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Abstract

HIV-associated neurocognitive disorders (HAND) have been linked to dysregulation of glutamate metabolism in the
central nervous system (CNS) culminating in elevated extracellular glutamate and disrupted glutamatergic neurotrans-
mission. Increased glutamate synthesis via upregulation of glutaminase (GLS) activity in brain immune cells has
been identified as one potential source of excess glutamate in HAND. However, direct evidence for this hypothesis
in an animal model is lacking, and the viability of GLS as a drug target has not been explored. In this brief report,
we demonstrate that GLS inhibition with the glutamine analogue 6-diazo-5-oxo-L-norleucine (DON) can reverse
cognitive impairment in the EcoHIV-infected mouse model of HAND. However, due to peripheral toxicity DON
is not amenable to clinical use in a chronic disease such as HAND. We thus tested JHU083, a novel, brain penetrant
DON prodrug predicted to exhibit improved tolerability. Systemic administration of JHUO83 reversed cognitive
impairment in EcoHIV-infected mice similarly to DON, and simultaneously normalized EcoHIV-induced increases
in cerebrospinal fluid (CSF) glutamate and GLS activity in microglia-enriched brain CD11b + cells without observed
toxicity. These studies support the mechanistic involvement of elevated microglial GLS activity in HAND patho-
genesis, and identify JHUO83 as a potential treatment option.
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Introduction

HIV-associated neurocognitive disorders (HAND) character-
ized by mild to moderate impairments in multiple domains of
cognition and psychomotor performance occur in nearly half
of chronically HIV-infected individuals despite viremic con-
trol with combined antiretroviral therapy (cART) (Antinori
et al. 2007; Harezlak et al. 2011; Heaton et al. 2008; Heaton
etal. 2011; Kaul et al. 2005; McArthur et al. 2010; Robertson
et al. 2007). HAND symptoms are associated with structural
and functional alterations in cortical, subcortical, and limbic
brain regions known to be important for cognition including
prefrontal cortex (PFC) and hippocampus (Castelo et al. 2006;
Emst et al. 2002; Fennema-Notestine et al. 2013; Heaps et al.
2012; Jernigan et al. 2011; Melrose et al. 2008; Ragin et al.
2004; Steinbrink et al. 2013; Thomas et al. 2013b; Thompson
et al. 2005). However, the underlying pathophysiological
mechanisms of cART-insensitive HAND are not well under-
stood and there are no effective treatments or validated bio-
markers of disease prognosis (Potter et al. 2013; Saylor et al.
2016).

Evidence is mounting to suggest that HAND is associated
with dysregulation of glutamate metabolism in the central ner-
vous system (CNS) culminating in elevated extracellular glu-
tamate and disrupted glutamatergic neurotransmission
(Bairwa et al. 2016; Cassol et al. 2014; Emst et al. 2010;
Ferrarese et al. 2001; Mohamed et al. 2010; Potter et al.
2013; Sailasuta et al. 2009; Saylor et al. 2016; Schifitto et al.
2007; Stankoff et al. 2001; Vazquez-Santiago et al. 2014). The
primary source of glutamate overproduction may be persis-
tently activated resident microglia and invading macrophages
which have been shown to increase synthesis and secretion of
glutamate upon immune challenge or HIV infection (N.
Erdmann et al. 2009; N. Erdmann et al. 2007; N. B.
Erdmann et al. 2006; Huang et al. 2011; Potter et al. 2013;
Tian et al. 2008; Tian et al. 2012; Vazquez-Santiago et al.
2014; Wu et al. 2015; Ye et al. 2013; J. Zhao et al. 2004; L.
Zhao et al. 2012; L. Zhao et al. 2013). These cells have also
been shown to upregulate and secrete glutaminase (GLS) (N.
Erdmann et al. 2009; N. Erdmann et al. 2007; N. B. Erdmann
et al. 2006; Huang et al. 2011; Potter et al. 2013; Tian et al.
2008; Tian et al. 2012; Vazquez-Santiago et al. 2014; Wu et al.
2015; Ye et al. 2013; J. Zhao et al. 2004; L. Zhao et al. 2012;
L. Zhao et al. 2013), the enzyme responsible for de novo
glutamate synthesis in the brain (Cooper and Jeitner 2016;
Potter et al. 2013; Vazquez-Santiago et al. 2014). Clinical
studies have supported these observations; elevated glutamate
concentrations have been detected in the cerebrospinal fluid
(CSF) of HAND patients and correlated with the presence of
cognitive impairment (Cassol et al. 2014; Ferrarese et al.
2001). Microarray analyses in post-mortem brain samples
from HAND patients have also shown frontal cortical alter-
ations in the expression of glutaminase and other genes

@ Springer

important for the regulation of glutamate-dependent synaptic
plasticity (Gelman et al. 2012a, b; L. Zhao et al. 2012).

Our laboratories recently reported that the GLS inhibitor 6-
diazo-5-oxo-L-norleucine (DON) could prevent the develop-
ment of cognitive impairment in EcoHIV-infected mice
(Nedelcovych et al. 2017), a murine model of cART-
insensitive HAND (Gu et al. 2018; Kim et al. 2019; Potash
et al. 2005). Specifically, mice that began DON treatment
1 day prior to EcoHIV infection were found to be completely
protected from the emergence of cognitive impairment 30 days
later as measured by performance in a radial arm water maze
(RAWM) (Nedelcovych et al. 2017). Because DON’s clinical
viability is hampered by significant gastrointestinal (GI) tox-
icities, our laboratory synthesized novel prodrugs of DON
with enhanced brain-to-plasma ratios. The brain targeted
prodrugs were designed to circulate inert in plasma and be
taken up and bioactivated to DON selectively in the brain.
When evaluated in swine and primates, the prodrugs led to a
10—15-fold increase in the CSF-to-plasma ratio, and a 9-fold
enhanced brain-to-plasma ratio, respectively, relative to equi-
molar doses of DON (Nedelcovych et al. 2017; Rais et al.
2016). While our initial studies with DON in EcoHIV mice
provided proof-of-principle data that targeting glutamate me-
tabolism could have positive behavioral effects in HAND,
addressing HAND prophylactically with DON is not clinical-
ly feasible.

In the current study, we more closely modeled the clinical
scenario by initiating DON treatment weeks after established
EcoHIV infection and emergence of a HAND-like behavioral
phenotype, and report that DON could reverse existing cog-
nitive impairment in the EcoHIV model. Given that DON’s
clinical development has been hampered by its GI toxicities,
we next evaluated the ability of our novel brain penetrant
DON prodrug, JHU083, to rescue EcoHIV-induced behavior-
al and physiological changes. We first conducted systemic
JHUO083 pharmacokinetic studies to confirm relevant concen-
trations of DON were delivered to the CNS. Studies were then
conducted to examine the effect of in vivo JHUO83 treatment
on EcoHIV-induced changes in CSF glutamate concentra-
tions, ex vivo GLS activity in microglia-enriched CD11b +
cells, and hippocampal-dependent cognitive function as mea-
sured by contextual conditioned fear (CF) and RAWM.

Methods

Animals All mouse studies were conducted in compliance
with NIH guidelines and with the approval of the
Institutional Animal Care and Use Committee at Johns
Hopkins University and Icahn School of Medicine at Mount
Sinai. For animal studies conducted at Johns Hopkins (phar-
macokinetics, CSF glutamate, CD11b + GLS activity, and
contextual CF), male C57BL/6 mice at 6 weeks old were
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obtained from Envigo (Frederick, MD) and maintained on a
12 h light—dark cycle with ad libitum access to food and water
throughout all studies. For animal studies conducted at Mount
Sinai (including RAWM), male C57BL/6 J mice at 6 weeks
old were obtained from The Jackson Laboratory (Farmington,
CT) and maintained on a 12 h light—dark cycle with ad libitum
access to food and water throughout all studies.

EcoHIV Infection and Drug Treatment EcoHIV chimeric virus
was generated as previously reported (Gu et al. 2018; Kim
et al. 2019). Briefly, HEK293T cells were transfected with
plasmid DNA containing a previously described construct of
EcoNDK harboring the V5C5 fragment of gp120 (Gu et al.
2018; Kim et al. 2019; Potash et al. 2005). EcoHIV was then
isolated from culture media by centrifugation and concentra-
tions measured by p24 ELISA (Advanced Biosciences
Laboratory, Rockville, MD). For all experimental endpoints,
mice were inoculated with EcoHIV (2-4 x 10° pg p24, i.p.) or
a sham injection of saline. For behavioral studies with DON,
every other day treatment of 1 mg/kg, i.p. was initiated on day
25 post-inoculation and continued through RAWM testing
which began on day 30. For the pharmacokinetic study,
JHUO83 treatment and tissue collection was performed on
day 15 post-inoculation. For all other experiments, every other
day JHUOS3 (1.83 mg/kg, i.p.) or vehicle administration was
initiated on day 15 post-inoculation and continued through
behavioral analysis or tissue collection conducted on day 30
or 35, respectively. For all tissue collection endpoints, mice
were euthanized 30 min after the last dose of JHUOS3 or
vehicle. An every other day dose regimen for DON and
JHUO83 was chosen based on the observation that DON is
an irreversible GLS inhibitor (Chen and Cui 2015; Conti and
Minelli 1994; Crosby et al. 2015; Crosby and Miller 2016;
Lemberg et al. 2018; Nedelcovych et al. 2017; Song et al.
2018; A. G. Thomas et al. 2014; J. Zhao et al. 2004; Zhu
et al. 2018), and that a similar dose and schedule yielded
positive results in another model of CNS disease dependent
on glutamatergic dysfunction and GLS hyperactivity (Zhu
et al. 2018).

Compounds JHUO083 was synthesized as previously described
(Rais et al. 2016) and dissolved in HEPES (50 mM) buffered
saline for experimental use. DON was obtained from Sigma
Aldrich (Cat# D2141) and used for preparing the calibration
curve for LC-MS/MS bioanalysis of the pharmacokinetic
study samples.

Mouse Pharmacokinetics and DON Bioanalysis EcoHIV-in-
fected mice were administered JHUO83 (1.83 mg/kg, i.p.)
and euthanized 0.25, 0.5, 1, 3, or 6 h later by rapid decapita-
tion after brief isoflurane anesthesia. Trunk blood was collect-
ed in heparin-coated tubes from which plasma was isolated by
centrifugation at 4000 g at 4 °C. Whole brain were dissected

and quickly frozen on dry ice and stored at —80 °C prior to
further processing. Tissues were prepared, and DON
bioanalysis and quantification was then conducted by LC-
MS/MS as we have previously described (Nedelcovych
et al. 2017; Rais et al. 2016).

CSF Glutamate CSF was terminally obtained from the cisterna
magna of deeply anesthetized mice by puncturing the dura
mater with a pulled glass pipette after incision and separation
of subcutaneous muscles as previously described (Liu and
Duft 2008). After the procedure, all mice were immediately
euthanized by rapid decapitation under isoflurane anesthesia.
CSF samples were quickly frozen on dry ice and stored at
—80 °C prior to further preparation and analysis. Due to large
differences in basal glutamate concentrations between CSF
and blood (Abbott et al. 2010; Coccaro et al. 2013), any
blood-contaminated samples as determined by visual inspec-
tion were a priori discarded from analysis. Glutamate
bioanalysis was then conducted by LC-MS/MS as previously
described (Nedelcovych et al. 2017; Rais et al. 2016).

CD11b + Cell Isolation Thirty minutes after the last dose of
JHUOR3 or vehicle, CD11b + and non-CD11b + cells were ob-
tained from the whole brains of mice as previously described
(Zhu et al. 2018). Briefly, brain tissue was minced in HBSS
(cat # 55021C, Sigma-Aldrich, St. Louis, MO, USA) and
dissociated using the Neural Tissue Dissociation Kit (MACS
Militenyi Biotec, Auburn, CA) according to manufacturer in-
structions. Resulting homogenates were pushed through a
70 pum cell strainer and centrifuged at 300xg for 10 min prior
to removal of supernatants. Cell pellets were then resuspended
and subjected to Myelin Removal Beads IT (MACS Militenyi
Biotec, Auburn, CA) according to manufacturer instructions.
Cell pellets were again resuspended, incubated with CD11b
MicroBeads (MACS Militenyi Biotec, Auburn, CA) for 15
min, loaded on LS columns and separated on a quadroMACS
magnet. Non-CD11b + cells were flushed through the column
then washed and resuspended in sterile HBSS (cat # 55037C,
Sigma-Aldrich, St. Louis, MO) prior to centrifugation and
storage of pellets at —80 °C. CD11b + cells were eluted from
the column then washed and resuspended in sterile HBSS (cat
#55037C, Sigma-Aldrich, St. Louis, MO) prior to centrifuga-
tion and storage of pellets at —80 °C. CD11b + cells isolated
from brain homogenates through this method have been
shown to consist of >95% microglia (Zhu et al. 2018).
Fluorescence-Activated Cell Sorting (FACS). For immu-
nostaining experiments to verify the identity of CD11b posi-
tive cells collected with this strategy, the bilateral cerebrum of
wild-type mouse is removed using our established method
(Ballinger, M. D. et al. Adolescent cannabis exposure interacts
with mutant DISC1 to produce impaired adult emotional
memory. Neurobiology of disease 82, 176—-184). Microglia
(CD11b+/CD45+/CX3CR1+/P2RY 12+ cells) are stained
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from dissociated brain tissue by a FACS Aria Flow Cytometer
using published method (De Biase, L. M. et al. Local Cues
Establish and Maintain Region-Specific Phenotypes of Basal
Ganglia Microglia. Neuron 95, 341-356 ¢346). Briefly, disso-
ciated cells were resuspended in FACS staining buffer (1x
PBS with 0.5% BSA) and incubated for 30 min on ice with
the following antibodies: PE conjugated Rat anti-CD11b
(1:100, BioLegend), PE-Cy7 conjugated Rat anti-CD45
(1:400, BD Pharmingen), Brilliant Violet-421 conjugated
mouse anti-CX3CR1 (1:400, BioLegend), and APC conjugat-
ed Rat anti-P2RY 12 (1:100, BioLegend). Cells were then
washed once, resuspended in 300 uL. FACS staining buffer
and filtered, the population of cells containing microglia could
be readily identified based on forward scattering (FSC) and
side scattering (SSC) properties. A gating strategy based on
FSC and SSC width and height were used to select only single
cells. CD11b + cells within this population were then gated,
cell suspensions from same wild-type brain tissue were used
as a CD11b negative control for establishment of CD11b neg-
ative gates. Further, CD45 + CX3CR1 + P2RY 12+ microglia
were identified within this population.

GLS Activity GLS activity from isolated CD11b + and non-
CDI11b + cells was measured as previously described (Zhu
et al. 2018).

Contextual Conditioned Fear (CF) Test Contextual CF consisted
of a conditioning day followed by testing 1 day later.
Conditioning was conducted for all mice prior to JHUO83 or
vehicle administration. For conditioning, mice were placed into
a plexiglass chamber with a steel grid floor (Coulborn/Harvard
Apparatus) through which a mild footshock was applied. The
conditioning session consisted of 200 s habituation followed by
10s of 1000 Hz 80 dB tone co-terminating in a 1 s 0.4 mA
footshock. Mice remained in chamber for an additional 30s of
rest before removal to their home cage. Chambers were cleaned
in between each trial with 200 ppm chlorine dioxide use-solution.
One day later, all mice were returned to the same conditioning
chamber as during training and movement was recorded for
10 min in the absence of footshock. Time spent freezing was
analyzed from video recordings using automated Freezescan
software from Cleversys, Inc., Reston, VA and calculated as a
percent of total time in the chamber.

Radial Arm Water Maze (RAWM) Test RAWM was conducted
in a radial six-arm water maze as previously described (Gu
et al. 2018). Briefly, an escape platform was placed in one
arm, submerged in opaque water, and a set of visual cues
was fixed at the end of each arm. The location of the hidden
escape platform and the lane in which mice were placed to
initiate the trial was randomly changed on each day to compel
mice to use working memory during spatial learning
(Diamond et al. 1999). Each day, mice underwent 4 learning
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trials (LT) of 60 s with 20 s rest after each LT and 1 post-
training 60 s retention trial (RT) administered after 30 min rest,
to evaluate working memory. Testing was considered com-
plete when control mice reached criteria performance defined
as one error or fewer in finding the hidden platform on both
trials LT4 and RT. Errors for the final 3 days of testing were
then averaged and used for statistical analysis. Errors were
manually scored and defined as entering an arm without the
platform and/or 20 s of immobility. To control for possible
changes in vision, motivation, or motor function, the hidden
platform test was followed by a visible visual platform test in
which latency to reach a platform submerged in clear water
was assessed.

Statistical Analysis Statistical analysis was conducted using
GraphPad Prism (MathWorks, Natick, MA). For all experi-
ments, values greater than two standard deviations from the
mean were excluded from statistical analysis. Analysis of
group effects was conducted by two-way ANOVA. If signif-
icant, post-hoc Fisher’s LSD was applied to identify individ-
ual differences between groups. Significance was defined as
p<0.05.

Results

DON Reverses Cognitive Impairment in EcoHIV-Infected Mice
as Measured by RAWM The ability of DON to normalize im-
paired cognitive functions in EcoHIV-infected mice was first
tested in RAWM. EcoHIV infected mice made significantly
higher number of errors while navigating the maze compared
to vehicle treated but not DON treated groups (main effect of
group [F(3,140)=392.3, p<0.0001], trial [F(4,140)=107.0,
p<0.0001], and interaction [F(12,140)=8.561, p <0.0001])
(Fig. 1a), suggesting reversal of disease by DON. In contrast,
there was no difference between the groups in finding a visible
platform, indicating that neither EcoHIV infection nor DON
treatment had deleterious effects on mouse vision, motor perfor-
mance, or motivation. (Fig. 1b). Having confirmed the ability of
DON to reverse established cognitive impairment in this HAND
model, we next tested a brain penetrant DON prodrug, JHUOS3.

JHUO083 Administration Results in Micromolar Brain Delivery
of DON in EcoHIV Mice The pharmacokinetics of DON were
assessed after JHUO83 (1.83 mg/kg, i.p.) administration in
EcoHIV-infected mice. JHUO83 administered at this dose de-
livered DON brain exposure (AUCy._,,) of 3.7 nmol*h/g and a
peak brain concentration (C,.) of 1.19 nmol/g at 30 min
post-injection (ty.) (Fig. 2a), which is similar to the GLS K
that our laboratory previously reported (A. G. Thomas et al.
2013a, b). Plasma DON C,,,x was 2.64 nmol/mL and AUC,_,
was 3.40 nmol*h/mL yielding a brain/plasma ratio of 0.68
(Fig. 2a).
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Fig. 1 DON Reverses EcoHIV-Induced Cognitive Impairment. a
EcoHIV infection resulted in significantly impaired performance on
RAWM as measured by errors made in the maze during learing trials
(LT) and a retention trial (RT). DON treatment normalized RAWM
performance with no effect on baseline performance in Sham mice. b

JHUO083 Normalizes EcoHIV-Induced Deficits in Recall of
Contextual CF and Spatial Learning and Working Memory In
both contextual CF and RAWM behavioral assays, EcoHIV
induced a cognitive deficit that was sensitive to JHUOS3 treat-
ment. EcoHIV infection significantly impaired contextual CF
recall as measured by a reduction in % time spent freezing that
was restored by JHUOS3 treatment (main effect of interaction
[F(1,69)=5.13, p=0.0267]) (Fig. 2b). In RAWM, EcoHIV
infection caused a significant increase in the number of errors
made while navigating the maze in vehicle treated but not
JHUO83 treated cohorts (main effect of group [F(3,140)=
53.82, p<0.0001] and trial [F(4,140)=56.65, p <0.0001])
(Fig. 2c). There was a significant effect of group

Visible Platform

o

Latency to Escape (s)

LT1 LT2 LT3 LT4

No increase in latency to escape to a visible platform was detected in
any group relative to Sham+Veh mice. n = 8/group; ****p <0.0001
EcoHIV+Veh vs. Sham+Veh; *p <0.05, #p <0.01 EcoHIV+DON vs.
Sham+Veh, "p < 0.05, ~p <0.01 Sham+DON vs. Sham+Veh

[F(3,112)=2.97, p=0.0351] and trial [F(3,112)=28.03,
p<0.0001] observed on the latency to escape to a visible
platform in the RAWM, but no post-hoc significant difference
attributable to infection status or treatment, indicating intact
visual and motor performance (Fig. 2d).

JHUO083 Normalizes EcoHIV-Induced Increases in CSF
Glutamate CSF obtained from EcoHIV-infected mice exhib-
ited elevated glutamate concentrations relative to non-infected
controls and was normalized by JHUO083 treatment (main ef-
fect of infection [F(1,14)=5.53, p=0.0339] and treatment
[F(1,14)=17.64, p=0.0009]; no significant interaction
[F(1,14)=3.48, p= 0.0833]) (Fig. 3a). Mean CSF glutamate

Fig. 2 JHU083 Delivers uM a b Contextual CF Recall
DON to the Brain and Reverses .
EcoHIV-Induced Cognitive 257 100+ — Rl
Deficits. a JHU083 (1.83 mg/ke, 2 -
i.p) delivered UM concentrations g4 -~ Plasma - 80+ N L
of DON to the brains of EcoHIV- & _ | -u- Brain £ |
infected mice with a Cppay of = - 60+
1.19 nmol/g and AUC,., of 3 e I L
3.7 nmol*h/g (n = 3/time point). b E ": 40+
JHUO083 administration reversed 5 s 204
EcoHIV-induced cognitive (e}
deficits in contextual CF recall = 0
(n=17-19/group) and ¢ . Sh'am ECO'HIV
normalized RAWM performance
as measured by errors made
during learning trials (LT) and Cc RAWM d Visible Platform
retention trial (RT) (n = 8/group).
d No significant effect was found 10+ -#- Sham+Veh . 30 -~ Sham+Veh
for EcoHIV infection or JHUOS3 & Sham+JHUO083 z = Sham+JHU083
treatment on ability to swim to a 8 “‘,, - EcoHIV+Veh a 401 -+ EcoHIV+Veh
visible platform (n = 8/group). w 64 1 =¥ EcoHIV+JHU083 § 30 -+ EcoHIV+JHU083
*p <0.05, ¥***¥p <0.0001 ° ! A w
EcoHIV+Veh vs. Sham+Veh, 5 4 e pans o 20
# 8 !
'p <0.05 EcoHIV+JHUO083 vs. 1y
Sham+Veh, "p <0.05 Sham+ 24 S 10-
JHUO083 vs. Sham+Veh =

0 T T T T T 0 T T T T

LT1 LT2 LT3 LT4 RT LT1 LT2 LT3 LT4
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Fig. 3 JHU083 Normalizes CSF
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EcoHIV infection nor JHUO083 b CD11b+ Cells (o] CD11b- Cells
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concentrations in non-infected mice were 4.2 uM for the ve-
hicle treated cohort and 2.8 uM for the JHUOS83 treated cohort,
both values falling into the range of previously reported basal
values (Danbolt 2001; Featherstone and Shippy 2008;
Moussawi et al. 2011). EcoHIV infection resulted in a 62%
increase in CSF glutamate that was restored to basal levels by
JHUO83 treatment.

JHUO083 Normalizes EcoHIV-Induced Increases in Glutaminase
Activity Derived from Microglia-Enriched CD11b + Cells
CD11b-expressing cells previously shown to be composed of
>95% microglia (Sharma et al. 2015; Zhu et al. 2018) (confirmed
by FACS to be >99% CD11b" CD45 CX3CRI " P2RY12", data
not shown) were isolated from the whole brains of mice on day
33 post-inoculation. GLS derived from EcoHIV-infected
CD11b + cells exhibited significantly increased activity relative
to non-infected cells, an effect that was normalized by JHUO083
treatment (main effect of infection [F(1,12)=9.36, p =0.0099]
and treatment [F(1,12) =23.29, p = 0.0004]; no significant inter-
action [F(1,12)=1.71, p= 0.2158]) (Fig. 3b). Cell fractions not
expressing CD11b for which the source of GLS activity is pri-
marily neuronal (Kvamme et al. 2001; Schousboe et al. 2014)
showed no significant effect of EcoHIV infection or JHU083
treatment (Fig. 3c).

Discussion

Markers of glutamatergic dysfunction such as elevated CSF
glutamate have been found in HAND patients and may
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subserve cognitive impairment associated with chronic HIV
infection (Kim et al. 2019; Potter et al. 2013; Saylor et al.
2016; Vazquez-Santiago et al. 2014). The studies presented
herein demonstrate that EcoHIV infection in mice recapitu-
lates this phenotype and enables probing of the glutamatergic
pathophysiology that contributes to HAND symptoms. We
find that cognitive impairment in EcoHIV-infected mice is at
least partially mediated by overproduction of glutamate in the
CNS that can be normalized in concert with inhibition of GLS
activity in CD11b + cells via systemic administration of the
glutamine antagonist DON or its prodrug JHUO83. This effect
is notable given that there are no currently available treatments
for HAND (Potter et al. 2013; Saylor et al. 2016).

Even in the absence of antiretroviral treatment, the EcoHIV
model has previously been shown to recapitulate a disease
phenotype similar to HAND patients on cART (Gu et al.
2018; Nedelcovych et al. Nedelcovych et al. 2017; Potash
etal. 2005) and thus is suitable for testing mechanistic hypoth-
eses related to mild HAND pathogenesis in virally suppressed
patients. The finding that EcoHIV infection also causes in-
creases in CSF glutamate similar to those reported in HAND
patients (Cassol et al. 2014; Ferrarese et al. 2001) supports this
approach and opens new avenues for exploration of mecha-
nism and potential therapeutics. Early efforts to target the glu-
tamatergic system for HAND treatment focused on N-methyl-
D-aspartate (NMDA) receptor antagonism, in particular the
use of memantine, a non-competitive low-affinity antagonist
approved for Alzheimer’s Disease. Initial clinical trials in
HAND showed no benefit (Schifitto et al. 2006), suggesting
that selective blockade of postsynaptic NMDA receptors may
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be insufficient to address the various deleterious effects of
diffuse, excessive extracellular glutamate likely present in
the brains of HAND patients.

DON offers a therapeutic alternative to selective receptor
blockade by exerting more global effects on glutamate ho-
meostasis through inhibition of GLS, the enzyme responsible
for the production of glutamate in both neuronal and glial cell
populations in the brain (Cooper and Jeitner 2016; Kvamme
etal. 2001; Potter et al. 2013; Schousboe et al. 2014; Vazquez-
Santiago et al. 2014; Zhu et al. 2018). GLS appears to be
mechanistically important for HAND and may be one of the
sources of elevated CSF glutamate. In the current study, GLS
in microglia-enriched CD11b + cells exhibited increased ac-
tivity upon EcoHIV infection similar to other monocyte
models of HIV infection (N. Erdmann et al. 2009; N.
Erdmann et al. 2007; N. B. Erdmann et al. 2006; Huang
et al. 2011; Potter et al. 2013; Tian et al. 2008; Tian et al.
2012; Vazquez-Santiago et al. 2014; Wu et al. 2015; Ye
et al. 2013; J. Zhao et al. 2004; L. Zhao et al. 2012; L. Zhao
et al. 2013). DON delivery to the brain via systemic JHU083
administration normalized EcoHIV-induced increases in both
CD11b + GLS activity and CSF glutamate concentrations co-
incident with cognitive improvements. In addition to
supporting GLS as a therapeutic target, this result suggests
the possibility that CSF glutamate changes could be used as
a translational biomarker for drug effects and possibly HAND
patient selection. It is important to note, however, that while
CSF represents a clinically available tissue compartment and
may be representative to a certain extent of the neurotransmit-
ter milieu present in parenchymal interstitial fluid (Hladky and
Barrand 2014; Redzic 2011; Rodan et al. 2015), it is not a
direct measure of synaptic or extraneuronal glutamate.
Studies aimed at directly assessing glutamate concentrations
in the hippocampus and cortex by in vivo microdialysis or
amperometry would be informative.

Given that HAND is a chronic condition, potential HAND
drugs targeting the glutamatergic system would likely need to
be administered long term for continued efficacy. This treat-
ment paradigm would require a drug with a very safe adverse
effect profile. DON has been found to cause GI toxicity that
would preclude its use as a chronic treatment, but newly de-
veloped DON prodrugs such as JHU083 with enhanced brain
delivery (Nedelcovych et al. 2017; Rais et al. 2016) may im-
prove tolerability by enabling peripheral dose reduction. Thus,
DON prodrugs may offer a clinically viable strategy for
targeting glutamate overproduction in HAND. The present
results also suggest that repurposing of approved drugs which
broadly modulate glutamate availability such as riluzole
(Cheah et al. 2010; Hunsberger et al. 2015; Lener et al.
2017) also merit investigation in HAND and could have the
potential for more immediate clinical impact.

Although the current study provides compelling evidence
for altered glutamate metabolism as a final common pathway

and therapeutic target in HAND, it leaves open an important
question. In the absence of viremia, what is the upstream cause
of glutamatergic dysfunction? Chronic neuroinflammation
due to persistent viral protein synthesis (Saylor et al. 2016),
microbial translocation in the gut (Marchetti et al. 2013), or
low level HIV production in the CNS (Clements et al. 2011;
Fois and Brew 2015; Saylor et al. 2016) have been posited as
root causes of HAND. Evidence for some of these changes has
been uncovered in EcoHIV-infected mice (Gu et al. 2018,;
Sindberg et al. 2015). Resulting inflammation could cause
downstream GLS hyperactivity and glutamate overproduction
(N. Erdmann et al. 2009; N. Erdmann et al. 2007; N. B.
Erdmann et al. 2006; Huang et al. 2011; Potter et al. 2013;
Tian et al. 2008; Tian et al. 2012; Vazquez-Santiago et al.
2014; Wu et al. 2015; Ye et al. 2013; J. Zhao et al. 2004; L.
Zhao et al. 2012; L. Zhao et al. 2013), but more direct exam-
ination of the link between neuroinflammation and glutamate
metabolism in the EcoHIV model is warranted.

Together, the results of this study point to aberrant gluta-
mate metabolism as an important component of HAND path-
ophysiology and identify GLS as a promising therapeutic tar-
get. DON prodrugs with improved brain delivery such as
JHUO83 may offer a clinically viable means of targeting
GLS for the treatment of HAND and other CNS disorders
characterized by excess glutamate production.
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