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Published online: 08 March 2019 . Currently, a major barrier to curing HIV infection is the generation of tissue-associated, non-replicating,

. long-lasting viral reservoirs that are refractory to therapy and can be reactivated upon anti-retroviral

therapy interruption. One of these reservoirs are latently HIV-infected macrophages. Here, we show
that HIV infection of macrophages results in survival of a small population of infected cells that are
metabolically altered and characterized by mitochondrial fusion, lipid accumulation, and reduced
mitochondrial ATP production. No changes in glycolysis were detected. Metabolic analysis indicated an
essential role of succinate and other TCA metabolites in the tricarboxylic acid (TCA) cycle in mediating
lipid accumulation and oxidative phosphorylation (OXPHOS) in the mitochondria. Furthermore, we
show that while uninfected and HIV infected macrophages use fatty acids and glucose as primary
sources of energy, surviving HIV infected macrophages also use glutamine/glutamate as a major
energy source, and blocking these new sources of energy resulted in the killing of latent HIV infected
macrophages. Together, our data provide a new understanding of the formation, properties, and
potential novel ways to eliminate macrophage viral reservoirs.

A key feature of HIV infection that has made it virtually impossible to truly cure this disease is the generation of
latent viral reservoirs in different tissues. A viral reservoir corresponds to long-lived infected cells, mainly local-
ized in a specific anatomical compartment, where the replication-competent virus can persist for a longer time
than the main pool of actively replicating virus'*. One of these reservoirs is HIV infected macrophages, which
are terminally differentiated, non-dividing cells derived from circulating monocytes that reside in all tissues’. It is
widely accepted that in addition to T cells, monocyte/macrophage lineage cells are among the first cells targeted
by HIV® and these cells then allow the virus to spread rapidly by transmission to CD4™ T cells’~*. Furthermore,
it was recently demonstrated that macrophages could sustain HIV replication in vivo in the absence of T cells,
supporting the hypothesis that macrophages are a primary target of HIV and may help transmit the infection to
other cell types even in the absence of CD4* T lymphocytes!°.

Although HIV infection kills most CD4" T cells, a small population of HIV infected macrophages survives
for extended periods by harboring the virus in cell membrane invaginations that protect virions from antiretrovi-
ral treatment (ART) and circulating neutralizing antibodies'!~!*. Under inflammatory conditions, macrophages
derived from recently transmigrated monocytes die after few days', whereas microglia, perivascular, and alveolar
macrophages can survive for long periods — from weeks to years'>~'”. The properties of mobility, capacity for tissue
infiltration, and extended survival have been proposed by several groups to be critical for the role of macrophages
in the generation, stability, dissemination, and reactivation of HIV reservoirs. However, the mechanisms by which
these latently HIV-infected cells become viral reservoirs and survive for extended periods of time are unknown.

We have characterized the metabolic profile of latently HIV-infected macrophages and identified several
unique metabolic features of these cells. First, HIV infection had a profound overall silencing effect on mitochon-
drial metabolism. Second, in latently infected macrophages the metabolic steps in the tricarboxylic acid (TCA)
cycle preceding oxidative phosphorylation (OXPHOS) were compromised, resulting in lipid accumulation, which
is typically observed in several tissues and cells in the HIV infected population'®'’. In addition to fatty acid
and glucose, latent HIV-reservoirs relied on glutamine, glutamate, and alpha-ketoglutarate (-KG) as a major
source of energy. Finally, blocking the use of glutamine, glutamate and alpha-ketoglutarate pathways resulted in
a significant killing of the latent HIV infected macrophages. These results reveal a unique metabolic signature
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of HIV infected macrophages that is similar to the observed in aggressive types of brain cancer, especially in
glioblastoma®*-22. We demonstrated that targeting specific metabolic pathways of viral reservoirs is a promising
therapeutic approach to eradicate viral reservoirs in HIV infected individuals.

Results

HIV infection of macrophages results in massive early apoptosis, the survival of a small pop-
ulation of HIV infected cells, and mitochondrial enlargement. As we previously described, acute
HIV infection of human primary astrocytes, microglia, and macrophages results in massive apoptosis; however,
a small population of HIV-infected cells survive and become latently infected?*-?°. Despite these findings, HIV
infection of macrophages is controversial in a few scientific circles. There are multiple lines of evidence support-
ing macrophage infection and pathogenesis in an independent manner than HIV replication on T cells'®?*30:31, In
addition, we recently reported that apoptosis induced by HIV in human macrophages follows an unusual apop-
totic pathway with no significant changes in multiple apoptotic proteins, but a significant increase in the protein
Bim, probably to block the formation of the apoptosome®. Bim, a highly apoptotic protein, is recruited to the
mitochondria without resulting in apoptosis®, suggesting that in HIV surviving cells, mitochondrial function is
compromised. Furthermore, we identify in the current study that Bcl-2, mcl-1, and hsp-70 and-27 are not affected
during the entire time course of the infection (Supplemental Fig. 1), supporting the essential role of Bim in the
mitochondria, and not other apoptotic proteins, in the context of HIV.

As we described, three different stages of viral replication in human macrophages could be observed (Fig. 1A
and Supplemental Fig. 2). An early stage (1-3 days post-infection) characterized by increasing HIV replication
(Fig. 1 A, HIV early) with ~50% of the cells with integrated HIV DNA into the host DNA (Fig. 1B, white bars,
early). Also at this time point, expression of HIV nef mRNA was detected in ~50% of the cells (Fig. 1B, early,
black bars), and ~50% of the cells expressed significant amounts of HIV-p24 protein (Fig. 1B, early, gray bars). All
these analyses were performed using the simultaneous detection of integrated HIV DNA, viral mRNA, and viral
proteins as we recently described in detail*>. Quantification of the staining for integrated HIV DNA (black line),
viral mRNA (red line), and viral proteins (blue line) indicates that HIV-DNA staining remains stable early, mid,
and late stages post infection (Fig. 1C). Viral mRNA intensity decreased at the mid-stage indicating a silencing
of the viral mRNA expression at the later stages post infection (Fig. 1C). Moreover, the expression of HIV-p24
protein reached a peak at the early stages of infection and remained stable until the later stages post infection,
indicating that HIV-p24 protein is stable, despite the decay in HIV mRNA expression (Fig. 1C). All these data
together indicate that viral replication becomes silent at the late stages of HIV infection in the few macrophages
that survive HIV infection. Quantification of the apoptosis indicates that an early stage (1-3 days post-infection),
where 12.36 = 6.45% of the cells were undergoing apoptosis and 16.1 + 13.83% of the surviving cells were positive
for HIV-p24 (Fig. 1A-D, and®). A mid-stage (7-14 days) was characterized by higher viral replication (Fig. 1A),
high cell death (79.97 & 13.65%; Fig. 1C,D), which mainly affected uninfected macrophages (%, Fig. 1A-D, “cell
death”), and a high percentage of alive cells positive for HIV-p24 (62.98 + 11.99%; Fig. 1D). The late stages of
viral replication (14-21 days) were characterized by minimal to undetectable HIV replication and cell death
numbers similar to the mid-stage (82.65 = 8.94%, Fig. 1D), resulting in the survival of a small population of HIV
infected macrophages that were not producing virus (although 93.15 £ 2.95% of the surviving cells were infected.
Fig. 1D), also named viral reservoirs (Fig. 1A-C, *p <0.0021 as compared to uninfected conditions (“control”),
p=0.0001 as compared to early and mid stages of replication, see representative examples in Supplemental
Fig. 2). As expected, no viral replication or unspecific staining was detected in uninfected cells (“control,” Fig. 1A,
n=3).

Analysis of the surviving cells in the HIV-infected cultures by transmission electron microscopy (TEM)
demonstrated that mitochondria in the surviving HIV infected cells had become bigger (Fig. 1F) as compared
to uninfected cells (Fig. 1E). A similar pattern of mitochondrial enlargement, or fusion, has been observed in
different cell types during serum starvation and autophagy conditions®*-*. Quantification of mitochondrial
size demonstrated that mitochondria increased significantly in size after seven days post-infection (Fig. 1G,
*p=0.0341 as compared to uninfected conditions, UL, n=7). These results were HIV specific and did not rep-
licate using different cell densities or cell activation using cytokines including TNF-o and/or IFN-~ (data not
shown). Intriguingly, Western blot and immunofluorescence analysis did not show any significant difference in
expression or localization of mitofusin-1 and-2 (Supplemental Fig. 3), as had been described in autophagy®*-%,
indicating that the mechanism of mitochondrial enlargement upon HIV infection is different than in autophagy.

Mitochondria in surviving HIV infected macrophages are functional. To determine whether the
mitochondria in the HIV surviving cells are functional, we measured their relative membrane potential using
a ratio between TOM20 and mitotracker. TOM20 staining was not affected by changes in membrane poten-
tial (green staining). However, uptake of mitotracker RedCMXRos, which is taken up by a translocase of the
mitochondrial outer membrane, is membrane potential-dependent (red staining). We also stained actin using
phalloidin staining (white staining) to identify the cell shape. In uninfected cells (UI), as expected, there was a
perfect colocalization of TOM20 and mitotracker (Supplemental Fig. 4A). However, in HIV infected cultures, the
cells that survived infection showed a loss of colocalization and decreased mitotracker staining (Supplemental
Fig. 4A, HIV). Quantification of the TOM20 staining indicated that there was no loss of this protein in uninfected
or HIV infected conditions (Supplemental Fig. 4B). Overall, no changes in membrane potential or mitotracker
staining were observed among uninfected or HIV infected cells (Supplemental Fig. 4C). However, further anal-
ysis of HIV fused cells indicated a reduced mean intensity of mitotracker per cell or per nuclei (Supplemental
Fig. 4D) and TOM20 (Supplemental Fig. 4E) (*p =0.0003, n = 6). Moreover, the ratio of mitotracker/TOM20
remained stable. These data indicate that upon cell to cell fusion due to HIV infection, only a small population of
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Figure 1. A small population of HIV infected macrophages survives infection and shows mitochondrial
compromise. PBMCs were isolated from leukopacks provided by the NY blood center. Macrophages were
isolated by adherence in the presence of M-CSF for 7 dpi. Cultures were exposed to 50 ng/ml of HIV,,, for 24 h,
washed, and maintained for 3, 7, 14, and 21 dpi for subsequent analysis. (A) HIV replication as determined

by HIV-p24 ELISA in the supernatant of uninfected (control) and HIV infected macrophage cultures (early,
mid, and late). HIV at the late stages becomes silent. HIV DNA staining and Alu-PCR confirmed these results.
(B) Staining for HIV integrated DNA (nef), viral mRNA (nef) and HIV-p24 protein and subsequent analysis
for microscopy. We quantified the % of positive cells at the early, mid, and late stage, indicating that at later
time points, viral mRNA and protein expression is decreased in the cells. (C) However, quantification of the
staining in B, indicates that integrated HIV DNA remains stable, viral mRNA decreased at the late stages, and
HIV-p24 remain stable from the mid stages. (D) Percentage of cell death in uninfected (control conditions) and
HIV infected conditions (HIV). HIV infection induces a large amount of cell death, but early on a population
of HIV-p24 positive cells survive the infection. In parenthesis is the % of HIV infected cells. (E,F) correspond
to representative pictures of transmission electron microscopy (TEM) of macrophages in control conditions
(uninfected, UI) and HIV infected cells (HIV) to observe the distribution, numbers, and size of mitochondria.
(G) Quantification of mitochondrial size (nm?) per area. *p =0.0341, n=7.

mitochondria was compromised; however, overall mitochondrial potential and numbers were maintained during
the time course of infection, especially in surviving HIV infected cells.

Surviving HIV infected macrophages have reduced overall mitochondrial function but maintain
their stress response. To determine whether HIV targets mitochondrial metabolism during different stages
of HIV infection of human primary macrophages, we measured their oxygen consumption rate (OCR) using
a SeaHorse analyzer (Agilent Technologies, Santa Clara, CA) to determine basal respiration, ATP production,
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Figure 2. HIV infection reduces the basal OCR in surviving cells. To determine the function of the mitochondria
in the population of surviving cells, the OCR (oxygen consumption rate) was determined. Oxygen consumption
by complex IV is generally accepted as the main source of oxygen consumption in cells (see the cartoon in I). In
these experiments, Complex IV activity can be inhibited by Antimycin A (A), and rotenone (R) can shut down
complex I activity. Using both inhibitors will completely shut down all ETC activity. Complex V activity can be
shut down using oligomycin (O), which will thereby shut down all ATP generated by OXPHOS. The maximal
capabilities of mitochondrial ETC function are analyzed by the use of FCCP, an inducer of inner membrane pore
formation that dissipates the chemical gradient between the intermembrane space and the matrix. The Seahorse
XFp analyzer takes advantage of a sensitive oxygen meter to measure oxygen consumption rates (OCR) in response
to the treatments described above. (A) Determination of basal respiration, ATP production, maximal respiration
and spare capacity using oligomycin, FCCP, and Antimycin A plus rotenone, respectively. Early during infection,
there was a reduction in the basal OCR before O treatment. OCR determinations at the mid (B) or late stage of
infection (C). (D) shows amplification of the OCR curve during late stages shown in C to correct for the surviving
cell number. (E) Quantification of the basal OCR (*p =0.0194, n=6). (F) Quantification of oligomycin response
at early, mid and late stages of infection. Only during the early and late stages, where cell death was minimal, were
significant differences observed. Red bars correspond to HIV infected cultures (¥p =0.0033, *p =0.00009, n=3).
(G) Quantification of coupling efficiency in response to FCCP. (H) Quantification of spare respiratory capacity. (I)
A diagram showing the site of action of each inhibitor.

proton leak, maximal respiration, and mitochondrial spare capacity (see details, https://www.agilent.com/en-us/
products/cell-analysis-(seahorse)/mitochondrial-respiration-the-xf-cell-mito-stress-test).

As indicated in Fig. 2A during the early stage of infection (1-3 days post-infection), the basal OCR was reduced
by approximately 20-30%, indicating that early events of HIV infection impacted mitochondrial respiration with-
out changing maximal respiration or spare capacity (Fig. 2A,E). At the mid-stage, where apoptotic levels were high
(Fig. 2B,E), we observed a reduction in total OCR that strongly correlated with cell death (Fig. 2B). At the late time
points post-infection, where most remaining cells were HIV infected surviving cells, no further changes in the OCR
were detected (Fig. 2C,D, amplification of 2 C). Quantification of these data confirmed that HIV infection compro-
mises basal OCR (*p=0.0194, n=6), as well as response to oligomycin (Fig. 2F, &, p=0.0033, n=3; *p=10.00009,
n=23), but does not affect FCCP or spare respiratory capacity (Fig. 2G,H, respectively). There was a significant
difference in oligomycin response in HIV infected cells compared to uninfected cells early and late during infec-
tion, but not during the mid stages, suggesting that during periods of minimal apoptosis, ATP-linked respiration
is reduced by the virus (Fig. 2F). These differences in the metabolic profile were not due to the differences in cell
number, because subconfluent cultures also have similar behavior to confluent cultures (data not shown). Activation
of human macrophages with TNF-a plus IFN-~ did not result in similar metabolic changes (data not shown). Thus
metabolic changes are associated with the HIV infection specifically and not due to general immune activation.

HIV induced mitochondrial compromise is not due to changes in the expression of mitochondrial
complexes. Typically, changes in OCR are associated with changes in oxidative phosphorylation (OXPHOS),
most specifically complexes I to V3¢, To determine whether HIV infection altered the expression of these complexes,
qRT-PCR and Western blots were performed. No differences in mRNA expression were found between uninfected, and
HIV infected conditions (Supplemental Fig. 5A, n=7). Results obtained from mRNA amplification of complex V were
inconclusive (data not shown). Western blots for complexes I to V indicated no significant differences in expression of
all complexes at different stages of infection (Supplemental Fig. 5B,C, n=>5). Thus, HIV-induced changes in mitochon-
drial shape, basal OCR, and response to oligomycin were not due to changes in mRNA or protein expression related to
mitochondrial fusion, as has been described for other diseases®-*, indicating that HIV uses a different mechanism to
survive infection and/or evade apoptosis.
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Figure 3. HIV infection did not alter glycolysis. Uninfected (UI) and HIV infected cultures (HIV) at different
stages were subjected to ECAR, extracellular acidification rate measurement, and Seahorse analysis to examine
glycolysis. We injected glucose (G), oligomycin (O), and 2-deoxy-D-glucose (2DG). Treatment with glucose
increases ECAR, while subsequent injection with oligomycin forces cells to use only lactic acid fermentation for
ATP production and further increases ECAR. Inhibition with 2DG completely shuts down any ATP production
from glycolysis and thus reduces ECAR. (A) Changes in ECAR during early stages; (B) mid-stages, and (C) late
stages. (D) Corresponds to an amplification of the HIV infected curve shown in C. (E) Corresponds to the %
change in ECAR in response to oligomycin during all stages of infection. No significant changes were observed.
(F) Represents the blocking stage of 2DG.

Glycolysis is not affected by HIV infection.  To determine whether the changes in metabolism observed
in HIV infected macrophages were due to alterations in glycolysis, extracellular acidification rate (ECAR) was
assessed at different time points after HIV infection (i.e., the early, mid and late stages - Fig. 3A-C, respectively).
Overall, there were no differences in ECAR in any condition or in response to injection of glucose (G), oligomycin
(0), or 2 deoxy-D-glucose (2DG) (see the cartoon in Fig. 3F). These data indicate that glycolysis was not affected
by HIV infection in macrophages. Interestingly, a similar glycolytic response was found in the few cells that sur-
vived HIV infection and silenced the virus as compared to uninfected cells (Fig. 3D). No changes in oligomycin
response were detected in ECAR (Fig. 3E), supporting the conclusion that the metabolic effects of HIV are in the
mitochondria and not on the glycolytic pathways. This is a significant difference from circulating viral reservoirs,
which express increased amounts of GLUT-1 and show elevated glycolysis*~**. Thus, the metabolism of latently
HIV infected macrophages is different from that in T cell viral reservoirs.

Lipid droplets accumulate in surviving HIV infected macrophages and associate with enlarged
mitochondria. Lipid dysregulation is a well-documented problem in the HIV infected population, and it
is mostly associated with foam macrophages (uninfected and HIV infected) that survive for extended periods
of time, resulting in increased risk for cardiovascular disease, atherosclerosis, and dementia**-*%. To determine
whether the changes in mitochondrial fusion and metabolism are due to alterations in lipid metabolism, BODIPY
staining was performed at different stages post infection. Our data indicate that HIV infection of human mac-
rophages results in significant accumulation of lipids in the macrophages that survive HIV infection, especially
in the fused macrophages (Fig. 4A). Quantification of lipid accumulation using confocal microscopy indicated
that HIV fused cells accumulate more lipids than uninfected and single HIV infected cells (Fig. 4B, *p =0.00230,
n=26). Lipid accumulation was not due to the cell to cell fusion due that calibration of the numbers of lipid
bodies per nuclei was insignificant (Fig. 4C, HIV fused). However, examination of HIV-infected surviving cells
using electron microscopy indicates that lipid distribution was altered. Under HIV conditions, mitochondria (M)
become bigger (Fig. 1F) and closely associated with lipid droplets. Activation of human macrophages with TNF-o
plus IFN-~ did not result in a similar metabolic profile (data not shown). Thus, these metabolic changes are again
associated with the HIV infection and not due to general immune activation. These data indicate that HIV sur-
viving cells accumulate lipids and direct lipid droplets to areas rich in enlarged mitochondria.
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Figure 4. HIV infection increased lipid accumulation and interaction of lipids with the mitochondria. Cells
were fixed with 4% PFA but not permeabilized to prevent lipid loss. Next, cells were stained with DAPI, BODIPY,
and phalloidin to label nuclei, lipids, and actin, respectively. (A) A representative example of uninfected (UI) and
HIV infected (HIV) macrophage cultures staining used to measure lipid production at the late stage of infection.
(B) Quantification of lipid staining intensity indicates that HIV fused cells had a higher amount of lipids as
compared to uninfected cells (UT) or HIV unfused cells (HIV single). *p =0.0230, n=6. (C) Quantification of
lipids per nucleus was normalized to the number of nuclei per cell, with no significant difference per nucleus
between uninfected cultures and HIV infected cultures. (D,E) Showing two different examples of proliferating
and fused mitochondria (M) and their close interaction with lipid droplets (LD), see the arrow.

Tricarboxylic acid metabolites generated prior to the mitochondrial steps are key metabolites
in lipid accumulation and tricarboxylic acid (TCA) cycle dysregulation. Our data so far indicate
no changes in glycolysis, increased lipid accumulation, and reduced OXPHOS reliance, suggesting that the TCA
cycle is compromised and may provide a stable alternative source of energy in addition to glucose, such as lipids.
Furthermore, the increase in lipids indicates that there is an additional source of carbons to accumulate large lipid
bodies. Therefore, we hypothesized that an additional source of carbon was contributing to the TCA cycle to fuel
lipid accumulation and OXPHOS function. To test this idea, we treated cultures of human macrophages with
different concentrations of succinate (1, 10 and 100 uM, a metabolite generated prior to the OXPHOS steps), and
lipid accumulation was determined by confocal microscopy and OCR quantifications. Addition of succinate to
uninfected cultures did not change lipid abundance at any concentration tested (control, Fig. 5A).

In contrast, succinate treatment of HIV infected cultures of macrophages increased lipid accumulation at all
concentrations tested (Fig. 5B, representative images). Quantification of BODIPY staining confirmed that succi-
nate treatment of uninfected cultures did not alter lipid loading (Fig. 5C, UI). Overall, HIV infection increased
lipid accumulation (combination of HIV single cells + HIV fused cells, Fig. 5C), but most of the lipid loading
was observed in HIV fused macrophages, which are the cells that survive infection and silence viral replication
(Fig. 5C, *p=0.0023 as compared to UI cells, n=4).

Furthermore, OCR determinations in response to succinate, malonate, and rotenone demonstrated no dif-
ferences between uninfected and HIV infected conditions, with the OCR recovering to control levels. The only
difference observed was response to antimycin A, an inhibitor of complex IV, which demonstrates a difference in
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Figure 5. Succinate and a-KG are key TCA intermediates in lipid accumulation. (A) Representative examples
of control and (B) HIV infected macrophages in untreated (0 pm) and treated with 1, 10, and 100 uM
succinate and stained with BODIPY (lipid, green stain), DAPI (nuclei, blue stain), and actin (cyan stain). (C)
Measurement of BODIPY staining per cell quantified using Nikon Elements software. Control (UT) cells did not
respond to succinate treatment. Single cells in HIV infected cultures accumulated lipids in a dose dependent
manner according to increased concentration of succinate (HIV single, *p=0.0002). Fused HIV infected
macrophages accumulated lipids in response to succinate treatment. *p <0.0230, n =4 different individuals.
(D) A representative example of an OCR response curve in response to 50 uM succinate (S), 500 pM malonate
(M), 0.5uM rotenone, and 0.5 uM Antimycin-A (A). (E) Quantification of the OCR change in uninfected and
HIV infected macrophages. Only changes in antimycin A response were found to be significant (¥p = 0.0045,
n=7). (F) The cartoon represents a summary of the data and the proposed hypothesis of how lipids are
accumulated in HIV infected macrophages. Red letters indicate our data. Purple letters indicate the affected
areas supported by our data. Blue letters indicate the areas probably involved in lipid accumulation, but not
tested in this study.

OXPHOS function associated with complex IV (Fig. 5E, *p =0.0045, n=7). Activation of human macrophages
with TNE-a plus IFN-~ did not result in similar metabolic changes (data not shown), indicating these metabolic
changes are associated with the HIV infection and not due to general immune activation. Together, these results
show that HIV reservoirs have a compromised TCA cycle and OXPHOS system, with the accumulating lipids
possibly serving as an additional source of energy to support the minimal loss in OCR function (see Fig. 5F).

HIV reservoirs use glutamine/glutamate as an alternative fuel source to generate energy.
Normally, cells use glucose and fatty acids as a major source of energy; however, in pathological conditions, such
as neuro/glioblastoma and other types of cancer, amino acids such as glutamine are used as fuel sources, mainly
to avoid a dependency on carbon sources from the bloodstream?**->!. Critically, glutamine/glutamate can pro-
vide additional energy to the TCA cycle by providing extra alpha-ketoglutarate (a-KG) and succinate as shown
in Fig. 6A. Thus, to determine whether glutamate/glutamine could provide an additional source of carbon to the
TCA cycle, single fuel dependency was determined. We measured OXPHOS by inhibiting fatty acid contribution
to the TCA with etomoxir (fatty acid oxidation inhibitor), UK5099 (glucose oxidation inhibitor), or BPTES (glu-
taminase inhibitor) as described in Fig. 6A. Addition of one inhibitor at a time (single fuel dependency, Fig. 6B)
showed that uninfected macrophages mostly used fatty acids and glucose to produce ATP (U, Fig. 6B). As expected,
minimal to undetectable use of glutamine as a source of energy was found in uninfected conditions (Fig. 6B, UI,
glutamine). In HIV infected macrophages, while fatty acids and glucose were still utilized, the contribution of glu-
tamine sources significantly increased (Fig. 6B, HIV, glutamine, *p=0.0001, n=4). These data indicate that HIV
infected macrophages that survive infection behave similarly to cancer cells treated with Bis-2-(5-phenylacetamido-
1,3,4-thiadiazol-2-yl)ethyl sulfide, BPTES, an inhibitor of glutaminase®2. Also, activation of human macrophages
with TNF-a plus IFN-~ did not result in similar metabolic changes indicating that this phenotype is unique (data
not shown). Thus metabolic changes are associated with the HIV infection and not due to general immune activa-
tion. Furthermore, the changes in glutamine/glutamate/o-KG dependency were associated with higher expression
of glutaminase and glutamine synthetase (data not shown). Therefore, like cancer cells, HIV infected cells that sur-
vive infection use particular amino acid pathways as a significant source of energy.
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Figure 6. HIV infection regulates the metabolism of latently infected macrophages. (A) Diagram of
mitochondrial fuel input from glycolytic, glutamine, and fatty acid pathways, with appropriate inhibitors used
to prevent the usage of these pathways. (B) OCR changes used to measure percentage dependency of one or
two fuel types. OCR changes are measured at baseline (no compounds) for roughly 17 minutes, followed by
injection of one fuel inhibitor for single fuel dependency, or with two inhibitors for double fuel dependency.
OCR changes resulting from treatment are measured for approximately 40 minutes, followed by injection

of the remaining two fuels for single fuel dependency experiments, or the single remaining fuel for double
dependency measurements. Dependency for single and double fuel experiments is calculated as the percentage
change from baseline due to the first injection. (B) Mitochondrial OXPHOS dependency on fatty acid,
glutamine, and glucose. HIV infected macrophages were more dependent on glutamine than their uninfected
counterparts (*p=0.0001, n=4). There was no significant change in dependency on fatty acid or glucose for
OXPHOS during HIV infection. There was a significant dependence on fatty acids for OXPHOS in uninfected
and HIV infected cells compared to glutamine and glucose (p <0.0119). (C) Analysis of mitochondrial
dependence on two fuel types for OXPHOS. When forced to use a single fuel source for OXPHOS, there

was a significant decrease in the ability for HIV macrophages to use fatty acids and glucose, and a significant
increase in the ability to use glutamine (*p < 0.0002). Single and double dependency experiments indicate that
uninfected macrophages are flexible to shift among several types of energy sources. However, HIV infected
macrophages have an increased “flexibility” to shift among these forms of energy. (D) To evaluate whether the
use of glutamine, glutamate, and a-KG is necessary for the survival of HIV reservoirs, we treated uninfected and
HIV infected cultures of surviving macrophages with BPTES or Benzylserine. Both inhibitors did not alter the
survival of uninfected cultures. However, the combination of both or Benzylserine alone resulted in significant
cell death in the HIV infected cells. All points are significant after two days post-treatment (n=4, p <0.005).

HIV reservoirs gain the flexibility to shift between different sources of energy. To assess the flex-
ibility of uninfected and HIV infected cells to shift among different sources of energy, we determined the capacity
of cells to use either fatty acids, glutamine, or glucose alone by blocking two major sources of energy at a time. If the
cells were exclusively reliant on the two inhibited fuel sources, we expected to observe a drop in OCR. In contrast, if
the cells were capable of using the remaining fuel source, then there should be little to no change in the OCR.

Fuel reliance on cells under HIV conditions was significantly altered compared to uninfected cells (Fig. 6C,
*p <0.0002). If we simultaneously inhibited glucose and glutamine oxidation using a cocktail of etomoxir and
UK5099, thus requiring cells to use fatty acids, the OCR change in uninfected cells was negligible (Fig. 6C, fatty
acid, U, black bar). These data indicate that uninfected macrophages can use fatty acids as a fuel source for
OXPHOS, and is consistent with our observation that macrophages are dependent on fatty acids more than other
fuel types (Fig. 6A, fatty acid compared to glutamine and glucose). However, HIV infected macrophages were
even more capable of further using fatty acids as a fuel source when it was the only fuel source available (Fig. 6C,
fatty acid, HIV, red bar).

When we simultaneously inhibited glucose and fatty acid oxidation using a cocktail of UK5099 and eto-
moxir, we observed that uninfected macrophages could not use glutamine for OXPHOS (Fig. 6C, glutamine, UI,
black bar), indicating their strong dependence upon fatty acid and glucose for OXPHOS. In contrast, when HIV
infected macrophages were assessed, they showed the ability to use glutamine as fuel for OXPHOS when the other
sources were unavailable (Fig. 6C, glutamine, red bar). If fatty acid and glutamine dependency were blocked,
uninfected and HIV infected cells were able to increase their reliance on glucose (Fig. 6C, glucose, red bar).

Based on the increased dependency on glutamine in surviving HIV infected macrophages, we hypothesized that
survival of these cells was also dependent on glutamine, glutamate, and -KG metabolism. To demonstrate that, we
treated late stage surviving macrophages, uninfected and HIV infected, with BPTES, a glutaminase inhibitor (1 pM,
BPTES), or benzylserine (0.3 mM), an ASCT2 inhibitor, and the numbers of total surviving cells were quantified
using microscopy (Fig. 6D). Uninfected cultures maintained for 21 days and then subjected to the blockers did not
result in any cell death (Fig. 6D, black and red lines). In contrast, the treatment with BPTES (Fig. 6D) plus benzylser-
ine reduced the numbers of surviving cells (Fig. 6D). Indeed, results of treatment of surviving HIV infected cultures
with Benzylserine alone were similar to use of the combination of both inhibitors (Fig. 6D).

In conclusion, our results indicate that glutamate, glutamine, and o-KG are essential metabolites to preserve the
survival of HIV reservoirs. Also, activation of human macrophages with TNF-a plus IFN-~ did not result in similar
metabolic changes (data not shown). Thus, these metabolic changes are associated with the HIV infection and not due
to general immune activation. Together, these experiments showed that HIV infected cells acquired the ability to use
glutamine as a major source of energy and to shift between different sources of energy.
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Discussion

Our recently published study showed that a small population of human macrophages survive acute HIV infection
and that these surviving infected cells become latently infected, as viral replication is not detected®. In the present
study, we show that the surviving cells exhibit metabolic compromise and mitochondrial fusion, lose reliance on
OXPHOS, and accumulate lipids. Most of these changes could be mimicked by adding succinate or glutamine/
glutamate to the cells, supporting a compromised TCA cycle. Despite these changes, no overall alterations in
mitochondrial membrane potential or ETC mitochondrial expression were detected. We also showed that while
uninfected macrophages exclusively use glucose and fatty acids as major sources of energy, latently HIV infected
macrophages use glutamine/glutamate as a significant source and gain the capability to shift from one meta-
bolic source to another. Furthermore, blocking the use of glutamate, glutamine, or «-KG results in the specific
elimination of HIV surviving reservoirs. Together, these data identify a unique metabolic signature of latently
infected cells (not replicated by immune activation), which could be pharmacologically targeted to eliminate
HIV reservoirs.

Our original study, using several CNS cell types, including astrocytes, microglia, and macrophages, indicated
that HIV infection, even in the absence of replication, deftly changes the entire metabolism of the cell. Based on
that study, the current study, and other reports, we hypothesize that HIV effects specific mitochondrial changes
in order to 1. Prevent apoptosis of the infected cell, allowing it to become a viral reservoir?*?¢2%; 2. Reduce their
energetic dependency and metabolism to abolish immune recognition; 3. Use mitochondrial factors to amplify
apoptosis and toxicity maintaining the survival of the few infected cells?»?*5*5% 4. Use viral proteins to main-
tain survival and HIV associated inflammation®>*; 5. Activate a “cancer-like program” to survive independently
of efficient blood circulation®”*8; 6. Activate novel forms of viral reactivation®?4%>%%; 7. Lastly, we propose that
blocking these metabolic pathways could contribute to killing viral reservoirs. Our previous work in human
macrophages indicates that HIV blocks the formation of the apoptosome and that in surviving cells Bim, a highly
apoptotic protein, is recruited to the mitochondria without resulting in apoptosis?*, suggesting that in HIV sur-
viving cells, mitochondrial function is compromised. Therefore, HIV uses the mitochondria not only to prevent
apoptosis but also to maintain the survival of the HIV infected cells.

There are numerous reports that HIV and ART, including NRTT (nucleoside reverse transcriptase inhibitors),
low nadir CD4, aging, and high body mass are directly associated with HIV associated mitochondrial dysfunc-
tion®-%4. However, this damage has been attributed to non-specific effects of the virus and ART. In contrast, we
propose that the virus also controls mitochondrial function, because it provides specific advantages to the virus,
including promoting the survival of latently infected macrophages, allowing them to become viral reservoirs.

Interestingly, the main attention on metabolism in the context of HIV has been focused on circulating cells
and glucose transporter-1 (GLUT-1), which is upregulated in HIV infected individuals irrespective of ART treat-
ment and is associated with immune activation®>. These results imply that active glycolysis and OXPHOS are the
main sources of energy in circulating HIV infected cells***%%”. However, we observed that infected cells acquired
the ability to use glutamate/glutamine as a major energy source (Fig. 6). Interestingly, several reports focusing on
glioblastoma have suggested that the use of glutamate/glutamine provided cancer cells with several advantages
over using glucose and lipids, such as being independent of blood circulation and oxygen tension®-"°. Currently,
only a few reports support a role of glutamine/glutamate as a major source of energy in HIV’!-">. For instance,
two recent independent reports indicated that in the periphery, CD4" T cell counts were inversely correlated
with high serum levels of glutamine and glucose, suggesting a role of these metabolites early on in infection and
viral spread’"”*. Therefore, glutamine becomes an essential metabolite in early stages of HIV infection, but also is
essential during the generation and survival of viral reservoirs.

In macrophages, especially those from the brain, the dysregulation of glutamine/glutamate metabolism becomes
more relevant because glutamate/glutamine levels are highly regulated by glial cells”>””. We have demonstrated
that glial cells are dysregulated by HIV infection, even in the absence of viral replication, by amplifying neurotrans-
mitter dysfunction via gap junction channels?”****78, Furthermore, the use of this alternative fuel could provide
an unlimited source of energy for HIV infected cells to survive within the brain. Several different neuroimaging
experiments support this novel hypothesis: first, the numbers of infected cells are low"”**; second, changes in brain
volume in the current ART era do not correlate with viral replication®'-*%; third, currently few neuronal markers of
acute damage are found by magnetic resonance spectroscopy, MRS*%5-; fourth, the main compromised metab-
olites are related to glutamine as found in our studies®>*-2. Glutamine can also be potentially used to produce
nucleotides for DNA replication or signaling, including ATP and GMP®, both of which are essential for cell to cell
signaling and viral replication. Therefore, local glutamate/glutamine dysregulation could be used as a biomarker of
HIV infection, be exploited in potential treatments, and could also explain the increased susceptibility of infected
individuals to several types of cancer that may also use glutamine/glutamate as a major source of energy to sur-
vive??*!. Our experiments blocking glutaminase and ASCT?2 indicate a specific killing of surviving HIV infected
macrophages, but not uninfected macrophages. ASCT?2 is the major transporter responsible for glutamine uptake
into the mitochondria and has been targeted in several cancers resulting in decreased growth and proliferation®>*.
Thus, targeting these pathways is an attractive potential target to eliminate viral reservoirs.

Various potential biomarkers of HIV CNS disease have been proposed by several groups, including neopterin,
neurofilament-light (NFL), BC11B, beta-2-microglobulin, several markers of inflammation (sCD163, CCL2,
TNF-q, IL-6, sCD14, and CXCL10), and interferon-alpha®’-'%. However, all these biomarkers are associated with
already occurring tissue damage and do not predict future damage. Only recently NIH sponsored groups such as
CHARTER, NNTC, Neuroimaging Consortium, and proteomic determinations done by several laboratories have
indicated that local alterations in metabolites could predict disease onset. Some of these metabolites and mito-
chondrial markers are citrate, creatinine, glutamine, glucose, inositol, glutamic acid, and CSF mtDNA?*101-104,
Thus, HIV infection, even in the absence of replication, has profound effects on the metabolism of infected cells,
which may help to perpetuate the virus or promote the survival of infected cells.
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In agreement with our data, several viruses, such as HCV, Kaposi sarcoma herpesvirus (KSHV), adenovirus,
and dengue virus, use glutamine-derived carbons as a significant source of energy during their pathogenesis'®>-1%,
As described above, the best-described disease where glutamine is used for energy is cancer, especially neuro-
blastoma!*-112, Studies of glioblastoma demonstrate that glutamine is not only a substrate for several enzymes
involved in neurotransmission and metabolism but is also essential for the synthesis of nucleotides, other amino
acids, and glucosamine!'*!'*, all of which are essential for HIV infection, the formation of viral reservoirs, and
reactivation. Several types of cancers, including glioblastoma, exhibit a high dependency on glutamine, also called
“glutamine addiction,” and inhibition of these pathways has been shown to reduce tumor growth and induce
cancer cell death!>"!18, We suggest that this avenue should also be explored as an alternative treatment to reduce
or eliminate viral reservoirs.

Experimental Procedures

Reagents. Unless otherwise indicated, all reagents were purchased from Sigma (St. Louis, MO). HIV,p,,
CEM cells, and antiretrovirals were from the NIH AIDS Research and Reference Reagent Program (Germantown,
MD). Medium, penicillin/streptomycin (P/S), dyes and secondary antibodies were obtained from Thermo-
Fisher (Waltham, MA). Human AB serum and FBS were from Lonza (Walkersville, MD). HEPES was from USB
(Cleveland, OH). HIV-p24 ELISA was obtained from Perkin-Elmer (Waltham, MA). Antibodies to HIV-p24
were obtained from Genetex (Irvine, CA). All other antibodies were purchased from Sigma, Santa Cruz (Santa
Cruz, CA) or Abcam (Cambridge, MA). Purified mouse IgG,; and IgG, myeloma protein were from Cappel
Pharmaceuticals, Inc. TUNEL was obtained from Roche Ltd (Germany). All experiments were performed under
the regulations of Rutgers University and the NIH.

Monocyte isolation and macrophage culture. Human monocytes were isolated from leukopaks obtained
from the New York Blood Center. Peripheral blood mononuclear cells (PBMCs) were isolated by differential centrif-
ugation using a Ficoll gradient (GE Healthcare, Piscataway, NJ). Adherent cells were cultured for seven days in the
presence of 10 ng/ml macrophage colony stimulating factor (Miltenyl Biotec, San Diego, CA) in RPMI 1640 with
10% FBS, 5% human AB serum, 1% P/S, and 10mM HEPES to differentiate the cells into macrophages.

HIV infection and replication. After seven days in culture to enable differentiation, macrophages were
inoculated with 20-50 ng/ml HIV,,, for 24 hours, and then apoptosis, fusion, and expression of apoptotic pro-
teins were examined. Supernatants were collected, and the medium was changed every 24 hours until 7, 14, 21
and 28 days post-inoculation. Viral replication was analyzed by HIV p24 ELISA according to the manufacturer’s
instructions. Also, to assure that our cells were infected, we performed HIV DNA staining and Alu-PCR to detect
infection as we recently described?. In all our cultures, HIV infection was detected (data not shown).

Western blot.  Protein levels were determined by immunoblot as previously described!!*!2°. Briefly, lysate or
immunoprecipitated samples were sonicated for 10s (Microson ultrasonic cell disrupter, Heat systems). Protein
content was determined by the Bradford method obtained from Bio-Rad. Aliquots of proteins in denaturing
buffer were resolved in 10% SDS-PAGE and then electrotransferred to nitrocellulose. Non-specific protein bind-
ing was blocked with 5% non-fat milk in Tris-buffer for 30 min, followed by overnight incubation with primary
antibodies obtained from Abcam (mitochondrial complexes I-V and loading control VDAC). The membrane
was washed with TBS and then incubated with anti-mouse, anti-goat or anti-rabbit IgG antibody conjugated to
alkaline phosphatase. Antigen-antibody complexes were detected with ECL reagent.

Immunofluorescence. Human macrophages, HIV-infected and uninfected, were grown on glass coverslips,
fixed and permeabilized in 70% ethanol for 20 min at —20°C or fixed in 4% paraformaldehyde and permeabi-
lized with 0.01% Triton-X for 2 minutes. Cells were incubated in TUNEL reaction mixture (Roche, Germany)
at 37°C for one h, washed three times with PBS and incubated in blocking solution for 30 min at room temper-
ature. Cells were incubated in blocking solution for 30 min at room temperature and then in primary antibody
(anti-HIV-p24, TOM-20, mitotracker, BODIPY or isotype controls) overnight at 4 °C. Cells were washed several
times with PBS at room temperature and incubated with the proper secondary labeled antibody (Thermo-Fisher,
Carlsbad, CA) for one h at room temperature, followed by another wash in PBS for one h. Then, cells were
mounted using anti-fade reagent with DAPI. Cells were examined by confocal microscopy using an A; Nikon
(Tokyo, Japan) to quantify the total numbers of cells as well as TUNEL positive cells.

Electron microscopy. Fresh samples were fixed with 2.5% glutaraldehyde, 2% paraformaldehyde in 0.1 M
sodium cacodylate buffer, postfixed in 1% osmium tetroxide followed by 2% uranyl acetate, dehydrated through
a graded series of ethanol and embedded in LX112 resin (LADD Research Industries, Burlington, VT). Ultrathin
sections were cut on a Reichert Ultracut UCT, stained with uranyl acetate followed by lead citrate and viewed on
aJEOL 1200EX transmission electron microscope at 80kV.

SeaHorse-extracellular flux analyzer. Cell Respiratory Assay OCR and ECAR were measured using
the XFp extracellular flux analyzer (Seahorse Biosciences, now Agilent Technologies) as described by the
manufacturer.

Statistical analysis. Data were analyzed using Origin 8.1 (Northampton, MA, US). For single comparisons,
Student’s t-test was performed. For multiple comparisons, mean differences were tested by non-parametric Kruskal-
Wallis analysis and adjusted by use of the Bonferroni-Dunn correction. p values of <0.05 were considered significant.
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