the extent to which and mechanisms by which HIV-1 gp120
affected levels of cytosolic Fe2* and levels of cytosolic ROS. Cytosolic Fe?* levels were
measured with the quenching metal indicator PhenGreen SK (PGSK) (Petrat et al., 1999).
HIV-1 gp120 (4 nM) significantly (p<0.0001) increased levels of cytosolic Fe2* by about
40% (Figure 3A). Pretreatment with 100 uM deferoxamine (DFO), a specific chelator of
endolysosome Fe2*, significantly (p<0.0001) blocked HIV-1 gp120-induced increases in
cytosolic Fe2* (Figure 3A). Because levels of ROS are increased by Fe2* through Fenton-
reaction chemistry, we determined the extent to which endolysosome iron released by
HIV-1 gp120 affected cytosolic ROS levels. HIV-1 gp120 (4 nM) increased significantly
(p<0.0001) by about 66% levels of cytosolic ROS (Figure 3B). By itself, DFO (100 uM)
significantly (p<0.0001) inhibited cytosolic levels of ROS and DFO significantly (p<0.0001)
blocked HIV-1 gp120-induced increases in cytosolic ROS (Figure 3B). Based on these
findings as well as findings described above, we investigated next the effects of blocking
HIV-1 gp120-induced endolysosome iron release through two-pore channels on cytosolic
ROS levels. Pretreatment of cells for 30 min with the TPC inhibitor Ned-19 (10 uM)
significantly (p<0.05) blocked HIV-1 gp120-induced increases in ROS (Figure 3C). Because
FeZ* in endolysosomes can also be released through divalent metal transporter 1 (DMT1),
we next determined the extent to which the DMT1 inhibitor CISMBI affected HIV-1 gp120-
ineuced increases in cytosolic ROS and found that CISMBI significantly (p<0.01) blocked
HIV-1 gp120-induced increases in ROS (Figure 3D).

HIV-1 gp120-induced increases in mitochondrial iron and ROS were reduced by chelation
of endolysosome iron and by inhibitors of two-pore channels, divalent metal transporter 1,
and mitochondrial permeability transition pore:

Mitochondria uptake cytosolic Fe2* and we determined next the extent to which HIV-1
gp120-induced release of endolysosome Fe2* resulted in increased levels of FeZ* in
mitochondria using the “turn-off” quenching dye rhodamine B-[(2,2’-bipyridine-4-yl)-
aminocarbonyl]benzyl ester (RDA) and increased levels of mitochondrial ROS using
MitoSox Red. Qualitatively, increased levels of mitochondrial Fe2* were observed in cells
treated with HIV-1 gp120, but not with heat-inactivated gp120, DFO, or DFO added

prior to HIV-1 gp120 (Supplemental Figure 3A). Quantitatively, HIV-1 gp120 (4 nM)
significantly (p<0.0001) increased levels of mitochondrial Fe2* (decreased RDA MFI) by,
on average, about 28% (Figure 4A). Pre-treatment of cells with DFO (100 uM) prior to the
addition of HIV-1 gp120 significantly (p<0.0001) blocked HIV-1 gp120-induced increases
in mitochondrial Fe2* (Figure 4A). Because levels of ROS are increased by Fe2* through
Fenton-reaction chemistry, we determined next the extent to which endolysosome iron
released by HIV-1 gp120 affected mitochondrial ROS levels. HIV-1 gp120 (4 nM) increased
significantly (p<0.0001), by about 89%, levels of mitochondrial ROS (Figure 4B). DFO (100
uM) alone did not affect levels of mitochondrial ROS but did significantly (p<0.001) block
gp120-induced increases in mitochondrial ROS (Figure 4B).
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Mechanistically, we next determined the extent to which inhibitors of mitochondrial
permeability transition pores (mPTP), DMT1, and endolysosome TPCs could block HIV-1
gp120-induced increases in levels of mitochondrial Fe2*. Qualitatively, increased levels

of mitochondrial iron were observed in cells treated with HIV-1 gp120; these increases
were blocked by the mPTP inhibitor TRO-19622 (TRO), the DMT1 competitive inhibitor
2-(3-carbamimidoylsulfanylmethyl-benzyl)-isothiourea (CISMBI) (Montalbetti et al., 2014),
and the TPC inhibitor trans-Ned-19 (Ned-19) (Supplemental Figure 3B). Quantitatively,
HIV-1 gp120 (4 nM) significantly (p<0.0001) increased levels of mitochondrial iron (Figure
4C) and these increases were blocked by pre-treating cells for 30 min with 3 uM of TRO
(p<0.0001), 100 uM of CISMBI (p<0.001), or 10 uM of Ned-19 (Figure 4C). In terms

of ROS levels, pretreatment of cells for 30 min with Ned-19 (10 uM), TRO (3 uM) and
CISMBI (100 uM) all significantly (p<0.0001) reduced HIV-1 gp120-induced increases in
mitochondrial ROS (Figure 4D-F).

Discussion

Over the past three decades, the development and use of effective antiretroviral therapeutics
(ART) has transformed HIV-1/AIDS into a chronic therapeutically managed disease (Arts
and Hazuda, 2012). Associated with HIV-1/AIDS in the ART-era is a high prevalence of

a spectrum of cognitive, motor and behavioral symptoms ranging in intensity from mild
(asymptomatic) to severe (dementia) (McArthur et al., 2010). Collectively, these symptoms
are referred to as HIV-1 associated neurocognitive disorders (HAND) (Antinori et al.,
2007; Clifford and Ances, 2013) and underlying its pathology are findings of increased
levels of oxidative stress, subcellular organelle dysfunction, synaptodendritic damage, and
neuroinflammation (Everall et al., 1999; Gelman et al., 2005; Kovalevich and Langford,
2012; Avdoshina et al., 2016; Fields et al., 2016; Saylor et al., 2016; Sanchez and Kaul,
2017; Scutari et al., 2017). Implicated in the pathogenesis of HAND are soluble factors
including the HIV-1 proteins Tat and gp120 as well as ART treatments themselves (Sanchez
and Kaul, 2017; Scutari et al., 2017). Accordingly, additional investigative work is required
to understand better the mechanisms underlying HAND pathogenesis with the goal of
identifying effective therapeutic interventions.

Here, we showed that HIV-1 gp120 de-acidified endolysosomes, increased the release of
ferrous iron out of endolysosomes, and that this released iron accumulated in the cytosol and
mitochondria where it increased levels of ROS. Furthermore, we showed the involvement

of two pore channels, divalent metal transporter 1, and mitochondrial permeability transport
pore opening in these effects. By inhibiting iron release from endolysosomes and/or iron
uptake into mitochondria it was possible to block HIV-1 gp120-induced effects on iron
homeostasis and ROS production. Together these results suggest that HIV-1 gp120-induced
changes to mitochondria might be downstream of endolysosome effects and that therapeutic
strategies against HAND might be directed against these upstream targets (Figure 5).

Previously, we reported that HIV-1 gp120 de-acidified neuronal endolysosomes and that
this de-acidification was reversed by the TRPML1 agonist ML-SAL (Bae et al., 2014).
Others too have reported, this time using human monocytes, that HIV-1 gp120 impaired
endolysosome acidification (Pietrella et al., 1998). Here, we confirmed and extended
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these studies by showing in U87MG glioblastoma cells that HIV-1 gp120 de-acidified
endolysosome pH to an extent similar to the vacuolar ATPase inhibitor Baf Al; a

known endolysosome de-acidifier (Yoshimori et al., 1991). Linked to endolysosome de-
acidification are changes to endolysosome morphology including increased endolysosome
volumes, decreased numbers of endolysosomes, and re-positioning of endolysosomes in
cells (Ohkuma and Poole, 1981; Myers et al., 1991; Fernandez et al., 2016; Datta et al.,
2019). Accordingly, we determined the effects of HIV-1 gp120 on endolysosome volumes
and numbers and found that HIV-1 gp120, similar to Baf Al, increased endolysosome
volumes and decreased endolysosome numbers.

Endolysosome positioning inside of cells is influenced by multiple factors including nutrient
status, motor proteins, and cytosolic and intra-lysosomal pH (Heuser, 1989; Parton et al.,
1991; Korolchuk et al., 2011; Johnson et al., 2016; Pu et al., 2016). Previously, we reported
that HIV-1 gp120 promoted the movement of endolysosomes away from the nucleus and
towards plasma membranes as well as increased endolysosome exocytosis (Datta et al.,
2019) and here using U87MG cells we found similarly that HIV-1 gp120 and the positive
control Baf A1 both caused movement of endolysosomes towards the periphery of cells
and away from their normal more perinuclear localization. We interpret our results that
de-acidified endolysosomes localize towards the periphery of the cell while more acidic
endolysosomes are positioned in a more juxtanuclear manner to support findings from
multiple laboratories (Heuser, 1989; Parton et al., 1991; Johnson et al., 2016).

Endolysosomes contain multiple mechanisms capable of regulating H* levels as well as
levels of divalent cations including calcium, iron, copper and zinc (Abouhamed et al., 2006;
Dong et al., 2008; Fernandez et al., 2016), and endolysosome de-acidification is known to
induce the release of these cations through various channels and transporters (Christensen
et al., 2002; Fernandez et al., 2016). Here we focused largely on two-pore channels

(TPC) because of findings that they are endolysosome-resident and when activated by their
endogenous agonist nicotinic adenine dinucleotide phosphate (NAADP) they release into the
cytosol both calcium (Calcraft et al., 2009) and iron (Fernandez et al., 2016). We found that
HIV-1 gp120 significantly decreased levels of ferrous iron in endolysosomes and that HIV-1
gp120 significantly increased levels of ferrous iron in cytosol and mitochondria. Those
findings suggested that HIV-1 gp120-induced release of ferrous iron from endolysosome
stores were sufficient to increase levels in the cytosol and in mitochondria, and this
suggestion was supported by findings that pretreatment with deferoxamine, an endocytosed
cell-impermeable iron chelator that specifically chelates iron in endolysosomes (LIoyd et
al., 1991; Cable and Lloyd, 1999), blocked the HIV-1 gp120-induced increases in the
cytosol and mitochondria. Further, inhibiting mitochondrial permeability transition pore
(mPTP) opening and divalent metal transporter 1 (DMT1) both blocked HIV-1 gp120-
induced increases in mitochondrial iron. Because DMT1 are localized on mitochondria

and endolysosome membranes (Abouhamed et al., 2006; Wolff et al., 2014; Wolff et al.,
2018), our results with the DMT1 inhibitor CISMBI might have been the result of inhibiting
endolysosome iron release and/or blocking mitochondrial iron uptake.

Although, our results suggest that HIV-1 gp120 disrupts endolysosome-mitochondrial iron
signaling it is not yet clear how iron is transferred between the two organelles. One
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possibility is a “kiss-and-run” mechanism where endolysosomes dock with and transfer

iron to mitochondria (Das et al., 2016; Hamdi et al., 2016). Alternatively, endolysosome de-
acidification might increase the iron translocation between endolysosomes and mitochondria
and thereby contribute to oxidative stress (Uchiyama et al., 2008). Regardless, HI\-1 gp120-
induced endolysosome iron efflux appears to be an upstream regulator of cytosolic and
mitochondrial iron homeostasis.

A well-known biological consequence of elevated cytosolic and mitochondrial iron is the
production of ROS through Fenton-based chemical reactions. We used assays to determine
effects of HIV-1 gp120 on levels of intracellular hydroxyl radicals (-OH), hydrogen
peroxide (H,05,), and superoxide radicals (:O,™7) as well as mitochondrial -:O,~ (Dikalov and
Harrison, 2014). Our findings of HIV-1 gp120-induced increases in mitochondrial-generated
superoxide and cytosolic ROS are consistent with previous findings that gp120 increased
levels of intracellular ROS (Russo et al., 2005; Shah et al., 2013; Lopez et al., 2017,

Datta et al., 2019). Our findings that pre-treatment with DFO reduced significantly HIV-1
gp120-induced increases in ROS strongly suggest the involvement of endolysosome iron

in these effects, but we cannot rule out the possibility that other cations might also be
involved as well as the possible involvement of endolysosome-independent mechanisms.
Although another study showed that endolysosome de-acidification led to increased ROS in
mitochondria independent of endolysosome iron release (Yambire et al., 2019) it is possible
that their experimental paradigm of persistent de-acidification resulted in endolysosome iron
depletion as well as sequestration of cytosolic iron by iron storage proteins.

Elevated levels of oxidative stress can result in many biological events up to and including
cell death. Under the conditions used here, we did not find any significant increase in levels
of cell death with 30 min or 24 h treatments with HIV-1 gp120, however others noted <
10% cell death in U87MG and SHSYS5Y cells treated for 24 h with HIV-1 gp120 (Russo et
al., 2005; Lopez et al., 2017). In contrast, 7 to 10 day treatments of U87MG cells increased
cell viability and cell proliferation (Valentin-Guillama et al., 2018). Furthermore, HIV-1
gp120-induced increases in ROS promoted U87MG cell proliferation through the activation
of glycolysis and the induction of protectant GRP78 (Lopez et al., 2017; Valentin-Guillama
et al., 2018). Cancer cells have elevated ROS and antioxidant levels compared to non-cancer
cells (Liou and Storz, 2010; Schieber and Chandel, 2014) and further studies are warranted
to determine mechanisms underlying HIV-1 gp120-induced effects on cell proliferation,
antioxidant levels, and cell viability.

Overall, our studies suggest that HIV-1 gp120 can induce a lysosomal stress response that
includes the release of endolysosome stores of ferrous iron. Further, this release of iron from
endolysosomes results in increased levels of iron in cytosol and mitochondria that results in
increased oxidative stress. Thus, crosstalk between endolysosomes and mitochondria might
participate in the pathogenesis of HAND and endolysosome iron might be targeted as an
early and upstream target for therapeutic interventions against HAND.
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Fig. 1. HIV-1 gp120 increased endolysosome pH and volumes, and decr eased endolysosome
numbers.

(A) Treatment of US7MG cells with 4 nM HIV-1 gp120 (closed squares) or the

vacuolar ATPase inhibitor bafilomycin Al (Baf Al, 200 nM, closed triangles) de-acidified
endolysosomes; de-acidification by HIV-1 gp120 remained elevated for 30 min while the
effects of Baf A1 normalized about 12 min following its application. For HIV-1 gp120,

peak de-acidification was observed by 30 min whereas for Baf Al peak de-acidification

was observed about 3 min following its application. (B) HIV-1 gp120 significantly increased
endolysosome pH units (p<0.0001) by 0.13 £ 0.01 pH units from control values of 5.28
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+ 0.01 to values of 5.41 + 0.01 and Baf Al significantly increased endolysosome pH

units (p<0.0001) by 0.18 + 0.01 pH units from control values of 5.28 + 0.01 t0 5.46 £

0.01. n=90, ****p<0.0001. (C) Representative Imaris 9.5 software (Oxford Instruments)
reconstructed and laser scanning confocal microscopy (inset) images of US7MG cells
treated for 30 min with 4 nM heat-inactivated gp120 (left panel, gp120') or HIV-1 gp120
(right panel). Lysosomes were stained with anti-LAMP1 antibody, plasma membranes
were stained with anti-betal sodium potassium ATPase antibody (red), and nuclei were
stained with anti-DAPI antibody. Qualitatively, endolysosomes exposed to gp120! displayed
a perinuclear distribution pattern but were larger and more dispersed towards plasma
membranes when exposed to HIV-1 gp120. (D) HIV-1 gp120 and the positive control Baf
Al both significantly (p<0.0001) decreased the number of LAMPZ1-positive vesicles/cell. (E)
HIV-1 gp120 and the positive control Baf A1 both significantly (p<0.0001) increased the
total volume of LAMP1-positive endolysosomes per cell. n= 900, ****p<0.0001.
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Fig. 2. HIV-1 gp120 decreased levels of endolysosome Fe?* and these decreases were blocked by an
inhibitor of two pore channels.

In US7MG cells, we determined the extent to which heat-inactivated HIV-1 gp120 (gp120'),
HIV-1 gp120 (gp120) and bafilomycin Al (Baf Al) decreased levels of endolysosome

FeZ* and whether the inhibitor of two-pore channels Ned-19 blocked these decreases.
(A-B) Representative scanning confocal microscope images of U87MG cells treated for

30 min with either (A) heat-inactivated HIV-1 gp120 (gp120') or (B) 4 nM HIV-1 gp120.
Qualitatively, treatment of U87MG cells for 30 min with 4 nM HIV-1 gp120 (Figure 2B)
but not gp120' (Figure 2A) decreased FeRhoNox-1 fluorescence staining for FeZ*. (C)
Quantitatively, levels of endolysosome Fe2* as indicated by mean fluorescence units (MFI)
for FeRhoNox-1 staining were significantly (p<0.01) decreased by HIV-1 gp120 and by
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Baf Al (p<0.0001); the decrease produced by Baf Al was significantly (p<0.01) greater
than that produced by HIV-1 gp120. (D) Mean fluorescence intensity (MFI) values for
FeRhoNox-1 staining were significantly (p<0.01) decreased by HIV-1 gp120 and these
decreases were effectively blocked by 10 pM Ned-19, an inhibitor of endolysosome two
pore channels. N = 900, **p<0.01, **p<0.0001
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Fig. 3. Effects of deferoxamine, and inhibitors of two pore channels and divalent metal
transporter 1 on levels of cytosoliciron and ROS.

(A) Levels of cytosolic Fe2* were measured using the “turn-off” quenching dye PhenGreen

SK (PGSK). Data were transformed to the reciprocal of mean fluorescence intensity (1/
MPF1) to illustrate more clearly the ability of gp120 to increase levels of cytosolic FeZ*.
Levels of cytosolic FeZ* were significantly (p<0.0001) increased by 30 min treatments
with 4 nM HIV-1 gp120. Pre-treatment of cells for 1 h with the endolysosome-specific
FeZ* chelator deferoxamine (DFO, 100 pM) significantly (p<0.0001) blocked HIV-1
gp120-induced increases in levels of cytosolic Fe2*. Levels of cytosolic Fe2* were not
significantly affected by vehicle controls (PBS). (B) Levels of cytosolic ROS using
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2,7-dichlorodihydrofluoroscein (DCF) were significantly (p<0.0001) increased by 30 min
treatments of U87MG cells with 4 nM HIV-1 gp120. Pre-treatment of cells for 1 h with DFO
(100 pM) significantly (p<0.0001) decreased basal levels of cytosolic ROS and significantly
(p<0.0001) blocked HIV-1 gp120-induced increases in cytosolic ROS. (C) Pre-treatment

of cells with 10 uM Ned-19, an inhibitor of endolysosome associated two pore channels
(TPCs), significantly (p<0.05) blocked HIV-1 gp120-induced increases in levels of cytosolic
ROS. (D) Pre-treatment of cells with 100 uM CISMBI, an inhibitor of divalent metal
transporter 1 (DMT1), significantly (p<0.01) blocked HIV-1 gp120-induced increases in
levels of cytosolic ROS. Levels of DCF fluorescence were measured as mean fluorescence
intensity (MFI). N = 10,000, *p<0.05; **p<0.01; ****p<0.0001.

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2022 October 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Halcrow et al.

Page 24

A.
150- 1 7l e
3
£ g
= g =
£ SE
28 1004 §:
O -
£ 0
g g
3 =
&
C. D.
15000~
200
¢
é‘_‘ 400- -! - 10000
e g ™
8 £
b § 100- g 5000
3 3
82 .
3 0-
=]
0- & Q‘b
S PP PP
& ® N
A ) ’b
[l
E F
weve 15000~
=
15000+

5000+

Fig. 4. Effects of deferoxamine, and inhibitors of two pore channels, mitochondrial permeability
transition pore opening, and divalent metal transporter 1 on H1V-1 gp120-induced increasesin
mitochondrial Fe?* and ROS levels.

Mitochondrial iron levels were measured using the quenching dye rhodamine B-[(2,2’-
bipyridine-4-yl)-aminocarbonyl]benzyl ester (RDA) and RDA fluorescence data were
expressed as 1/MFI to illustrate more clearly the effects of HIV-1 gp120 on levels of
mitochondrial iron and ROS. (A) 4 nM HIV-1 gp120 significantly (p<0.0001) increased
levels of mitochondrial iron while 1 h pre-treatment with 100 uM DFO significantly
(p<0.0001) blocked HIV-1 gp120-induced increases in mitochondrial Fe2*. (B) MitoSox
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Red was used as a measure of mitochondrial ROS and superoxide radicals. Mean
fluorescence intensity (MFI) was significantly (p<0.0001) increased by 30 min treatment

of U87MG cells with 4 nM HIV-1 gp120, while 1 h pretreatment of cells with 100 pM

DFO significantly (p<0.0001) reduced HIV-1 gp120-induced increases in mitochondrial
ROS (C) Pre-treatment of cells with the mitochondrial permeability transition pore inhibitor
TRO-19622 (TRO, 3 uM) (p<0.0001), the divalent metal transporter 1 inhibitor 2-(3-
carbamimidoylsulfanylmethyl-benzyl)- isothiourea (CISMBI, 100 pM) (p<0.001), or the two
pore channel inhibitor Ned-19 (10 uM, p<0.0001) blocked HIV-1 gp120-induced increases
in mitochondrial Fe2*. (D) HIV-1 gp120-induced increases in mitochondrial ROS were
significantly (p<0.0001) inhibited by pretreating cells for 30 min with 10 uM Ned-19, an
inhibitor of endolysosome-resident two pore channels. (E) HIV-1 gp120-induced increases
in mitochondrial ROS were significantly (p<0.0001) inhibited by pretreating cells for 30 min
with 3 uM TRO, an inhibitor of mitochondrial permeability transition pore (mPTP) opening.
(F) HIV-1 gp120-induced increases in mitochondrial ROS were significantly (p<0.0001)
inhibited by pretreating cells for 30 min with 100 uM CISMBI, an inhibitor of divalent metal
transporter 1 (DMT1). N = 25, ****p<0.0001.
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Fig. 5. HIV-1 gp120-induced release of Fe2t from endolysosomes resultsin increased levels of Fe2t
and ROS in cytosol and mitochondria.

HIV-1 gp120 increases endolysosome pH, which then induces an efflux ferrous Fe2* through
endolysosome-resident cation channels including divalent metal transporter (DMT1) and
two pore channels (TPC). Ferrous iron released from endolysosomes can accumulate in the
cytosol and can be uptaken into mitochondria via DMT1 or mitochondrial permeability
transition pore (mPTP) opening. Ferrous iron can catalyze Fenton reactions and the
generation of reactive oxygen species (ROS). Mitochondrial ROS may signal back to
endolysosomes to further exacerbate endolysosome dysfunction and the release of Fe2*.
HIV-1 gp120-mediated increases in cytosolic and mitochondrial ROS can be attenuated with
inhibitors of DMT1 (CISMBI), TPC (Ned-19), and mPTP (TRO) channels.
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