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Abstract Mounting evidence suggests that antiretroviral
drugs may contribute to the persistence of HIV-associated
neurocognitive disorders (HAND), which impact 30%—-50%
of HIV-infected patients in the post-antiretroviral era. We pre-
viously reported that two first generation HIV protease inhib-
itors, ritonavir and saquinavir, induced oxidative stress, with
subsequent neuronal death in vitro, which was reversed by
augmentation of the endogenous antioxidant response by
monomethyl fumarate. We herein determined whether two
newer-generation PIs, darunavir and lopinavir, were deleteri-
ous to neurons in vitro. Further, we expanded our assessment
to include three integrase strand transfer inhibitors, raltegravir,
dolutegravir, and elvitegravir. We found that only lopinavir
and elvitegravir were neurotoxic to primary rat neuroglial cul-
tures as determined by the loss of microtubule-associated pro-
tein 2 (MAP2). Intriguingly, lopinavir but not elvitegravir led
to oxidative stress and induced the endogenous antioxidant
response (EAR). Furthermore, neurotoxicity of lopinavir
was blocked by pharmacological augmentation of the endog-
enous antioxidant heme oxygenase-1 (HO-1), expanding our
previous finding that protease inhibitor-induced neurotoxicity
was mediated by oxidative stress. Conversely, elvitegravir but
not lopinavir led to increased elF2 o phosphorylation, indicat-
ing the activation of a common adaptive pathway termed the
integrated stress response (ISR), and elvitegravir-mediated
neurotoxicity was partially alleviated by the ISR inhibitor
trans-ISRIB, suggesting ISR as a promoter of elvitegravir-
associated neurotoxicity. Overall, we found that neurotoxicity
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was induced only by a subset of protease inhibitors and
integrase strand transfer inhibitors, providing evidence for
class- and drug-specific neurotoxic effects of antiretroviral
drugs. Future in vivo studies will be critical to confirm the
neurotoxicity profiles of these drugs for incorporation of these
findings into patient management. The EAR and ISR path-
ways are potential access points for the development of ad-
junctive therapies to complement antiretroviral therapies and
limit their contribution to HAND persistence.

Keywords HIV - HIV-associated neurocognitive disorders -
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Introduction

Human immunodeficiency virus (HIV) affects 36.9 million
people globally (UNAIDS 2015) and 1.1 million people in
the United States alone (Centers for Disease Control and
Prevention 2016). Left untreated, HIV replicates in blood
and tissues, eventually leading to debilitating loss of immune
function defined as acquired immune deficiency syndrome
(AIDS). AIDS patients are susceptible to opportunistic infec-
tions which are often lethal. However, the introduction of
combination antiretroviral therapy in 1996 transformed HIV
diagnosis from a death sentence into a chronic, manageable
condition with minimal to no effect on life expectancy in the
absence of comorbidities (Lai et al. 2006; Teeraananchai et al.
2016).

Despite the pronounced benefits of antiretroviral therapy,
the incidence of neurological complications among HIV-
infected individuals has not declined. In fact, HIV-associated
neurocognitive disorders (HAND) remain prevalent, with es-
timates ranging between 15% and 55% in HIV-infected
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patients (Saylor et al. 2016). Although the diagnosis of severe
neurological dysfunction, termed HIV-associated dementia
(HAD), is now rare, the incidence of both asymptomatic
neurocognitive impairment (ANI) and mild neurocognitive
disorder (MND) has increased (Sacktor et al. 2016).
Additionally, while approximately 70% of HAND patients
are asymptomatic, ANI patients are two to six fold more likely
than neurocognitively normal patients to progress to symp-
tomatic disease (Grant et al. 2014). Moreover, with the expect-
ed increase in life expectancy of HIV-infected individuals
afforded by antiretroviral therapy, age-related changes in the
central nervous system (CNS) may exacerbate HAND symp-
toms (Gelman and Schuenke 2004; Cohen et al. 2015; Tan
etal. 2013).

Persistence of HAND despite viral suppression by antire-
troviral therapy is not well understood. The cause is likely
multifactorial, with contributions from HIV-related factors
(Kaul and Lipton 2006; Chen et al. 2014) as well as from
antiretroviral drugs (ARVs) themselves (Treisman and
Soudry 2016; Shah et al. 2016). Several studies found that
ARVs with higher CNS penetration effectiveness were asso-
ciated with more frequent neurological symptoms, indicating
a role for ARV toxicity (Marra et al. 2009; Caniglia et al.
2014; but see Carvalhal et al. 2016; Smurzynski et al. 2011
for alternative results). Numerous studies also demonstrated
the potential for ARV to cause oxidative stress, endoplasmic
reticulum (ER) stress, and mitochondrial dysfunction, with
subsequent synaptodendritic damage and neuron loss both
in vivo and in vitro (Akay et al. 2014; Gannon et al. 2017,
Robertson et al. 2012; Brown et al. 2014). As neurotoxicities
associated with different ARV's may vary, and given the con-
tinuing development of newer and more effective ARVs,
questions remain regarding the potential for current therapies
to instigate long-term adverse neurological effects.

ARVs can be broadly categorized into five classes accord-
ing to their mechanism of action: entry inhibitors, nucleoside
reverse transcriptase inhibitors (NRTIs), nonnucleoside re-
verse transcriptase inhibitors (NNRTIs), integrase strand
transfer inhibitors (INSTIs), and protease inhibitors (PIs).
Currently, the United States Department of Health and
Human Services (DHHS) recommends that frontline treat-
ment for adult HIV-infected individuals should include either
an INSTI or a PI in combination with two NRTIs (DHHS
2016a). We previously showed that two first generation Pls,
ritonavir and saquinavir, led to oxidative stress and neurotox-
icity (Akay et al. 2014). Herein, we expanded our investiga-
tion to include three INSTIs, elvitegravir (EVG), dolutegravir
(DTGQG), and raltegravir (RAL), as well as two commonly used
PIs darunavir (DRV) and lopinavir (LPV). All are currently
recommended by the DHHS as frontline treatment options for
adults and adolescents, except for LPV which is recommend-
ed by the DHHS and the WHO for all children under three
years of age (DHHS 2016a; WHO 2016a). We investigated

the neurotoxicity profiles of these ARVs in vitro and exam-
ined the underlying mechanisms contributing to toxicity.

Materials and Methods

Chemicals and Reagents The following antibodies were pur-
chased from the indicated vendors: Enzo Life Sciences
(Farmingdale, NY): heme oxygenase-1 (HO-1, ADI-SPA-
896); Abcam (Cambridge, MA): glutathione-S-reductase
(GSR, ab16801); Cell Signaling Technology (Danvers,
MA): phosphorylated eukaryotic initiation factor 2«
(pelF2«, 9721), total elF2x (9722); BD Transduction
Laboratories (San Jose, CA): binding immunoglobulin protein
(BiP, 610,978); BioLegend (San Diego, CA): microtubule-
associated protein 2 (MAPs2, 801,801). The following chem-
ical reagents were purchased from the indicated vendors:
Citifluor (London, UK): 4',6-diamidino-2-phenylindole
(DAPI); Invitrogen (Carlsbad, CA): Dulbecco’s Modified
Eagle’s Medium (DMEM), neurobasal medium, B27 supple-
ment; BioRad (Hercules, CA): Bradford protein assay dye,
polyvinylidene fluoride (PVDF) membrane, prestained broad
range molecular weight ladder; Sigma Aldrich (St. Louis,
MO): Tween 20, Triton X-100, Fast Green FCF, protease in-
hibitor cocktail, bovine serum albumin (BSA), dimethyl sulf-
oxide (DMSO); Peptides International (Louisville, KY): Poly-
L-Lysine; Scytek Labs (Logan, UT): normal antibody diluent
(NAD); Millipore (Temecula, CA): Luminata Classico ECL;
Thermo Fisher Scientific (Waltham, MA): CellRox Green,
tetramethylrhodamine methyl ester (TMRM); Tocris
Bioscience (Bristol, UK): 1-(2-Cyano-3,12,28-trioxooleana-
1,9(11)-dien-28-yl)-1H-imidazole (CDDO), N,N'-trans-1,4-
cyclohexanediylbis[2-(4-chlorophenoxy)acetamide] (trans-
ISRIB). All horse radish peroxidase (HRP)-conjugated sec-
ondary antibodies were obtained from Thermo Fisher
Scientific, and all fluorescent dye-conjugated secondary anti-
bodies were obtained from Jackson ImmunoResearch Labs
(West Grove, PA). ARVs were kindly provided by the AIDS
Research and Reference Reagent Program, Division of AIDS,
National Institute of Allergy and Infectious Diseases, NIH
(Bethesda, MD).

Preparation of Primary rat Cortical Neuroglial Cultures
Primary rat cortical cultures were prepared from embryonic
day 18 Sprague-Dawley rat embryos (Charles River
Laboratories, Seattle, WA). Brains were isolated, and dissect-
ed cortices were incubated for 40 min in DMEM +0.027%
trypsin as described previously (Wilcox et al. 1994). Cells
were then washed in saline, triturated, resuspended in
neurobasal media supplemented with B27, and plated on
poly-L-lysine-coated 6-well (9.4-cm® growth area) or 24-
well (1.9-cm? growth area) plates (USA Scientific, Ocala,
FL) at a concentration of 500,000 cells/ml. Cultures contained
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approximately 90% neurons and 10% astrocytes/glia and were
maintained in neurobasal media supplemented with B27 at
37 °C with 5% CO, as described previously (Gannon et al.
2017; Akay etal. 2011). On 10 days in vitro (DIV), 20% fresh
media was added. Cells were treated on DIV 14-16.

Drug Treatments Cells were treated with individual ARV's
for the times and doses as indicated. DTG, RAL, and EVG
were prepared as 50-mM stock solutions in DMSO, whereas
RTV, LPV, and DRV were prepared as 25-mM stock solutions
in DMSO. In specific experiments, CDDO (prepared as a 50-
mM stock solution in DMSO) or trans-ISRIB (prepared as a
10-mM stock solution in DMSO) was used for 1-h pretreat-
ment before the indicated ARV treatments.

Immunofluorescence Following treatment, cells were rinsed
with phosphate-buffered saline (PBS) and fixed with 4% para-
formaldehyde for 20 min. Cells were then rinsed twice in PBS
and three times in PBS containing 0.1% Tween 20 (PBS-T),
followed by a 30-min incubation with a blocking/
permeabilization solution containing 0.2% BSA + 0.1%
Triton-X in PBS. Cells were rinsed three times in PBS-T and
incubated with MAP2 primary antibody diluted at 1:4000 in
NAD for 2 h at room temperature. Following three washes in
PBS-T, cells were then incubated with a FITC-conjugated
goat anti-mouse secondary antibody diluted at 1:500 in
NAD for 30 min at room temperature. Cells were then imaged
using a Keyence BZ-X-700 digital fluorescent microscope
(Keyence Corporation, Itasca, IL) affixed with UV, FITC,
Cy3, and Cys5 filters. Images captured at X20 magnification
were analyzed with the BZ-X Keyence software to quantify
the number of neurons. Specifically, the number of neurons,
identified as cells expressing MAP2, was averaged across a
total of 25 fields/well, with 2—4 wells/treatment condition for
each biological replicate. Data were analyzed using GraphPad
Prism statistical software (version 7.0; GraphPad, San Diego,
CA), and data were expressed as mean fold change from un-
treated (UT) + standard error of the mean (SEM).

Immunoblotting Following treatment, cells were rinsed
twice with PBS and lysed with whole cell lysis buffer
(50 mM Tris pH 7.5, 120 mM NaCl, 0.5% NP-40, 0.4 mM
NaF, 0.4 mM Na3VO04, and 1:100 protease inhibitor cocktail).
Protein supernatants were collected with centrifugation at
20,000 g for 10 min at 4 °C. Protein concentrations were
determined using the Bradford method, and 3-5 pg total pro-
tein per condition was loaded into each lane of precast 10%
Bis-Tris NuPAGE Novex gels (Thermo Fisher Scientific).
Proteins were then transferred to PVDF membranes, which
were blocked with 5% BSA in tris-buffered saline containing
0.1% Tween 20 (TBS-T) for 1 h at room temperature and
incubated overnight with primary antibodies at 4 °C.
Following three washes in TBS-T, membranes were incubated
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with HRP-conjugated secondary antibody (1:5000 in 5%
BSA + TBS-T) for 30 min at room temperature. Bands were
visualized by chemiluminescence with Luminata Classico
ECL, and images were captured by film development or
ChemiDoc Touch imaging system (BioRad). Equal loading
and even transfer of samples were confirmed using fast green
staining of the membranes. Densitometric analysis of band
intensities was conducted using Image]J software (v1.44,
NIH), and all bands were normalized to fast green stain.
Data were analyzed using GraphPad Prism statistical soft-
ware, and data were expressed as mean fold change from
UT + SEM.

CellRox Green Live Cell Imaging CellRox Green oxidative
stress detection reagent was purchased as a stable 2.5-mM
solution dissolved in DMSO. Aliquots were stored at
—20 °C protected from light and with a desiccant, thawed just
prior to use. Directly following drug treatments, CellRox was
added to cell media at a final concentration of 5 uM and
incubated at 37 °C for 30 min according to manufacturer’s
instructions. Cells were then visualized at 20x using
Keyence BZ-X-700 digital fluorescent microscope by time-
lapse live cell imaging. Images of each well were captured
approximately every 6 min for 1 h following the incubation
period. Cell media were then removed, and cells were rinsed
and fixed with 4% paraformaldehyde for 20 min prior to im-
munofluorescence staining, as described above. Images of
cells stained with MAP2/DAPI were then merged with
CellRox Green images using Adobe Photoshop.
Quantification of CellRox Green fluorescence was achieved
using Keyence BZ-X analysis software. Data were analyzed
using GraphPad Prism statistical software, and data were
expressed as mean fold change from UT + SEM.

Results

Elvitegravir but Not Dolutegravir or Raltegravir is Toxic
to Neurons In Vitro Given that INSTIs are an integral part of
the updated frontline treatment for HIV, we first determined
the effects of three commonly prescribed INSTIs, EVG, DTG,
and RAL, on MAP2 expression in primary neuroglial cul-
tures. We treated cells with individual ARVs at 0.1, 1, or
10 uM either one time for two days or every other day for
four days (see Table 1 for comparison with in vivo
concentrations of INSTIs used in this study). While 2- and
4-day treatments with EVG at lower concentrations did not
lead to neuronal damage as determined by the reduction in the
number of MAP2-positive cells, 10 uM EVG led to a nonsig-
nificant decrease in MAP2 at 2 days and an average of
76% MAP2 loss at 4 days (Fig. la, b). In contrast,
neither DTG (Fig. la, ¢) nor RAL (Fig. la, d) was
neurotoxic at any dose or time point tested.



J Neuroimmune Pharmacol (2018) 13:64-76

67

Table 1 Reported patient plasma

and cerebrospinal fluid Drug Plasma concentration ~ Maximum plasma CSF concentration ~ Maximum CSF
concentrations of the (ng/ml) concentration (uM)  (ng/ml) concentration (M)
antiretroviral drugs evaluated in
this study Concentration range is Elvitegravira 450-1700 3.8 24-11.7 0.03
provided in ng/ml and the maxi- Dolutegravir®  220-3340 8.0 12.6-16.2 0.04
mum measured concentration is Raltegravir® 1140-1502 34 6.0-94.2 021
provided in uM to allow for direct .4
comparison with doses tested in Lopinavir 154-16,700 26.6 1.93-78.3 0.12
the current study Darunavir® 1800-12,900 23.6 15.9-212 0.39
CSF Cerebrospinal fluid

 (Ramanathan et al. 2011; Podany et al. 2017)

°(Cottrell et al. 2013)
¢ (Yilmaz et al. 2009a)
9 (Tiraboschi et al. 2015)
¢ (Yilmaz et al. 2009b)

Lopinavir but Not Darunavir is Toxic to Neurons In Vitro
PIs are the second most commonly prescribed ARVs.
Specifically, DRV is the only currently recommended front-
line PI for adults in the United States, whereas LPV is the PI of
choice both in the United States and globally for the treatment
of children under the age of three (DHHS 2016a; WHO
2016a). Hence, we determined the effects of these drugs on
MAP2 expression in primary neuroglial cultures. We treated
cells with ARVs individually at either 0.1, 1, or 10 uM for

Fig. 1 EVG but not DTG or a
RAL is toxic to primary rat
cortical neuroglial cultures. a
Cultures were treated with DMSO Ut
vehicle or 0.1 uM, 1 uM, or

10 uM EVG, DTG, or RAL for
either 2 days or every other day
for 4 days. Representative images
of neuroglial cultures
immunostained for MAP2 (green)
and DAPI (blue) after treatment
with 10 pM of indicated com-
pounds for 4 days are shown at
20x magnification. Scale bar rep-
resents 100 uM. b-d
Quantification of MAP2+ cells
treated with indicated compounds
is shown (repeated measures two-
way ANOVA followed by
Dunnett’s test, n = 3, *p < 0.05,
**p < 0.01 vs drug vehicle).
Dashed lines represent untreated
(UT) cultures

EVG

DTG

RAL

- -

2 days (see Table 1 for comparison with in vivo measured
concentrations of PIs used in this study). At lower concentra-
tions, LPV was not toxic; however, 10 uM LPV led to an
average of 54% MAP?2 loss (Fig. 2a, b). In contrast, DRV
was not toxic at any dose after 2 days. Surprisingly, treatment
with 0.1 uM DRV led to an increase in the number of MAP2+
cells compared with the vehicle control (Fig. 2a, c).

In clinical practice, Pls are often administered with a low
“booster” dose of RTV to inhibit the metabolism of
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Fig. 2 LPV but not DRV is toxic
to primary rat cortical neuroglial
cultures. a Cultures were treated
with DMSO vehicle or 0.1 pM,

1 uM, or 10 uM LPV or DRV for
2 days. Representative images of
neuroglial cultures immunostained
for MAP2 (green) and DAPI (blue)
after treatment with 10 uM of the
indicated compounds are shown at
20x magnification. Scale bar repre-
sents 100 M. b—c Quantification
of MAP2+ cells treated with indi-
cated compounds is shown (repeat-
ed measures one-way ANOVA
followed by Dunnett’s test, n = 3,
*¥p < 0.01 vs drug vehicle).
Dashed lines represent untreated
(UT) cultures. d Neurons were
treated with LPV and DRV with or
without simultaneous RTV or RTV
vehicle treatment. RTV booster
concentrations were given in fixed
ratios with LPV and DRV concen-
trations. Quantification of MAP2+
cells treated with indicated com-
pounds is shown (repeated mea-
sures two-way ANOVA followed
by Dunnett’s test, n = 3, *p < 0.05,
**p < 0.01 vs drug vehicle).
Dashed line represents untreated

(UT) cultures

b

1.

-

MAP2(+) cell count
(fold change from UT)
o

o
=)

concomitantly prescribed ARVs and increase their bioavail-
ability. These combinations are packaged into fixed-ratio pill
forms such that RTV dose is increased by the same ratio as the
primary PI if the regimen is altered. Based on our previous
work demonstrating that RTV was neurotoxic at 10 uM
in vitro (Gannon et al. 2017; Akay et al. 2014), we determined
whether lower doses of RTV administered as part of an ARV
regimen could alter the effects of other PIs. Cells were treated
for 2 days with LPVor DRV at 0.1, 1, or 10 1M concentrations
either alone or with corresponding RTV booster concentra-
tions of 0.02, 0.2, or 2 uM, respectively. Although 2 pM
RTV was neurotoxic after two days regardless of concomitant
treatment with DRV, none of the combinations tested were
more toxic than either ARV alone (Fig. 2d).

Lopinavir but Not Elvitegravir Increases Reactive Oxygen
Species (ROS) We previously observed that ARVs caused
oxidative stress in the CNS in vivo (Akay et al. 2014).
Therefore, we next determined whether LPV and EVG led to
ROS accumulation in neurons. The oxidative stress indicator
CellRox Green was added to the culture media together with
LPVor EVG, and live cell imaging was conducted 1 h later as
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described in the Methods section. The green fluorescence in
the nucleus, indicating the accumulation of the oxidized com-
pound in the presence of ROS, was significantly increased by
LPV compared to DMSO vehicle control. In contrast to LPV,
however, EVG did not lead to an increase in ROS; instead,
both DMSO and EVG led to a reduction in ROS levels even
below those measured in untreated cultures (Fig. 3a, b).

Lopinavir but Not Elvitegravir Activates the Endogenous
Antioxidant Response Based on our observation of oxidative
stress induced by LPV, we sought to determine whether the
endogenous antioxidant response was activated. To that end,
we assessed the levels of heme oxygenase-1 (HO-1), a canon-
ical indicator of endogenous antioxidant response activation
with potent antioxidant properties, in lysates prepared from
cultures treated with 0.1, 1, or 10 uM LPV for 4, 8, or 20 h.
As shown in Fig. 4a and b, we observed that HO-1 protein
levels were increased in cultures treated with 10 uM LPV for
20 h, in addition to a nonsignificant increase after 8 h. In
contrast, EVG treatment had no significant effect on HO-1
(Fig. 4e, f). Another common mediator of cellular toxicity is
an adaptive cellular response called the integrated stress
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Fig.3 LPV butnot EVG induces
oxidative stress. a Rat cortical
neuroglial cultures were treated
with DMSO vehicle or 10 uM
LPVor EVG for 1 h prior to the
addition of CellRox Green
reagent and live cell imaging.
Images captured by time-lapse
live imaging were merged with
the images of the same cells that
were subsequently fixed and im-
munostained for MAP2 and
DAPI Representative images
captured 30 min following
CellRox addition show cells im-
munostained for MAP2 (red),
DAPI (blue), and CellRox green
at 20x magnification. Scale bar
represents 100 wm; white arrows
indicate examples of neurons that
accumulated CellRox green dye.
b Quantification of the area posi-
tive for CellRox green fluores-
cence normalized to untreated
(UT) cultures (dashed line) is
shown (repeated measures one-

way ANOVA followed by b —
Dunnett’s test, n = 4, *p < 0.05 vs © |5 31 *
drug vehicle) o
€ T
o9
Q & 24
3 &
Q c
S8 4
o L T-~~-~"~"~°"-°"°°°==°"7" = r©TTTTT=======
o ©O
=T
[T -
2 0 . N e
Veh LPV EVG

response (ISR), which we previously identified as a correlate
of neuropathological changes in HIV-infected patients (Lindl
et al. 2007; Akay et al. 2012). Thus, we determined whether
two canonical ISR markers, BiP and phospho-elF2«
(pelF2 ), were altered in neurons exposed to 10 uM LPV or
EVG for4, 8, or 20 h. Surprisingly, we observed no changes in
either BiP or the ratio of pelF2a/telF2« following LPV treat-
ment, aside from a nonsignificant increase in BiP after 20 h
(Fig. 4a, c, d). In contrast, 10 uM EVG treatment led to an
early increase in pelF2a/telF2« at 4 h, followed by a decrease
at 20 h (Fig. 4e, h).

Induction of Heme Oxygenase-1 by CDDO is Protective
against Lopinavir-Induced Neurotoxicity HO-1 is a critical
endogenous antioxidant component of the cell, and its phar-
macological induction was previously demonstrated to be pro-
tective against a variety of CNS insults including RTV-
mediated neurotoxicity (Chen 2014; Cross et al. 2011; Akay
et al. 2014). Thus, we hypothesized that augmentation of HO-
1 might be neuroprotective against LPV-induced neuronal

death. CDDO is a triterpenoid known to induce the expression
of antioxidant response element genes including HO-1 via
activation of the transcription factor nuclear factor erythroid
2-related factor 2 (Nrf2) (Yates et al. 2007). We determined
whether CDDO could augment HO-1 expression in LPV-
treated cultures. Indeed, after 20 h of treatment, HO-1 was
increased in cultures exposed to CDDO or LPV alone and
was further increased by the combination of both compounds
(Fig. 5a, b). Surprisingly, under the same conditions, neither
CDDO nor LPV led to a change in the protein levels of glu-
tathione reductase (GSR), another component of the endoge-
nous antioxidant response targeted by Nrf2 (Fig. 5a, ¢). In
agreement with its ability to augment HO-1 expression,
CDDO pretreatment was able to completely block LPV-
induced neurotoxicity (Fig. 5d, e), indicating both a mecha-
nistic role for oxidative stress in LPV-mediated neurotoxicity
as well as a neuroprotective role for HO-1. In contrast, con-
sistent with our observed lack of ROS accumulation and HO-1
induction following EVG treatment, CDDO had no effect on
EVG-induced neurotoxicity (Fig. 51).
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Fig.4 LPV butnot EVG induces a Time: 4h 8h 20h e 4h 8h 20h
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pelF2a/telF2«. a Rat cortical

neuroglial cultures were treated BiP
with DMSO vehicle or 10 uM
LPV for 4, 8, or 20 h.
Representative blots are shown.
FG, fast green loading control. b—
d Band intensities of HO-1, BiP,
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Attenuation of the Activation of Integrated Stress
Response is Partially Protective against Elvitegravir-
Induced Neurotoxicity ISR is a common pathway activated
for cellular adaptation to extrinsic factors (e.g. amino acid and/
or glucose deprivation, viral infection, hypoxia) as well as
intrinsic stress pathways (e.g. ER stress); elF2x phosphoryla-
tion plays a central role in ISR in a wide variety of physiolog-
ical and pathological conditions including numerous neurode-
generative diseases, as evidenced by neuroprotection achieved
with the inhibition of elF2x phosphorylation (Halliday and
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Mallucci 2014; Hetz and Mollereau 2014; Halliday et al.
2015). Therefore, we determined whether reducing elF2«x
phosphorylation was neuroprotective against EVG-induced
neuronal death. A small molecule, trans-ISRIB, was recently
shown to prevent pelF2x-mediated ISR activation and im-
prove memory in vivo (Sidrauski et al. 2013). We determined
whether trans-ISRIB could attenuate the EVG-mediated
increase in pelF2o and subsequent neurotoxicity. As
shown in Fig. 6a, 1-h pretreatment with trans-ISRIB led
to a reduction in pelF2x in EVG-treated neurons, whereas
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Fig. 5 Pharmacological induction of HO-1 is protective against LPV-
induced neurotoxicity. a Rat cortical neuroglial cultures were pretreated
with either DMSO vehicle or 0.1 puM CDDO for 1 h prior to 20 h treat-
ment with DMSO vehicle or 10 uM LPV. Representative immunoblots
are shown. GSR, glutathione reductase; FG, fast green loading control. b—
¢ HO-1 and GSR band intensities were quantified using ImagelJ software
(repeated measures two-way ANOVA followed by Dunnett’s test, n = 3,
#p < 0.05, ¥¥p < 0.01 vs drug vehicle, #p < 0.01 vs CDDO vehicle). d
Cultures were pretreated with either DM SO vehicle or 0.1 uM CDDO for
1 h prior to 48 h treatment with DMSO vehicle or 10 uM LPV.
Representative images of LPV-treated cells immunostained for MAP2

total elF2« levels were not affected by trans-ISRIB treat-
ment. Furthermore, EVG-induced neurotoxicity was sig-
nificantly attenuated in cultures that were pretreated with
trans-ISRIB (Fig. 6b, c¢), suggesting ISR as a contributor in
EVG-mediated neurotoxicity and trans-ISRIB as a poten-
tial neuroprotective agent.
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(green) and DAPI (blue) are shown at 20x magnification. Scale bar rep-
resents 100 uM. e Quantification of MAP2+ cells treated with indicated
compounds is shown (repeated measures one-way ANOVA followed by
Dunnett’s test, n = 3, *p < 0.05 vs drug vehicle). f Cultures were
pretreated with DMSO vehicle or 0.1 uM CDDO for 1 h prior to
10 uM EVG treatment. After 48 h, cells were retreated with DMSO
vehicle or 10 uM EVG for another 48 h, followed by immunostaining.
Quantification of MAP2+ cells treated with indicated compounds is
shown (repeated measures one-way ANOVA followed by Dunnett’s test,
n=3,*¥%p <0.01 vs drug vehicle)

Discussion
The introduction of ART was a life-saving advancement in
HIV/AIDS, and our most urgent goal is to expand access to

therapy around the world (WHO 2016b). However, given the
continued persistence of HAND despite effective viral
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Fig. 6 Pharmacological
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trans-ISRIB for 1 h before treat- Q«
ment with 10 uM EVG for 4 h.
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pretreated with either DMSO ve-
hicle or 5 uM trans-ISRIB for 1 h
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EVG every other day for 4 days.
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suppression with ARVs, a better understanding of potential
ARV neurotoxicities is necessary as patients remain on ART
for decades due to increased lifespan. In particular, the most
recently introduced class of ARV, INSTIs, requires further
investigation as their worldwide use continues to grow.

In the present study, we investigated the in vitro effects of
five drugs including the INSTIs EVG, DTG, and RAL and the
PIs LPV and DRY, all of which are recommended as part of
current frontline regimens for HIV-infected individuals in the
U.S (DHHS 2016a; DHHS 2016b). Neuronal damage was
induced by EVG and LPV only, and LPV but not EVG led
to oxidative stress while EVG but not LPV led to transient ER
stress. Furthermore, pharmacological induction of the endog-
enous antioxidant HO-1 was sufficient to reverse LPV-
induced neuronal damage, and attenuation of the ISR by
trans-ISRIB partially protected against EVG-induced neuro-
nal damage.

Of the three INSTIs tested, only EVG caused neuronal
damage in primary rat cultures. This within-class difference
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was dramatic, with EVG causing a 76% loss of MAP2, where-
as the same dose and time course of treatment with DTG or
RAL had no effect. Of note, DRV actually led to an increase in
the number of MAP2+ cells after 2-day treatment with the
lowest dose, which may represent a protective affect against
minor neurotoxicity of the DMSO vehicle. These data also
corroborate previous studies showing the lack of in vitro tox-
icity of RAL (Blas-Garcia et al. 2014). Thus, it may be war-
ranted for clinicians to consider this observation when decid-
ing between the three drugs, especially in younger patients
who are anticipated to take ARVs for several decades.
However, it is critical to interpret these data with caution and
in the full context of other studies. For instance, while we
found no evidence of neurotoxicity with DTG in our model,
which was consistent with many comprehensive studies of
patient populations (Kanters et al. 2016; Singh et al. 2016a),
other recent evidence indicates that potential CNS toxicity of
DTG should not be overlooked (Hoffmann et al. 2017;
Kheloufi et al. 2015; de Boer et al. 2016). Neuropsychiatric
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side effects of DTG might be due to its relatively high CNS
penetration effectiveness, with CSF concentrations reaching
levels equivalent to those measured in plasma (Letendre et al.
2014). Moreover, many ARVs as well as their metabolites can
have severe peripheral side effects including chronic inflam-
mation (Troya and Bascufiana 2016), which may indirectly
cause neuropsychiatric symptoms.

Additionally, we found a difference in the neurotoxic po-
tential of two PIs, DRV and LPV. Specifically, LPV caused a
54% loss of MAP2, whereas DRV had no effect at the same
dose and time course. The relevance of this direct comparison
is highlighted by comparable recommended dosing and max-
imum plasma concentrations of the two drugs in patients (see
Table 1). Moreover, DRV had no effect on neurons even when
combined with low doses of RTV, as it is currently prescribed.
Future studies should address whether combinations of DRV
and cobicistat, the newest approved co-formulation, remain
non-neurotoxic (Capetti et al. 2015). These results add to a
growing body of in vitro evidence that DRV is a particularly
safe treatment option (Robertson et al. 2012; Blas-Garcia et al.
2014). DRV was designed to bind tightly to the HIV protease
and limit drug resistance (Deeks 2014; Wensing et al. 2010);
moreover, DRV demonstrated superior viral suppression, in-
creased CD4" T cell counts, and a lower incidence of gastro-
intestinal side effects in a direct comparison study with LPV
(Mills et al. 2009). Despite these data, LPV is prescribed more
frequently than DRV in resource-poor areas, such as Sub-
Saharan Africa where over 70% of HIV-infected individuals
reside (Saylor et al. 2016; WHO 2016a). The prevalence of
LPV use in resource-poor settings is primarily because LPV is
available as a generic, heat stable fixed-dose combination
drug approved for once-daily dosing (WHO 2016a). Our
study along with those mentioned above highlight the ratio-
nale for urgent development of a similar formulation of DRV
available at lower cost.

Another relevant consideration is that LPV is recommend-
ed by the DHHS (2016b) and WHO (2016a) as the frontline
treatment for newborns and children up to three years of age.
In addition to the evidence of blood brain barrier disruption
caused by HIV in general (Singh et al. 2016b; Nakagawa et al.
2012; Singh et al. 2014), data suggest that the blood brain
barrier in newborns is not yet fully developed (Baburamani
etal. 2012; Watson et al. 2006; but see Saunders et al. 2012 for
an alternative view), which raises the possibility that infant
brains might be exposed to higher concentrations of ARVs
than adults. This consideration highlights the need for future
studies on LPV and its effects on neurons in vivo, particularly
in models of pediatric infection.

In addition to characterizing the effects of LPV and EVG
on neuronal damage indicated by MAP2 expression, we in-
vestigated several mechanisms that might be involved. We
expected to observe activation of the ISR, given previous re-
ports by us and others showing the potential for PIs to activate

the ISR pathway in vivo and in vitro (Gannon et al. 2017; De
Gassart et al. 2016; Weil3 et al. 2016; Borsa et al. 2015).
Interestingly, LPV did not upregulate ISR markers BiP or
pelF2«, indicating that the mechanism driving neurotoxicity
might be distinct from that of other PIs (Gannon et al. 2017).
However, a lack of effect on BiP and pelF2«x does not rule out
the possibility that LPV induces ISR. These indicators only
represent one arm of the ISR, and other elements of the ISR
may be preferentially induced in response to LPV. In contrast
to LPV, EVG treatment transiently increased the ratio of
pelF2a/telF2«, indicating potential ISR activation. This in-
crease was no longer observed after 8 h treatment, which may
reflect the ability of neurons to recover. This recovery is con-
sistent with the observation that a single EVG treatment had
no effect on MAP2 after 2 days.

LPV treatment led to oxidative stress, as evidenced by both
increased ROS production and activation of the endogenous
antioxidant response. These data are consistent with observa-
tions of ARV-associated mitochondrial dysfunction (Noguera-
Julian et al. 2015) as well as our previous data linking ARVs to
oxidative stress (Akay et al. 2014). Specifically, we found that
two first-generation PIs, RTV and saquinavir, led to ROS ac-
cumulation in cultured neurons and that the neurotoxicity in-
duced by these ARV was blocked by augmenting the endog-
enous antioxidant response to reduce oxidative stress. In
agreement with these observations, we herein again showed
a mechanistic role for oxidative stress in ARV-induced neuro-
nal damage, as LPV-induced damage was reversed by phar-
macological induction of the endogenous antioxidant HO-1.
Interestingly, both LPV and CDDO selectively induced HO-1
but not the additional Nrf2 target GSR. In previous studies,
CDDO induced the canonical Nrf2 signaling pathway and
increased GSR under certain conditions (Lu et al. 2016).
The possibility remains that GSR was indeed increased in
our experiments as well but that the rapid oxidation of GSR
restored the enzyme to normal levels prior to our earliest time
point. A second possibility is that subcellular localization of
HO-1, which, unlike GSR, is typically anchored to the ER
(Schuller et al. 1998), may have played a role. Indeed, if in-
creased ROS resulted in changes in ER calcium stores, this
would preferentially affect HO-1 levels (Linden et al. 1998).
Importantly, neuroprotection afforded by HO-1 is not always
related to Nrf2. In one study, the compound gartanin
prevented neuronal damage induced by glutamate through
Nrf-2-independent mechanisms involving HO-1 (Gao et al.
2016), indicating that HO-1 can be independently implicated
in neuroprotection without engagement of the endogenous
antioxidant response in its entirety.

Further demonstrating the distinct mechanisms of toxicity
across different ARV, neither oxidative stress, HO-1 induc-
tion, nor protective potential of CDDO was observed with
EVG treatment. In contrast to our findings regarding LPV,
EVG treatment led to an early increase in the ratio of
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pelF2o/telF2«, indicating ISR activation. Moreover, the ISR
inhibitor trans-ISRIB mediated partial neuroprotection in cul-
tures exposed to EVG for 4 days, together with a reduction in
pelF2« levels after 4 h treatment, providing further evidence
for ISR activation as a contributor to EVG-mediated neuronal
damage in our in vitro model. The resolution of pelF2«x in-
crease by 8 h after EVG treatment and the observation that a
single EVG treatment had no effect on MAP2 after 2 days
may reflect the ability of neurons to recover following acute
exposure. Prolonged EVG exposure, however, may over-
whelm the cellular capacity to resolve ISR activation.
Importantly, our combined observations regarding LPV and
EVG highlight critical differences in the neurotoxic potential
and underlying neurotoxic mechanisms across ARV classes as
well as within each class.

One important caution in the interpretation of our data is
that these studies were done in vitro, and cultured neurons
may not respond to ARVs in a similar manner as neurons
in vivo, even within the same species. Moreover, there may
be species differences, which indicates a need for further stud-
ies on these drugs in additional rodent strains, non-human
primates, and humans. Relatedly, these studies did not identify
the role of neuron-glia interaction in both the toxic and pro-
tective effects observed. Because the experiments were per-
formed in neuroglial cultures, potential contributions of astro-
cytes and microglia should not be overlooked. Another legit-
imate concern about the relevance of our findings is whether
the doses at which neurotoxic effects were observed were
comparable to those expected in patients. Doses tested in the
current study were designed to cover a wide range of concen-
trations, and the concentrations which caused neuronal dam-
age in our in vitro system were 333-fold and 83-fold higher
than those observed in patient CSF samples for EVG and LPV,
respectively (Table 1). Hence, one important outcome of our
study was that acute administrations of the five ARV tested
were not neurotoxic in vitro at low doses comparable to their
reported concentrations in the CSF. However, although low
doses had no effect on cell number quantified by MAP2+ cell
counts, the possibility of synaptic damage remains, consistent
with our previous studies (Akay et al. 2014). Additionally, a
critical feature of our model is its attempt to assess the chronic
effects of ART over decades utilizing an acute model, which
necessitates higher drug concentrations than may be observed
in the CSF of patients at any given time. Moreover, CSF drug
concentrations may not accurately reflect ARV concentrations
in the brain parenchyma (Anthonypillai et al. 2004). Finally,
as current attempts are focused on improving the CNS pene-
tration effectiveness of ARVs to increase viral suppression in
the brain (Bertrand et al. 2016), an understanding of the neu-
rotoxic potential of even relatively high drug concentrations
remains important.

In summary, the significance of the present study is two-
fold. First, we demonstrated that certain ARVs may have
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significant neurotoxic potential, which should influence the
momentum for further in vivo studies of ARV that ultimately
aim to increase global access to ARVs with the highest safety
indications. Second, we showed that ARVs caused neurotox-
icity through distinct cellular pathways even within a single
drug class. As adjunctive therapies are developed in attempts
to treat the symptoms of HAND, it may be prudent to individ-
ualize therapies and include strategies to protect patients based
on their specific ARV regimens.
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