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ABSTRACT

HIV-1 infected macrophages play a significant role in the neuropathogenesis of AIDS. HIV-1 viral protein R
(Vpr) not only facilitates HIV-1 infection but also contribute to long-lived persistence in macrophages. Our
previous studies using SILAC-based proteomic analysis showed that the expression of critical metabolic
enzymes in the glycolytic pathway and tricarboxylic acid (TCA) cycle were altered in response to Vpr
expression in macrophages. We hypothesized that Vpr-induced modulation of glycolysis and TCA cycle
regulates glutamate metabolism and release in HIV-1 infected macrophages.

We assessed the amount of specific metabolites induced by Vpr and HIV-1 in macrophages at the
intracellular and extracellular level in a time-dependent manner utilizing multiple reaction monitoring
(MRM) targeted metabolomics. In addition, stable isotope-labeled glucose and an MRM targeted
metabolomics assay were used to evaluate the de novo synthesis and release of glutamate in Vpr
overexpressing macrophages and HIV-1 infected macrophages, throughout the metabolic flux of
glycolytic pathway and TCA cycle activation.

The metabolic flux studies demonstrated an increase in glucose uptake, glutamate release and
accumulation of a-ketoglutarate (@-KG) and glutamine in the extracellular milieu in Vpr expressing and
HIV-1 infected macrophages. Interestingly, glutamate pools and other intracellular intermediates (glucose-
6-phosphate (G6P), fructose-6-phosphate (F6P), citrate, malate, «-KG, and glutamine) showed a decreased
trend except for fumarate, in contrast to the glutamine accumulation observed in the extracellular space
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in Vpr overexpressing macrophages.

Our studies demonstrate that dysregulation of mitochondrial glutamate metabolism induced by Vpr in
HIV-1 infected macrophages commonly seen, may contribute to neurodegeneration via excitotoxic

mechanisms in the context of NeuroAIDS.

Introduction

A significant number of patients infected with human immu-
nodeficiency virus-1 (HIV-1) have cognitive impairment rang-
ing from mild to severe HIV-associated dementia (HAD).
HIV-1 infection of macrophages leads to long-lived survival
and low levels of constitutive virus production, generating mac-
rophage viral reservoirs,! which contribute to HIV-1 associated
neurocognitive diseases (HAND).” HIV-1 viral protein R (Vpr)
mediates many processes that promote HIV-1 infection, allows
evasion of the immune system, and facilitates persistence in the
host cells.” Vpr is known to promote viral replication in mono-
cytes and differentiated macrophages.* It is becoming increas-
ingly apparent that changes occur in the metabolic profile of
the cell upon viral infection since metabolites are essential for
viral replication.”® Studies suggest that alterations in cellular
metabolism can alter macrophage function, and also macro-
phage plasticity is dependent on the ability of the macrophage
to reprogram or alter cellular metabolism.” Furthermore, there
is growing evidence supporting the role of cell cycle regulators

such as cyclins and cyclin-dependent kinases in the regulation
of metabolism.'® Vpr is known to induce cell cycle arrest in
G,/M phase.'"'* Vpr-mediated pathogenesis in macrophages
has been extensively investigated,">'> but its effects on the
global molecular mechanism associated with metabolic path-
ways have not been characterized. Our recent SILAC-based
proteomics study showed that HIV-1 Vpr overexpression in
macrophages induces changes at the protein level in many of
the enzymes involved in cellular metabolism.'"® HAD has been
linked to macrophage toxin production including glutamate.'””
*% Increased glutamate levels are also seen in the plasma, and
cerebrospinal fluid (CSF) of HIV-1 infected patients.'®*' In
addition, the observation that soluble Vpr is detected in the
CSF of HIV-1 infected individuals®* suggests that Vpr can have
bystander effects on uninfected cells and on neuronal cells*
and contribute to glutamate-mediated neurodegeneration.

We hypothesize that glutamate metabolism in macrophages
is regulated by HIV-1 Vpr as a result of activation of TCA
cycle, one of the altered pathways identified in our earlier
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proteomic study.'® The development of a metabolomics plat-
form to evaluate the final products of the metabolic pathways
induced in macrophages overexpressing Vpr can offer a better
understanding of mechanisms responsible not only for viral
reservoir persistence in macrophages but also for the pathogen-
esis of HAD. Such biomarker(s) will help in early detection and
classification of neurocognitive impairment.** Furthermore,
multiple reaction monitoring (MRM)*® can also be applied to
drug discovery assays in the context of HIV-1 infection of mac-
rophages and can be used for lead selection, lead optimization,
in vivo efficacy screening, and early in vivo toxicological testing.
This targeted metabolomics platform can be utilized in the
future as a high-throughput screening tool for identification of
new biomarker(s) in plasma and CSF of HIV-1 infected indi-
viduals. In this study, we aim to elucidate the role of Vpr in the
macrophage-mediated modulation of extracellular glutamate,
glutamine, and «-KG metabolism in macrophages.

Results

Earlier studies have demonstrated an increase in extracellular
levels of glutamate from HIV-1 infected macrophages predomi-
nantly derived from glutamine regulated by mitochondrial glu-
taminase.'”*” We hypothesize that the observed increase in
extracellular levels of glutamate in the context of HIV-1 infec-
tion of macrophages is mediated by Vpr induced glycolysis,
and TCA cycle activation in HIV-1 infected macrophages. To
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test this hypothesis we employed U937 cells activated by phor-
bol-12-myristate-13-acetate (PMA), to promote cell cycle arrest
and induction of a differentiation program into macrophages,
characterized by phenotypic and functional changes.”® We
have developed a state-of-the-art mass spectrometry-based
targeted '>C-metabolic flux profiling of glucose to measure de
novo synthesis and release of glutamate upon activation of the
glycolytic-TCA pathways to evaluate the role of HIV-1 Vpr in
orchestrating changes in macrophage glutamate metabolism
(Fig. 1).

Optimization of multiple reaction monitoring (MRM)
method/assay

The MRM method*” optimization for analysis of targeted '*C-
metabolic flux profiling of glucose and its intermediate metab-
olites was performed using standard aqueous stock solutions
of selected metabolites, namely G6P, F6P, citrate, a-KG, fuma-
rate, malic acid, glutamic acid and glutamine (Fig. 1 and
Table 1). MRM parameters for the transitions (parent ions)
detection, as well as the production of compound-specific
fragment ions (daughter ions), were optimized including the
cone voltages, collision energies, and ion mode detection; all
these aspects varied to obtain the optimal fragmentation of
each metabolite (Table 1). The MRM analysis is based on
matching 3 unique characteristics of each metabolite: a) the
retention time, b) the masses of the precursor ion and c) the
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Figure 1. Schematic representation of Glucose-dependent Glutamate Flux in macrophages. The red circles indicate the position of stable isotope ">C label in *Cs-Glucose
and the subsequent intermediate metabolites during glutamate synthesis during activation of the glycolytic and TCA cycle in macrophages. Bold arrows in tandem mean
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Table 1. Optimization for the parent and daughters ions identification of the tar-
get metabolites in the MRM Method.

Formula/Mass Parent ~ Cone  Daughters Collision lon

Compound Da m/z Voltage (V) m/z  Energy (V) Mode
G6P 260 278.13 12 126.99 20 ES+
278.13 12 98.88 18 ES+
Fructose 6P 260 278.13 10 108.97 18 ES+
261.07 16 108.97 16 ES+
Citrate 192 191.07 26 1109 12 ES-
210.13 14 174.96 8 ES+
a-Ketoglutarate 146 146.97 20 83.98 16 ES+
146.97 20 100.99 10 ES+
Fumarate 116 114.88 22 70.87 8 ES-
138.84 34 94.58 10 ES+
Malate 134 1329 30 70.86 10 ES-
152.07 12 88.98 12 ES+
Glutamate 147 147.97 20 83.96 16 ES+
147.97 20 101.94 10 ES+
Glutamine 146 147.03 18 56.01 24 ES+
147.03 18 83.98 16 ES+

mass of at least one intense fragment ion and a second
confirmatory ion (Fig. 2 and Table 1).

The MRM for glutamic acid and glucose (both 2-FDG and
PCe-glucose) are shown as examples (Fig. 2). The plot in
Figure 2A (left panel) illustrates the glutamate MRM spectrum
profile of the daughter ions (83.996 and 129.962 m/z) identified
after the fragmentation of the parent ion (147.904 m/z). The
area under the peak of the most abundant daughter ion
(147.904—83.996 m/z) was used to perform a standard curve
with a serial dilution of the glutamate standard (Panel A, right
panel). Furthermore, this analysis allowed us to establish that
5 nM is the lower limit of detection that we can measure using
MRM assay. The 2-FDG and "*C¢-glucose MRM spectrum pro-
files are shown in Figure 2 (panel B): the FDG MRM spectrum
profile of the daughter ions (164.978 and 146.941 m/z) identi-
fied after the fragmentation of the parent ion (200.16 m/z) and
the "*C4-glucose MRM spectrum profile of the daughter ions
(168.969 and 88.903 m/z) identified after the fragmentation of
the parent ion (204.15 m/z). The values of the parent and
daughter ions of all the selected metabolites analyzed using the
MRM assay are shown in Table 1. Finally, 2 h after '*C-glucose
addition, the derived metabolites '*C,-ketoglutarate, '*C,-glu-
tamine and ">C,-glutamic acid were detected in the culture
media by adding 2 atomic mass units to the initial values of
parents and daughters ions in the MRM identification assay.

Changes in levels of intracellular and extracellular
metabolites of glycolysis and TCA cycle induced by HIV-1
Vpr in macrophages

We first assessed glutamate flux by measuring the intracellular,
and extracellular metabolites pools of the glycolytic and TCA
pathways altered in response to HIV-1 Vpr overexpression in
U937 macrophages in comparison to the control Ad-null trans-
duced macrophages (Fig. 3). MRM analysis of intracellular G6P
levels demonstrated a significant decrease on day 7 compared
to control cells in the glycolytic pathway. MRM analysis of
intracellular metabolites of the TCA cycle demonstrated a sig-
nificant increase in fumarate levels in Vpr transduced macro-
phages. However, we observed a significant decrease in levels of

a-KG and malate in Vpr transduced macrophages (Fig. 3). In
contrast, we observed a significant increase in levels of o-KG
and glutamine in the extracellular media of macrophages trans-
duced with Vpr on day 7 in comparison to the Ad-Null trans-
duced macrophages (Fig. 3). Increase in glutamate levels in the
extracellular media of macrophages transduced with Vpr was
observed on day 3 only, in comparison to the Ad-Null trans-
duced macrophages (Fig. 3).

Changes in expression levels of selected enzymes in TCA
cycle and glutamate metabolism is modulated by HIV-1
Vpr in macrophages

Our earlier studies have demonstrated the upregulation of
numerous enzymes in the glycolytic pathway in response to
HIV-1 Vpr overexpression in U937 macrophages in compari-
son to the control Ad-null transduced macrophages.'® To cor-
roborate changes in the intracellular and extracellular
metabolite levels we assessed the expression levels of selected
enzymes in the TCA cycle in response to HIV-1 Vpr overex-
pression in U937 macrophages in comparison to the control
Ad-null transduced macrophages on day 1, 3 and 7 (Fig. 4).
Our results show that the expression of malate dehydrogenase
2 (MDH2), a member of the TCA cycle is upregulated by Vpr
by ~2.2-fold on day 1 and downregulated on day 3 and 7
respectively (Fig. 4A-D). Our studies also show that expression
level of fumarase, a member of the TCA cycle is upregulated by
Vpr by ~2.2-fold and 1.3-fold on day 1 and day 3 respectively,
which was downregulated on day 7 (Fig. 4A-D). Significant
changes in levels of enzymes involved in glutamate metabolism
are observed in response to HIV-1 Vpr. Among them, we
observed a modest increase in the expression of the mitochon-
drial glutaminase (GLS), a phosphate-activated amidohydrolase
that catalyzes the hydrolysis of glutamine to glutamate and
ammonia by ~1.2-fold on day 1 and 3. However, the levels of
GLS declined on day 7 in Vpr transduced cells (Fig. 4A-D).
We observed no change in expression levels of mitochondrial
glutamate dehydrogenase 2 (GLUD?2) that catalyzes the revers-
ible oxidative deamination of glutamate to o-KG. However,
there was no change in the expression level of glutamine syn-
thetase (GS) that catalyzes the ATP-dependent condensation of
glutamate with ammonia to yield glutamine on day 1. However,
GS expression was downregulated in Vpr treated cells on day 3
and 7 (Fig. 4A, C, D).

Since we observed a modest increase or no change in intracel-
lular GLS and GLUD?2 expression levels on day 3 in Vpr trans-
duced macrophages we assessed extracellular levels of GLS and
GLUD2 on day 3 post-transduction with Ad-Null or Ad-Vpr.
This study shows a significant increase in the extracellular levels
of mitochondrial GLS in Ad-Vpr transduced macrophages in
comparison to the Ad-Null transduced macrophages (Fig. 4E),
however, we observed no change in levels of GLUD?2 (Fig. 4E).

Increase in glutamate release in macrophages transduced
with HIV-1 Vpr is mediated by an increase in glucose
uptake and glucose flux

Glutamate flux was measured to demonstrate that the observed
increase in glutamate release in Vpr overexpressing macrophages
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Figure 2. MRM targeted metabolomics assays to measure glutamate and '3Ce-glucose uptake. (A) Glutamate MRM spectrum profile of the daughter ions
(83.996 and 129.962 m/z) identified for the fragmentation of the parent ion (147.904 m/z) (left panel). The area under the peak of the most abundant daughter ion
(147.904 — 83.996 m/z) was used to perform a standard curve with a serial dilution of the glutamate standard (right panel). (B) '*Cc-glucose MRM spectrum profile of the
daughter ions (168.969 and 88.903 m/z) identified for the fragmentation of the parent ion (204.15 m/z).

is indeed glucose-dependent and not as a consequence of the
conversion of media glutamine to glutamate. U937 derived macro-
phages were transduced with Ad-Vpr or Ad-Null then pulse-
labeled with *C-labeled glucose containing media for 2 hr and
followed by 2-FDG treatment for 30 mins on day 1, 3 and 7
post-infection. We observed a significant increase (~4-fold) in
Cq-glucose uptake on day 3 and 7 (Fig. 5A). Interestingly, we also
observed significant increase in °C,-glutamate release on day 3
(~2.5-fold) and on day 7 (~1.5-fold) (Fig. 5B) and accumulation
of ’C,-glutamine and '"’C,-a-ketoglutarate in the extracellular

media of cells overexpressing HIV-1 Vpr in comparison to the null
transduced macrophages on day 3 and 7 (Fig. 5 C, D).

HIV-1 infection of macrophages induces extracellular
glutamate levels

We first assessed glutamate flux by measuring the extracellular
metabolites pools of glutamate in response to HIV-1 infection
of MDMs in comparison to the mock-infected MDMs grown
in regular cell culture medium (Fig. 6). MRM analysis of
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Figure 3. Changes in metabolite levels in response to HIV-1 Vpr protein in U937 macrophages. MRM analysis of glutamate pools and other intracellular intermediates of
glycolytic and TCA cycle pathways including G6P, F6P, citrate, malate, «-KG, fumarate, and glutamine were measured in U937 derived macrophages overexpressing Ad-
Vpr or Ad-Null in a time-dependent manner. Glutamate, glutamine, and a-ketoglutarate were also detected and measured in the culture media at the indicated time. All
data are expressed as relative intensity of metabolites (means + SD) of triplicates and are a representative of at least 2 independent experiments. Significant p-values are
shown as “< 0.05 and "< 0.01.

extracellular levels of glutamate, glutamine, and «-KG on day 7 mock-infected MDMs (Fig. 6A). In contrast, we observed no
and day 14 post infection demonstrated that there was a signifi- alterations in levels of glutamine and «-KG in the extracellular
cant increase in glutamate levels in the extracellular media on media of macrophages infected with HIV-1 in comparison to
day 14 post infection of MDMs with HIV-1 in comparison to  mock infected MDMs (Fig. 6, B, C).
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Figure 4. Changes in levels of enzymes in the TCA cycle and glutamate metabolism in response to HIV-1 Vpr protein in U937 macrophages. (A) Western blot of proteins in
total cell lysates of U937 macrophages transduced with Ad-Null (Null) or Ad-Vpr (Vpr) on day 1, 3 and 7. GLUD1/2: glutamate dehydrogenase 1/2, GS: glutamine synthe-
tase, GLS: glutaminase, MDH2: malate dehydrogenase 2, FH: fumarate hydratase, tubulin, and Vpr: viral protein R. (B-D) Densitometric analysis of expression levels for
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set at 1 on day 1, 3, 7 after transduction, respectively. (E) Western blot of GLS and GLUD2 in the culture supernatant. A representative Western blot of 3 independent

experiment is shown. Significant p-values are shown as *< 0.05 and **< 0.01.

Increase in glucose uptake and «-KG in intracellular
compartment of HIV-1 infected macrophages

Since Vpr overexpression increased glucose uptake and glucose
flux, we asked the question whether HIV-1 expression in MDMs
also increases glucose uptake. To characterize glycolytic flux, we
switched the regular culture media of HIV-1 infected MDMs, as
well as their mock-infected counterpart on day 14 post-infection
to °C-labeled glucose containing media for 2 hr followed by 2-
FDG treatment for 30 mins. Targeted MRM method was used
to monitor uptake of labeled glucose and secretion of intracellu-
lar metabolized labeled glutamate into the extracellular media.
Increase in glucose-dependent glutamate flux in HIV-1 infected
macrophages was observed, as evidenced by an increase in
uptake of stable heavy isotope *Cs-glucose by 3-fold (Fig. 7A).
On the contrary, we observed a significant decrease in '>C,-glu-
tamate accumulation (Fig. 7B), with no major change in levels of
PC,-glutamine in the extracellular media (Fig. 7C), while there
was a significant increase in '’C,-a-ketoglutarate levels in the
extracellular media in HIV-1 infected scenario (Fig. 7D). These
observations suggests for unidirectional enzymatic conversion of
BC,-glutamine and "’C,-glutamate into "*C,-a-ketoglutarate in
the extracellular milieu.

Discussion

HIV-1 infected macrophages play a major role in the neuropa-
thogenesis of AIDS and mechanisms responsible for HIV-1

mediated neurotoxicity, including increased production of glu-
tamate.''” In this context, HIV-1 Vpr mediates many pro-
cesses that facilitate HIV-1 infection and promote persistence
in the host cells.”"? Our earlier studies using SILAC-based pro-
teomics analysis demonstrated that numerous enzymes in the
glycolytic pathway and TCA cycle were altered in response to
HIV-1 Vpr in macrophages.'® In this study, we evaluated alter-
ation in metabolic profile in response to HIV-1 Vpr in macro-
phages to correlate with the observed changes in expression
profile of critical enzymes in the glycolytic pathway and TCA
cycle. In fact, metabolomics has provided sensitive, fast, and
robust tools for analyzing metabolite levels during viral infec-
tions.” Isotope-assisted metabolomics is applicable for
certain classes of metabolites or simplified metabolite mixtures
that allow measurement and interpretation of endogenous and
released metabolites flux in cells.”’”

The MRM analysis of glycolytic pathway and TCA intermedi-
ate metabolites, such as G6P, o-KG, and malate, demonstrated a
significant decrease in HIV-1 Vpr transduced macrophages com-
pared to control cells. This suggests an increase in the enzymatic
activity of the respective enzyme that consumes the intermediate
metabolite and is in agreement with our earlier observation that
HIV-1 Vpr induced the protein levels of the glycolytic pathway
and TCA cycle."® The significant decline in levels of malic acid
(Fig. 3) corroborates with the increase in MDH2 levels by 1.6-
fold in Vpr transduced macrophages (Fig. 4 A, B). Of interest, we
observed significant accumulation of fumarate in the macro-
phages overexpressing HIV-1 Vpr protein, in contrast, to
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Figure 5. HIV-1 Vpr induces increased glucose uptake, and glutamate release in U937 derived macrophages. (A) The relative intensity of glucose uptake in U937 derived
macrophages overexpressing Ad-Vpr in comparison to Ad-Null transduced cells on day 1, 3 and 7 post-transduction; the intracellular amount of stable heavy isotope
13C6-glucose was measured by a specific MRM method to measure the glucose accumulation after blocking the glycolytic pathway with FDG. (B, C, and D) The relative
intensity of heavy isotope of '>C,-glutamate, *C,-glutamine, and *C4-a-ketoglutarate accumulation in the culture media supernatant 2 h after "*C¢-glucose incubation
measured by MRM method in U937 derived macrophages transduced with Ad-Vpr or Ad-Null. All data are expressed as means =+ SD of triplicates and are a representative
of at least 2 independent experiments. Significant p-values are shown as *< 0.05 and “*< 0.01.

decrease in other metabolites such as citrate and «-KG. This
observation suggests that Vpr most likely inhibits fumarase activ-
ity since no significant difference in expression levels of fumarase
is observed in macrophages transduced with Ad-Null or Ad-Vpr
(Fig. 4A, B). Interestingly, fumarate can induce a hypoxic gene

expression profile by inhibiting the activity of all 3 prolyl 4-
hydroxylases.”® Furthermore, fumarate also is a competitive
inhibitor of a-KG or 2-oxoglutarate-dependent 10-11 transloca-
tion enzymes (TETs) for DNA demethylation and many JmjC-
type of histone demethylases.”
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Figure 6. HIV-1 infection of MDMs induces enhanced extracellular glutamate release. (A) MRM method to measure glutamate, glutamine, and a-ketoglutarate accumula-
tion in the culture media on day 7 and day 14 post infection in HIV-1- and mock infected MDMs. The levels of HIV-1 in the infected cell supernatant was 265.25 pg/ml on
day 14 post infection. (A-C) The relative intensity of glutamate, glutamine, and «-ketoglutarate accumulation in the culture media supernatant. All data are expressed as
means = SD of triplicates and are a representative of at least 2 independent experiments. Significant p-values shown as *< 0.05.
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on day 14 after infection. The intracellular levels of heavy isotope *C¢-glucose were measured by a specific MRM method after inhibition of the glycolytic pathway with
2FDG. The relative intensity of '*Cs-glucose levels is shown in mock and HIV-1 infected MDMs. (B, C, and D) Stable heavy isotope of '*C,-glutamate, ">C,-glutamine and
13C,-a-Ketoglutarate were detected and measured in the culture media supernatant 2 h after "*C¢-glucose incubation by using a specific MRM method in HIV-1 infected
MDMs 14 d after infection. All data are expressed as means = SD. Significant p-values are noted as * for less than 0.05 and ** for less than 0.01.

In this report, we demonstrate for the first time that active
glutamate production and release in Vpr transduced macro-
phages is mediated by glucose-dependent metabolic flux
following activation of glycolytic and TCA cycle (Figs. 1, 5B).
Furthermore, the altered profiles of intracellular and extracellu-
lar metabolites reflect modulation of expression and activity of
enzymes in the glycolytic and TCA cycle pathways in Vpr
transduced macrophages. The observed increase in extracellular
levels of glutamate, «-KG and glutamine in the Vpr transduced
macrophages suggest that most likely deamination of glutamine
also known as glutaminolysis by GLS to glutamate and ammo-
nia with subsequent conversion of glutamate to o-KG and its
accumulation. The increase «-KG levels suggest that o-KG, a
TCA cycle intermediate can result in increased production of
both ATP and anabolic carbons for the synthesis of lipids,
amino acids, and nucleotides. We have shown earlier that Vpr
induces oxidative stress in an hypoxia-inducible factor 1 «
(HIF-1a) dependent manner,’ and in turn HIF-1« is induced
by Vpr.'® Glutaminolysis also favors production of antioxidants
such as glutathione (GSH) and NADPH.’“** Furthermore,
a-KG a key intermediate in glutamate metabolism is known to
stabilize reactive oxygen species (ROS) homeostasis in cells and
thereby mitigate oxidative stress-mediated damage to proteins,
lipids and DNA.>>** Therefore, maintenance of ROS

homeostasis in infected HIV-1 macrophages can promote
long-term survival and persistence.

Earlier studies have shown that glutamate production is
enhanced following HIV-1 infection of cultured macrophages
by up-regulation of the glutaminase isoform GAC."” A recent
study also demonstrated that recombinant Vpr increases pro-
duction of glutaminase C, a regulator of glutamate synthesis in
murine macrophages.”> Our results are in agreement with
previous findings where the HIV-1 infection of human macro-
phages leads to increase in glutamate production mediated by
the enzyme glutaminase,'”*°. Increase in glutamate levels has
been reported to be glutamine-dependent, and the glutamate-
mediated neurotoxicity has been shown to be augmented by
the mitochondrial glutaminase release.'”** Similar to these
reports, we have observed a significant increase in the levels of
GLS in the media by HIV-1 Vpr overexpression in macro-
phages (Fig. 4E) resulting in increased extracellular release of
glutamate. Our findings in HIV-1 infected MDMs are novel as
we demonstrate for the first time a transient increase in a-KG
levels in the extracellular media (Fig. 7D) which is derived as a
consequence of increased glucose flux (Fig. 7A) through the
glycolytic and TCA cycle pathway.

These results indicate that HIV-1 infection of macrophages and
HIV-1 Vpr overexpression induces relevant changes in multiple
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metabolic pathways with the consequent increase in glutamate pro-
duction and release upon activation of glycolysis and TCA cycle.

Materials and methods
Chemical reagents

All components of cell culture were obtained from Life
Technologies (CA, USA) and protease inhibitor cocktail were
obtained from Sigma-Aldrich (St. Louis, MO, USA). All the
chemicals were HPLC-grade unless specifically mentioned.
Stable heavy isotope glucose (*CeGlucose), 2-Fluoro-deoxy-2-d-
glucose (FDG), G6P, F6P, citrate, fumarate, malate, a-ketogluta-
rate, glutamate, and glutamine were obtained from
Sigma-Aldrich. Primary antibodies were used against fumarase
(Cell Signaling Technology, Danvers, MA), malate dehydroge-
nase 2 (MDH2) (Santa Cruz Biotechnology, Dallas, TX, USA),
glutaminase (GLS) (Abgent, San Diego, CA, USA), glutamine
synthetase (GS) (Thermo Fisher Scientific, USA), glutamate
dehydrogenase 2 (GLUD2) (R&D Systems, Minneapolis, MN,
USA) and Tubulin (Sigma-Aldrich, St. Louis, MO, USA). IR-dye
conjugated secondary antibodies were obtained from LI-COR
(Lincoln, NE, USA).

Cell culture

The human monocytic cell line U937 was obtained from Amer-
ican Type Culture Collection (Manassas, VA, USA) and grown
in complete DMEM medium at 37°C in humidified atmosphere
with 5% CO.,.

Construction of recombinant adenoviruses

The recombinant adenoviral vector harboring HIV-1 Vpr was
constructed by excision of Vpr cDNA (288 bp) from pcDNA;-
Vpr and subsequent cloning into the EcoRI and Nhel sites of
the shuttle plasmid pDC515 harboring the murine cytomegalo-
virus promoter (Microbix Inc., Ontario, Canada). Adeno-Vpr
recombinant shuttle vector was transfected into HEK-293 cells
with pBHG(rt (del) E1, 3FLP, and a plasmid that provides ade-
novirus type 5 genome deleted in E1 and E3 genes.*® Plaques of
recombinant adenovirus were isolated, grown, and purified by
cesium chloride density centrifugation as described previ-
ously.”” pDC515 was used to construct control adenoviral vec-
tor (Adeno-null, a virus without a transgene).

Adenoviral transduction

PMA differentiated U937 cells (5 x 10°/well) were plated in
6-well tissue culture dish and transduced with an adenoviral
stock of Ad-Null (empty vector) or Ad-Vpr at a multiplicity of
infection (MOI) of 5 pfu (plaque forming units) per cell.'® Cells
were harvested at 1, 3 and 7 day post transduction.

Preparation of monocyte-derived macrophages and HIV-1
infection

Buffy coats were provided by the Comprehensive NeuroAIDS
center (CNAC) under the approval of the Temple University

Institutional Review Board (IRB). No informed consent was
obtained as the study was classified as exempt (category 4) by
the IRB.

PBMCs were isolated from buffy coat using the standard
ficoll gradient centrifugation method and resuspended in
DMEM containing 10% FBS and 10 mg/ml gentamicin
(Life Technologies). Isolated PBMCs were allowed to adhere to
tissue culture flask overnight, and adherent monocytes were
differentiated in DMEM (Life Technologies) media containing
10% FBS, and 100 ng/ml M-CSF (R&D Systems) for 7 d. Fresh
complete media containing M-CSF was added after removal of
one-third of the medium every third day. MDMs were then
infected with 10000 TCIDs,/10° cells (MOI ~0.01) of HIV-1
89.6 overnight in a 37°C incubator with 5% CO,. The next day,
cells were washed thrice with 1 X PBS and grown in DMEM
containing 10% FBS and 10 mg/ml gentamicin. An aliquot of
cell culture supernatant was collected on day 14 to quantify
viral load by p24 ELISA (Advanced Bioscience Laboratories,
Cat #5421). HIV-1 infected MDMs were used on days 7 and 14
for the studies.

Glucose uptake and metabolic flux in macrophages

Two million cells were used in triplicate for each condition.
After transduction with Adeno-Vpr or Ad-Null for specific
duration, cells were washed with PBS, followed by addition of
10 mM of ">C4 Glucose in a glucose free DMEM medium con-
taining dialyzed 10% FBS and incubated for 2 hours at 37°C,
followed by an additional 30 min incubation with 2-FDG at a
final concentration of 5 mM, 2-FDG is an inhibitor of glucose
metabolism thus preventing the glucose breakdown and allow-
ing its accumulation to furher be measure and quantified. The
supernatant cell media was collected for further fluxing metab-
olites evaluation and cells were harvested, washed thrice with
1X PBS and the cell pellet was lysed in 50 ul of M-PER buffer
for extraction of metabolites and further analysis.

Metabolite extraction

Proteins from the supernatant cell media or from the cell
lysates were precipitated with 3 volumes of acetonitrile, and the
liquid phase was concentrated in a speed-vacuum.’® The dry
pellet containing the metabolites was resuspended in buffer A
(20 mM ammonium hydroxide and 20 mM ammonium ace-
tate) and used to measure the metabolites.

Multiple Reaction Monitoring (MRM)

The detection of the “Cg glucose, G6P, F6P, citrate, fuma-
rate, malate, glutamine, a-ketoglutarate and glutamate, as
well as, the heavy forms of these metabolites, products of
heavy '>Cq glucose metabolism was carried out using a
Waters XevoTM triple quadrupole tandem mass spectrome-
ter (Waters Corp., Manchester, UK). IntelliStart software
was used for method development of each metabolite and
the optimization of the mass spectrometer parameters
for best metabolite transitions detection conditions were
performed including an automated checking of cone voltage
(range: 2-100), collision energy (range 2-80), lowest



fragment mass detection of 40.00 m/z and the identification
up to 5 daughters -fragmentation ions- in both positive and
negative electrospray ionization mode. During this optimi-
zation, each metabolite was dissolved in 20 mM ammonium
hydroxide 50% acetonitrile, at a final concentration of
10 uM and directly inject into the mass spectrometer.

UPLC/MS/MS method for the detection of all metabolites
was developed for a complete separation and identification of
the metabolic extracts for in less than 6 min per sample includ-
ing a rapid elution of compounds and subsequent MRM. This
method was confirmed using the metabolite standards in an
ACQUITY UPLC® (100 mm x 2.1 mm, 1.7 um) BEH Amide
C18 column heated to 40°C employing a flow rate of 0.4 mL/
min and mobile phases A and B, 20 mM ammonium hydroxide
and 20 mM ammonium acetate in acetonitrile, respectively, and
with the following gradient: 0% B, 0-1 min; 0% B-50% B, 1-
2.5 min; 50% B-90% B, 2.5-3.2 min; 90% B to 0% B, 3.2-4 min;
total run time 5 min. The MRM method development was per-
formed using a standard aqueous stock solution of each of the
metabolites to be analyzed at 30 uM in 20 mM ammonium
hydroxide, based on unique product matching 3 unique aspects
characteristics of each metabolite: the retention time, the
masses of the precursor ion and the mass of at least one intense
fragment ion. Chromatographic and mass spectrum data were
collected and analyzed with Waters MassLynx v4.1 software.
The quantification was obtained for each metabolite using lin-
ear regression analysis of the peak area ratio analyte versus con-
centration. The ratios of the precursor and fragment ions allow
an accurate quantification of all the target metabolites. Confir-
mation was performed using a standard calibration curves for
each metabolite at concentrations of 0.01, 0.05, 0.1, 0.5, 1, 5, 10,
50, and 100 M.

Western blot analysis

Protein samples (40 pg) from cell lysates and protein samples
(10 pg) from TCA precipitated conditioned media were sepa-
rated by 10% gradient SDS-PAGE and then transferred to a
PVDF membrane in a blotting chamber (BioRad) at 100 V for
30 min. The membrane was blocked with 5% powdered milk in
Tris-buffer saline solution (pH 7.6) containing 0.05% Tween-
20 (TBS/T) then probed with antibodies against MDH2
(1:200), FH (1:1000), GLS (1:500), GLUD1/2, GS (1:5000), Vpr
(1:1000) and tubulin (1:1000). Membranes were incubated with
primary antibodies overnight at 4°C, washed, and then incu-
bated with appropriate secondary antibodies conjugated to
IR-Dye at room temperature for 1 h. Images were captured
using Odyssey CLx imager (LI-COR, Lincoln, NE). GelQuant.
net software (BiochemLabSolutions.com) was used for densito-
metric quantification of changes in expression levels of
proteins.

Statistical analysis

All data were expressed as means &+ SD. Values between con-
trol and HIV-1 and Ad-Null and Ad-Vpr studies were com-
pared by unpaired 2-tailed Student’s t-test using GraphPad
software (GraphPad Software Inc., LaJolla, CA, USA). p-value
< 0.05 were considered significant.
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