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SUMMARY

Cellular metabolism governs the susceptibility of CD4 T cells to HIV-1 infection. Multiple early
post-fusion steps of HIV-1 replication are restricted in resting peripheral blood CD4 T cells;
however, molecular mechanisms that underlie metabolic control of these steps remain undefined.
Here, we show that mTOR activity following T cell stimulatory signals overcomes metabolic
restrictions in these cells by enabling the expansion of dNTPs to fuel HIV-1 reverse transcription
(RT), as well as increasing acetyl-CoA to stabilize microtubules that transport RT products. We
find that catalytic mTOR inhibition diminishes the expansion of pools of both of these metabolites
by limiting glucose and glutamine utilization in several pathways, thereby suppressing HIV-1
infection. We demonstrate how mTOR-coordinated biosyntheses enable the early steps of HIV-1
replication, add metabolic mechanisms by which mTOR inhibitors block HIV-1, and identify some
metabolic modules downstream of mTOR as druggable targets for HIV-1 inhibition.
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Taylor et al. show that mTOR links cellular metabolism to the susceptibility of CD4 T cells to
HIV-1 infection by expanding the pools of metabolites that facilitate the synthesis of reverse
transcription products and their cytoplasmic transport toward the nucleus. They also characterize
targets for HIV-1 interventions downstream of mTOR signaling.

INTRODUCTION

Resting peripheral blood CD4 T cells are non-permissive at multiple post-entry steps of
HIV-1 infection, in contrast to their tissue-resident counterparts (Eckstein et al., 2001; Grivel
and Margolis, 2009; Kinter et al., 2003). After HIV-1 enters these metabolically quiescent
blood cells, reverse transcription (RT) is minimal (Korin and Zack, 1999), and RT products
are not found in the nucleus (Sun et al., 1997). £x vivo exposure of blood resting CD4 T
cells to a multitude of extracellular signals present in tissue microenvironments enables their
infection (Bolduc et al., 2017; Cameron et al., 2010; Sun et al., 1997; Unutmaz et al., 1999).

There is increasing evidence that cellular metabolism is a major determinant of HIV-1
susceptibility; for example, limiting glucose transport and glycolysis impairs both HIV-1
replication and expansion of its latent reservoirs (Loisel-Meyer et al., 2012; Palmer et al.,
2017; Valle-Casuso et al., 2019). However, the cellular mechanisms by which such
metabolic perturbations inhibit HIV-1 replication in susceptible CD4 T cells remain
undefined. We studied how intracellular metabolic effects downstream of T cell activation
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caused by extracellular signals present in tissue microenvironments may counter restrictions
to HIV-1 RT, and transit of RT products, in resting blood CD4 T cells.

It is well established that the activation of CD4 T cells via the T cell receptor (TCR) or
common gamma chain (ryc)-cytokine stimulation triggers the mechanistic target of
rapamycin (mTOR) (Delgoffe et al., 2011; Marcais et al., 2014), a “master regulator” of
metabolism as the catalytic kinase subunit of 2 distinct signaling complexes, mTOR
complex 1 (mTORC1) and mTORC2 (Delgoffe et al., 2011; Li et al., 2011; Marcais et al.,
2014). Therefore, we focused our study on the downstream metabolic effects of these
mTOR-activating stimuli on HIV-1 replication. We reported previously that the inhibition of
an upstream pathway that activates mTOR can block the synthesis of deoxyribonucleotide
triphosphates (dNTPs) essential for HIV-1 RT in TCR-stimulated cells (Taylor et al., 2015).
HIV-1 infection of cell lines and myeloid cells induces the acetylation of a-tubulin to
stabilize a subset of microtubules (MTSs) that facilitate the transport of HIV-1 RT products
through the cytoplasm to the nuclear membrane (Sabo et al., 2013). It has not yet been
reported whether this also occurs in activated blood CD4 T cells, or whether its absence
contributes to the inefficient nuclear entry of the limited HIV-1 RT products made in resting
blood CD4 T cells as documented by the lack of nuclear-produced viral 2-long terminal
repeat (2-LTR circle) DNA (Sun et al., 1997). Here, we show how direct catalytic inhibition
of both mTOR complexes (using catalytic inhibitors called mTORi here) or allosteric
inhibition of MTORCL by rapamycin reverses intracellular metabolic effects to enable these
early steps in HIV-1 replication after TCR or yc-cytokine stimulation. Here, we identify
which biosynthetic pathways downstream of T cell activation-associated mTOR activity
enable multiple post-entry steps in HIV-1 replication. In addition to advancing the
understanding of how cellular metabolism governs HIV-1 susceptibility, this report identifies
potential targets for anti-HIV-1 strategies.

RESULTS
mMTOR Activity Facilitates Multiple Intracellular Steps of Early HIV-1 Replication

To evaluate the effects of mMTORI on the post-entry steps of HIV-1 replication, we performed
experiments with X4-tropic HIV-1 that could enter CD4 T cells independently of the C-C
chemokine receptor type 5 (CCR5) co-receptor, whose expression has been shown to be
sensitive to both rapamycin and mTORI (Heredia et al., 2003, 2015). Resting CD4 T cells
were pretreated with 3 chemically distinct catalytic mTOR inhibitors, rapamycin, or DMSO
for 24 h before a-CD3/CD28 stimulation. After 48 h of stimulation, they were each infected
with HIV-1 NL4-3, which uses C-X-C chemokine receptor type 4 (CXCR4) as a co-receptor.
We have previously demonstrated that phospholipase D1 (PLD1), a known upstream
activator of mMTORC1 (Xu et al., 2011; Yoon et al., 2011), drives both dNTP pool expansion
and HIV-1 replication in activated CD4 T cells (Taylor et al., 2015). Here, as a control, cells
were also exposed to a specific PLD1 inhibitor (PLDi). Consistent with our earlier report,
PLDi inhibited HIV-1 infection by 6-fold (Figures 1A and S1). Rapamycin caused a degree
(4.5-fold) of inhibition similar to that of PLDi. Each catalytic mTORI potently suppressed
HIV infection in a-CD3/CD28-stimulated cells in a concentration-dependent manner, to a
magnitude exceeding that observed with rapamycin or PLDi (Figures 1A and S1). Since
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AZD2014 (mTORI #1) was extensively optimized for selectivity to reduce potential off-
target effects (Pike et al., 2013), we selected mTORI #1 for all subsequent experiments.

Because different metabolites are required for the early steps of HIV-1 replication
(Bukrinsky et al., 1992; Fassati et al., 2003; Gao et al., 1993), we assessed the anabolism-
coordinating role of mTOR in the accumulation of viral late reverse transcripts (LRTSs) and
2-LTR circles in a-CD3/CD28-stimulated CD4 T cells using gPCR (Figures 1B and 1C).
LRT detection indicates the near completion of RT, and the detection of 2-LTR circles
indicates cytoplasmic trafficking and nuclear import of the HIV-1 RT products. Treatment
with mTORI suppressed the accumulation of both LRT and, more markedly, 2-LTR circles
after a-CD3/CD28-stimulation, consistent with effects on both RT and at least one of the
subsequent steps (Figures 1B and 1C). An inhibitor of a rate-limiting step in purine
syntheses catalyzed by inosine monophosphate dehydrogenase (IMPDH), mycophenolic
acid (MPA), was used as a positive control here as it is known to decrease HIV-1 replication
(Chapuis et al., 2000; Margolis et al., 1999). We demonstrate that the addition of exogenous
deoxyribonucleosides (dNs) or guanosine (G) to bypass the IMPDH1-dependent step in
purine biosynthesis rescued the accumulation of both LRT and 2-LTR circle DNA after MPA
pretreatment of a-CD3/CD28-stimulated cells (Figures 1B and 1C). However, we observed
no significant rescue of LRT DNA, and only marginal recovery of 2-LTR circle DNA, in
mTORIi-treated cells (Figures 1B and 1C). Stimulation by yc-cytokines (a combination of
interleukin-7 [IL-7] and IL-15 [IL-7/IL-15]) also increased 2-LTR circle formation;
pretreatment with either mTORI or MPA blocked this effect (Figure 1D).

mMTORC1 and mTORC2 Are Activated in CD4 T Cells by Extracellular Signals

Next, we confirmed that a-CD3/CD28 stimulation increased the activity of mTOR
complexes in resting CD4 T cells. Here, a-CD3/CD28 beads increased the phosphorylation
of mMTORC1 downstream targets eukaryotic translation initiation factor 4E (elF4E)-binding
protein 1 (4E-BP1) and ribosomal protein S6 (S6) (Figure 1E) (Delgoffe et al., 2011; Li et
al., 2011; Marcais et al., 2014). a-CD3/CD28 stimulation induced robust mTORC1 activity
within 30 min that was sustained over 72 h, as determined by both the expression and the
level of phosphorylated ribosomal protein S6 (p-S6) (Figure 1E). Pretreatment with either
mTORI or MPA abrogated the phosphorylation of both 4E-BP1 and S6, thus confirming the
efficacy of both inhibitors in suppressing mTORC1-dependent phosphorylation events in
stimulated CD4 T cells (Figure 1E). a-CD3/CD28 stimulation also induced the mTORC2-
specific phosphorylation of AKT (Ser473, p-AKT) and NDRGL1 (Thr346, p-NDRG1)
(Figure 1E) (Delgoffe et al., 2011; Garcia-Martinez and Alessi, 2008). These mTORC2-
specific phosphorylation events were inhibited by mTORI, but not by MPA. These data
provide evidence that mTORI suppresses the catalytic activity of both mTORC1 and
MTORC2 complexes in stimulated CD4 T cells and confirm that MPA selectively inhibits
MTORC1 (Emmanuel et al., 2017; He et al., 2011).

Next, we examined resting CD4 T cell treatment with the -yc-cytokines and chemokines
known to facilitate HIV-1 replication. Simulation with IL-7, IL-15, or IL-7/IL-15 increased
abundance of p-S6 that was suppressed by mTORI treatment (Figure S2). We observed that
CXCL10, CCL19, and CCL20, chemokines that increase the susceptibility of resting CD4 T
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cells to HIV-1 infection (Anderson et al., 2020; Cameron et al., 2010), also activate mTOR
(Figure 1F). When tested individually, only CCL20 increased transient S6 phosphorylation
(Figure 1F). CCL19 induced detectable levels of p-4E-BP1. Notably, a combination of
CXCL10, CCL19, and CCL20 more markedly activated the phosphorylation of both of these
mTORC1 targets than any of the individually tested chemokines (Figure 1F).
Phosphorylated AKT was also found to be transiently and minimally increased after
exposure to a combination of all 3 chemokines (Figure 1F). Thus, diverse stimuli that
increase the susceptibility of resting CD4 T cells to HIV-1 infection each enhance mTORC1
and/or mTORC?2 activity, albeit with different kinetics, magnitude, and profile. Given greater
mTOR activation with a-CD3/CD28 and IL-7/IL-15 stimulation, we focused on defining
mTOR-related mechanisms that affect HIV replication after those stimuli thereafter.

MTOR Activates Multiple Pathways to Expand RT-Enabling dNTP Pools

We evaluated the impact of mTOR on dNTP pool expansion because LRT accumulation is
known to require it. a-CD3/CD28 stimulation elevated the pools of all dNTPs as determined
by mass spectrometry (liquid chromatography-tandem mass spectrometry [LC-MS/MS])
(Bushman et al., 2011) (Figure 2A). Pretreatment with mTORI significantly reduced dNTP
levels by 25%, 91%, 78%, and 88%, for deoxycytidine triphosphate (dCTP),
deoxyguanosine triphosphate (dGTP), thymidine triphosphate (TTP), and deoxyadenosine
triphosphate (dATP), respectively. Rapamycin had more modest effects on dNTP pool
expansion in treated cells.

We next studied carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and
dihydroorotase (CAD), the rate-limiting enzyme for de novo synthesis of all pyrimidine
nucleotides, including the dNTPs, dCTP, and TTP. CAD expression is regulated by c-Myc
(Eberhardy and Farnham, 2001; Wang et al., 2011), but its function is stimulated after
phosphorylation (Ben-Sahra et al., 2016; Robitaille et al., 2013). Stimulation of human CD4
T cells with a-CD3/CD28 beads, as well as either IL-7 or IL-15, increased the level of
phosphorylation at the activating residue S1859 of CAD (p-CAD), and mTORi exposure
reduced this phosphorylation (Figure 2B). Increased p-CAD was evident at 18 h after
stimulation and persisted for at least 72 h in the absence of mTORi (Figure 2C). Any
detection of p-CAD after stimulation was abrogated by treatment with mTORIi before a-
CD3/CD28 stimulation (Figures 2C and S3A). The decrease in p-CAD at 72 h after
stimulation was also seen when mTORI exposure started 18 h after stimulation (Figure 2C,
p-CAD lane 72*, +mTORI). The latter result is consistent with the dependence of p-CAD on
mTOR activity across this entire time course, including after mTOR-dependent upregulation
of c-Myc at 18 h after stimulation (Figure 2E). In contrast, mTORi exposure before a-CD3/
CD28 stimulation, or starting at 18 h after stimulation, did not completely block increases in
total CAD expression (Figures 2C and S3A). The significant reduction in the ratio of p-
CAD:CAD by mTORi exposure after 18 h of stimulation confirms the preferential reduction
of p-CAD when compared to the total CAD levels (Figures 2C and S3A). Furthermore,
metabolic profiling experiments revealed that mTORI decreased orotidine (Figure S3B), a
pyrimidine intermediate downstream of CAD action, thereby confirming that the lack of
activated p-CAD impaired pyrimidine biosynthetic activity (Figures 2C and S3A) in the
presence of mTORI.
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We next analyzed processes upstream and downstream of ribonucleotide syntheses to further
evaluate the mechanisms of the effect of mTORI on purine dNTPs, since the elevation of
CAD activity cannot explain the mTOR-dependent increases in purine nucleotides following
CD4 T cell stimulation (Figures 2A and S3C). The cell metabolic steps needed for the de
novo synthesis of nucleotide precursors of dNTPs begin with the coordinated uptake of
glucose and glutamine via the activation-induced expression of glucose transporter 1 (Glutl/
SLCZAI) and alanine, serine, cysteine-preferring transporter 2 (ASCT2/SLC1A5),
respectively, in CD4 T cells (Buck et al., 2015). Notably, Glutl expression and the level of
glucose uptake by activated CD4 T cells were both previously reported to correlate with
HIV-1 infection (Valle-Casuso et al., 2019). a-CD3/CD28 and IL-7/IL-15 stimulation each
induced Glutl and ASCT2 expression in parallel with mTORCL1 target p-4E-BP1, and the
effects of both stimuli on each transporter were suppressed by mTORi (Figure 2D).

We also found that the expression of IMPDH1, the key enzyme that regulates the synthesis
of guanine-containing purines, was dependent on mTOR activity after stimulation via the
TCR or IL-7/IL-15 (Figure 2D). Since ribonucleotide reductase is required to convert both
purine and pyrimidine ribonucleotides to deoxyribonucleotides, and its inhibition by
hydroxyurea (HU) inhibition blocks HIV-1 RT in activated T cells (Korin and Zack, 1999),
we also assessed the effects of catalytic mTOR inhibition on ribonucleotide reductase
catalytic subunit M1 (RRM1). TCR or IL-7/IL-15 stimulation induced the expression of
RRM1, which was also mTOR dependent after either stimulus (Figure 2D).

Both IMPDH1 and RRM1 are well characterized as targets of c-Myc (Liu et al., 2008;
Mannava et al., 2012). Therefore, these results are consistent with T cell activation’s
mediating the induction of the c-Myc-dependent transcriptional program via mTOR
signaling (Taylor et al., 2015). We assessed the effects of mTORI treatment on the
expression of two additional c-Myc targets known to catalyze key steps in purine and
pyrimidine synthesis, respectively: methylenetetrahydrofolate dehydrogenase 2 (MTHFD2)
and thymidylate synthase (TYMS) (Liu et al., 2019; Pikman et al., 2016) (Figure 2E). These
2 mitochondrial 1-carbon (1C) metabolism enzymes are enhanced by mitochondrial
proteome remodeling triggered by a-CD3/CD28 stimulation (Ron-Harel et al., 2016). The
expression of both c-Myc targets was suppressed in CD4 T cells pretreated with mTORI
before this stimulus, along with decreased c-Myc expression (Figure 2E). Consistent with
these mTOR-dependent effects being mediated via c-Myc, the robust suppression of c-Myc
targets was not observed when mTORI exposure started after the known early post-
stimulation peak of c-Myc expression (18 h post-stimulation) (Figure 2E, lane labeled 72*)
(Wang et al., 2011).

The pentose phosphate pathway (PPP) was also studied because glucose is converted to
ribose phosphate precursors of ribonucleotides by enzymes in the PPP (Wang et al., 2011).
In fact, increasing the flux of glucose-derived carbons through the PPP by inhibiting
glycolysis increases reverse transcription and HIV-1 infection (Clerc et al., 2019). We
determined that the PPP enzymes ribulose-5-phosphate 3-epimerase (RPE) and
phosphogluconate dehydrogenase (PGD) accumulated in CD4 T cells after a-CD3/CD28
stimulation (Figure 2F). Each was reduced by mTORI treatment (Figure 2F), which is
consistent with the dependence on mTORC1 shown in mouse embryonic fibroblasts (Divel
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et al., 2010). The conversion of sterol regulatory element-binding protein 1 (SREBP-1), a
transcription factor critical for PPP enzyme expression, from its inactive membrane-bound
precursor (p) to a mature (m) transcriptionally active form by a-CD3/CD28 stimulation was
reduced by mTORi in CD4 T cells, as evidenced by an increased p:m ratio after 30 min of
stimulation (Figure 2F). To confirm the modulation of the PPP pathway, we performed
metabolic profiling of CD4 T cells stimulated with a.-CD3/CD28 in the absence and
presence of mTORi (Figure 2G). Here, we observed a significant accumulation of the PPP
products sedoheptulose-7-phosphate (S7P) and 5-phosphoribosyl diphosphate (PRPP) in
stimulated CD4 T cells. This induction (S7P and PRPP) and the maintenance of the levels of
PPP metabolites (for 6-phosphogluconate [6PG]) were each blocked by mTORi (Figure 2G).
In sum, mTORI affected several metabolic pathways to abrogate the expansion of all ANTPs
(Figure 2A).

Guanine Nucleotides Mediate an mTORC1-Dependent Positive Feedback Loop

Supplementation of MPA-treated cell cultures with exogenous G, a mixture of all dNs, or
deoxyguanosine (dG) but not deoxycytidine (dC) alone rescued the inhibitory effects of
MPA on p-4E-BP1, confirming the dependence on the guanine nucleotide pool depletion of
inhibition of MTORC1 activity by MPA (Figure 2D). In addition, the MPA-dependent
inhibition of Glutl, ASCT2, and RRM1 expression were each rescued by exogenous G, dNs,
or dG, but not dC (Figure 2D). This indicates that IMPDH activity can promote sustained
MTORC1 activity in activated CD4 T cells and that IMPDH inhibitor-mediated decreases in
mTOR activity can be bypassed by providing G or dG (Figures 1B and 1C). In contrast, an
inhibitor that specifically and directly impairs mTOR catalysis is not subject to this positive
feedback loop such that decreases in p-4E-BP1, Glutl, ASCT2, RRM1, and HIV-1 LRTs
and 2-LTR circles are not reversed by exogenous dNs (Figures 1B, 1C, and 2D).

mMTOR Regulates Expansion of Acetyl-Coenzyme A (Ac-CoA) Pools That Enable a-Tubulin
Lys40 Acetylation

The cumulative effects of mTORI on the sequential metabolic processes leading to ANTP
pool expansion can explain the decreased HIV-1 reverse transcription (LRT) (Figure 1B), but
not decreases in nuclear import (2-LTR circles) observed in mTORi-treated, activated CD4 T
cells (Figure 1C). We hypothesized that mTORi diminished the nuclear import of HIV-1 RT
products by decreasing the Ac-CoA pools needed for the acetylation of a-tubulin at Lys40
(Ac-Tub). This acetylation stabilizes MTs and has been reported to enhance the cytoplasmic
transport of HIV-1 RT products toward the nucleus (Sabo et al., 2013). Synthesis of the
cytoplasmic pool of Ac-CoA has been shown to be dependent on both AKT and ATP citrate
lyase (ACLY) (Lee et al., 2014). We also postulated that mTOR-dependent increases in
glucose-derived pyruvate and glutamine-derived a-ketoglutarate (a.-KG) would each
enhance the tricarboxylic acid (TCA) cycle-derived citrate that fuels Ac-CoA production,
adding to the mTOR activation of both AKT and ACLY.

CDA T cells rapidly increase coordinated glucose uptake and glycolysis after activation
(Macintyre et al., 2014). We determined that both the Glutl transporter and the glycolytic
pathway enzyme lactate dehydrogenase A (LDHA) increased in synchrony after either a-
CD3/CD28 or IL-7/IL-15 stimulation; mTORI diminished both Glutl and LDHA expression
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(Figure 3A, top 2 panels). LDHA induction affected the CD4 T cells since increases were
observed in ATP after either a-CD3/CD28 or IL-7/IL-15 stimulation and blocked by mTORi
(Figure S4), consistent with the results in other cell types (Broecker-Preuss et al., 2017,
Wang et al., 2011).

We confirmed the impact of mTORi on CD4 T cell glucose metabolism via the metabolic
profiling of glycolytic intermediates. a.-CD3/CD28 stimulation increased the lactate levels, a
product of aerobic glycolysis, and both mTORI and rapamycin suppressed this (Figure 3B);
this is consistent with the effect of mTORi on LDHA expression (Figure 3A). Notably, IL-7/
IL-15-stimulated CD4 T cells produced much less lactate compared to cells stimulated via
the TCR (Figure 3B). This is evidence of more activation of aerobic glycolysis in cells
stimulated by a-CD3/CD28 than IL-7/IL-15, which is consistent with a similar differential
in the increased expression of Glutl and LDHA (Figure 3A). Glutl facilitates glycolysis by
increasing the uptake of glucose, and LDHA restores the pools of nicotinamide adenine
dinucleotide (NAD*) from NADH. Moreover, there were significant increases in pyruvate
that enters the TCA cycle after either a-CD3/CD28 or IL-7/I1L-15 stimulation; these
increases were abrogated by mTORI and, to a lesser extent, by rapamycin (Figure 3B).

The production of citrate from glutamine-derived a-KG and pyruvate also fuels the Ac-CoA
syntheses necessary for acetylation events (DeBerardinis et al., 2007) (Figure 3C). a-KG
has also been identified as a TCA metabolite that is a critical determinant of HIV-1 infection
(Clerc et al., 2019). Since the expression of ASCT2, a glutamine transporter necessary for
the maintenance of mitochondrial a-KG levels, is suppressed by mTOR inhibition (Figure
2D), we assessed the levels of the glutaminolysis product a-KG (Figure 3D). TCR
stimulation of resting CD4 T cells increased a-KG levels nearly 4-fold (p = 0.0476), and
mTORI treatment blocked this increase (p = 0.0275).

These results suggest that the inhibition of mTOR activity results in the depletion of both
glucose- and glutamine-derived carbon sources, pyruvate and a-KG, respectively, that
support the biosynthesis of citrate in the TCA cycle via anaplerosis to enable Ac-CoA pool
expansion. This raised questions about the relative contributions of these metabolites in
generating the Ac-CoA necessary for the acetylation of a-tubulin. To address this, we
treated CD4 T cells with the glutamine antagonist 6-diazo-5-oxo-L-norleucine (DON), which
blocks glutamine utilization via the TCA cycle, or with 2-deoxy glucose (2-DG), a
competitive inhibitor of glycolysis (Figure 3C). Both DON and 2-DG significantly reduced
the accumulation of Ac-Tub in a-CD3/CD28-stimulated CD4 T cells (Figure 3E, left panel).
Similarly, the treatment of cells with UK5099, a compound that inhibits the utilization and
import of pyruvate into mitochondria, also significantly suppressed Ac-Tub levels after
stimulation (Figure 3E, left panel). Furthermore, 2-DG, UK5099, and DON each also
reduced p-S6, a marker of mTOR activity (Figure 3E, right panel). The decreases in Ac-Tub
were strongly correlated with the magnitude of MTOR inhibition, based on p-S6 levels,
achieved by each of the inhibitors (Figure 3F); this is consistent with another report
involving only 2-DG (Dennis et al., 2001). This suggests that de novo Ac-Tub production
after the a-CD3/CD28 stimulation of CD4 T cells is dependent on mTOR activity-related
changes in both glucose and glutamine utilization.
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The dependence of Ac-Tub on the synthesis of Ac-CoA was confirmed in a separate
experiment. Increases in Ac-Tub after a-CD3/CD28 stimulation were prevented by a
combination of direct inhibitors of Ac-CoA syntheses via either salvage (via ACLY) or de
novo (via Ac-CoA synthetase short-chain family member 2 [ACSS2]) pathways, as well as
by the mTORI (Figure S5) (Zhao et al., 2016).

Citrate is converted to Ac-CoA by ACLY. ACLY expression is governed by mTORC1-
dependent SREBP-1 activation (Assmann et al., 2017), similar to the PPP enzymes RPE and
PGD noted here (Figure 2F). Moreover, the activation of ACLY has been reported to be
mediated via phosphorylation by the mTORC2 downstream target AKT (Lee et al., 2014;
Martinez Calejman et al., 2020). In agreement with these previous reports, we found that
mTORI, which blocks the activity of both mTORCL1 (p-S6) and mTORC2 (p-AKT),
suppressed the levels of both total ACLY and p-ACLY after a-CD3/CD28 stimulation
(Figure 3A). However, these treatments had no detectable effects on the enzyme upstream of
ACLY, citrate synthase (CS). Increased Ac-Tub and increased total ACLY and p-ACLY,
which can elevate the Ac-CoA synthetic capacity, were present at 72 h after a-CD3/CD28
stimulation and were attenuated by mTORi (Figure 3A).

mMTOR Regulates HIV-Induced MT Acetylation-Mediated Stabilization in Activated CD4 T

Cells

We next used microscopy to study MT-stabilizing Ac-Tub increases enabled by the
enhancement of Ac-CoA pools by mTOR in activated CD4 T cells. This MT-stabilizing
acetylation was previously described both to be induced by HIV-1 infection via the HIV-1
matrix protein and to play an important role in the long-range intracellular transport of
HIV-1 replication intermediates to the nucleus in cell lines and myeloid cells (Sabo et al.,
2013). Here, we compared the effects of a-CD3/CD28 stimulation alone, HIV-1 infection
alone, and the combination of both on the acetylation of MTs in primary CD4 T cells. The
infection of a-CD3/CD28-stimulated cells with vesicular stomatitis virus (VSV)-G-
pseudotyped HIV-1 induced significantly more Ac-Tub-stabilized MTs than did a-CD3/
CD28 stimulation alone (Figures 4A and 4B). Most important, mTORi pretreatment blocked
this increase (Figures 4A—4C), adding the mTORI inhibition of MT acetylation to decreased
RT as a mechanism underlying the greater decrease in 2-LTR circles than LRTs seen with
mTORI (Figures 1B and 1C). Neither a-CD3/CD28 stimulation in the absence of HIV-1
infection nor HIV-1 infection of resting cells significantly increased Ac-Tub in CD4 T cells
from 3 donors (Figure 4C).

IL-7/IL-15 stimulation also increased Ac-Tub, as assessed differently by the flow cytometry
of resting CD4 T cells sorted from peripheral blood mononuclear cells (PBMCs) from 3
different blood donors (Figure 5, black line). IL-15 and other -yc-cytokines have been
reported to enhance the susceptibility of CD4 T cells to HIV-1 infection via Janus kinase 1
(JAK1Y); tofacitinib and ruxolitinib, 2 US Food and Drug Administration (FDA)-approved
JAK inhibitors, can block HIV-1 replication /n vitro (Gavegnano et al., 2017; Manganaro et
al., 2018). Among other effects, JAK1 stimulates phosphatidylinositol 3-kinase (PI13K) (Lai
et al., 2013), which is an upstream activator of mTOR. Therefore, we tested whether
tofacitinib (JAKIi) could ablate mTOR-dependent increases in Ac-Tub after IL-7/1L-15.
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Resting CD4 T cells were pretreated with JAKi (blue line) or mTORI (red line) and then
stimulated with IL-7/1L-15, as indicated. Both JAKi and mTORI decreased Ac-Tub, p-
STATS, as well as the markers of cell-cycle entry (Ki-67), cell growth (FSC-A), and the
mTOR downstream target, CD71 (Zheng et al., 2007) Figure 5). Furthermore, both this JAKi
(Figure 5, blue line) and a second JAK:I (ruxolitinib, not shown) also decreased B cell
lymphoma 2 (Bcl-2) after IL-7/IL-15 stimulation; mTORi did not have this effect (Figure 5).

Elevated mTOR Activity Occurs in Blood CD4 T Cells from Viremic HIV-Infected Subjects

Next, we sought evidence of the physiological relevance of mTOR activation for HIV-1
replication /n vivo. Since mTOR-triggering IL-7 and IL-15 are elevated in plasma during
chronic HIV infection (Napolitano et al., 2001; Swaminathan et al., 2016), we assessed
mMTOR activity in CD4 T cells present in PBMCs from HIV-infected, antiretroviral therapy
(ART)-naive research cohort participants. These cells were not stimulated ex vivo. We
observed significantly higher (p = 0.002) levels of intracellular p-S6 in unstimulated CD4 T
cells from viremic, HIV-infected subjects (n = 4) when compared to cells from uninfected
controls (n = 4) (Figure 6A). These results are consistent with the increased mTOR signaling
in blood CD4 T cells of untreated HIV-1-infected individuals 7 vivo. To test the hypothesis
that mTOR inhibitors may have therapeutic value by ameliorating the potentially deleterious
effects of mTOR activation with and without ART suppression of viremia, we studied
PBMCs from 13 viremic and 14 ART-suppressed, HIV-infected study participants matched
for age, BMI, and race. We exposed participant PBMCs to mTORi for 8 h and found a
significant reduction in mTOR activity (p-S6) in treated cells from both viremic (p = 0.0059)
and ART-suppressed (p = 0.0001) participants (Figures 6B and 6C).

DISCUSSION

We identified that catalytic mTOR inhibition affects cellular metabolism to impair the early
post-entry steps of HIV-1 replication. The identification here of mTOR-dependent metabolic
mechanisms enabling the early steps of RT and the cytoplasmic transport of RT products
describes how inhibiting T cell glucose transport and glycolysis impairs HIV-1 replication
(Loisel-Meyer et al., 2012; Palmer et al., 2017; Valle-Casuso et al., 2019) (Figure 7).

The mTOR-dependent processes required for HIV-1 RT include increases in glucose and
glutamine transporter expression (Glutl and ASCT2, respectively). These transporters were
previously shown to be associated with HIV-1 infection levels in CD4 T cells subsets
displaying differential susceptibility to HIV-1 infection (Valle-Casuso et al., 2019). Notably,
the increased uptake of glucose and glutamine supply key nucleotide precursors (Tong et al.,
2009) used by multiple mTOR-dependent rate-limiting nucleotide biosynthetic enzymes
(e.g., CAD, IMPDH1, MTHFD2, TYMS, RRM1) that facilitate the expansion of all ANTPs
necessary for RT.

Here, we determine that the stabilization of MTs by acetylation, which has previously been
documented to enable the cytoplasmic transport of RT products (Sabo et al., 2013), also
requires an mTOR-mediated metabolic cascade. Both cellular glutamine and glycolytic
products, which are each enhanced by mTOR activity, contributed to MT acetylation via the
TCA cycle. TCA cycle-derived citrate serves as substrate for the ACLY-catalyzed expansion
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of Ac-CoA pools. ACLY expression and activation by phosphorylation were also both
mTOR dependent after CD4 T cell stimulation. Increased Ac-CoA pools enhanced the
acetylation of tubulin that stabilizes the MTs important for the cytoplasmic transport of HIV
RT products (Sabo et al., 2013). HIV-1, via its matrix protein, was shown by Sabo et al.
(2013) to induce the stable subset of MTs that facilitate the transport of HIV-1 replication
intermediates in cell lines and myeloid cells (. In recent studies, HIV-1 envelope-mediated
signaling was shown to also trigger Ac-Tub (Cabrera-Rodriguez et al., 2019; Casado et al.,
2018). Results here now show that increased Ac-Tub also occurs in a-CD3/CD28-stimulated
CDA4 T lymphocytes after HIV-1 infection, but not in resting CD4 T cells with limited
metabolic activity to fuel microtubule stabilization. We posit that this mTOR-dependent
acetylation explains why 2-LTR circles decreased with catalytic mTOR inhibition and were
not rescued by exogenous deoxyribonucleosides (Figures 1B and 1C); blocking this
additional mTOR-enabled cascade added to the impact of decreasing RT via the mTORI
impairment of dNTP pool expansion. Thus, the mTORI treatment of stimulated CD4 T cells
recapitulates the non-permissive phenotype of resting CD4 T cells, including impairment in
both RT and the nuclear entry of HIV DNA (Korin and Zack, 1999; Sun et al., 1997; Zack et
al., 1990).

This work also characterized targets downstream of mTOR that have previously been studied
as targets for anti-HIV interventions. Inhibitors of 2 of these targets (the IMPDH inhibitor
MPA and the RRM1 inhibitorHU) were not successfully translated into clinical use (Hawley
etal., 2013; Lori et al., 2005). Furthermore, we show that MPA impairs HIV-1 nuclear entry
as well as RT /n vitro. Results also indicate that G or dG repletion rescued the effects of the
MPA inhibition of IMPDH1 on both mTORC1 activity (Figure 2C) and these separate steps
in early HIV-1 replication (Figures 1B and 1C). Thus, MPA-caused decreases in guanine
nucleotides downmodulated the mTOR activity needed for both RT and the cytoplasmic
transport of RT products. In contrast, G or dG repletion did not rescue mTORi interruption
of this circuit at the biochemical or the virological level. This suggests that the mTORIi
suppression of HIV-1 replication may be less influenced by various dietary or microbial
sources of guanine nucleotides than would MPA. JAK inhibitors have also been shown to
block HIV-1 replication /in vitro (Gavegnano et al., 2017; Manganaro et al., 2018). Results
here document that the activation of mTOR downstream of JAKs may account for effects
that are countered by these JAK inhibitors. Moreover, JAK inhibitors also impaired Bcl-2
expression, a CD4 T cell survival mechanism, while mTORI did not; this suggests that
inhibiting mTOR may have an advantage over inhibiting JAKs. Finally, the identification
here that the expansion of Ac-CoA pools via the lipogenic SREBP-ACLY pathway enables
the Ac-Tub stabilization of MT needed for the cytoplasmic transport of RT products adds to
evidence suggesting that specific inhibition of that axis may impair HIV-1 replication
(Taylor et al., 2011). An ACLY inhibitor is now in advanced clinical trials to reduce low-
density lipoprotein (LDL) cholesterol (Ray et al., 2019). Targeting a factor downstream of
mMTOR, such as ACLY, could be better tolerated than the catalytic mTOR inhibitors now in
clinical development for cancer (Basu et al., 2015; Burris et al., 2017; Naing et al., 2012;
Powles et al., 2016).

The physiological relevance of these mTOR-enabled metabolic pathways for antiviral
defense is supported by the fact that antiviral interferon-stimulated genes (ISGs) such as
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SAMHD1 target metabolic pathways downstream of mTOR (Raniga and Liang, 2018). The
effects of mTORI on the steps of HIV-1 replication that block provirus establishment suggest
the relevance of future research that may lead to virus resistance-proof HIV-1 prevention.
The study of the potential impact of adjunctive mTORi on HIV reservoirs that may be
established when ART initiates is also pertinent (Abrahams et al., 2019). Since recent
reports noted that mTOR is required for the reversal of HIV-1 latency (Besnard et al., 2016)
and that glycolysis inhibition blocked latency reversal (Valle-Casuso et al., 2019), the
inhibition of mTOR and/or processes downstream of it also offers promise for research on
sustaining HIV-1 remission after stopping antiretrovirals. Further study is also warranted to
explore whether the inhibition of the /n vivo mTOR activation observed here can delay the
early onset of aging-related diseases among well-treated individuals living with HIV (Yang
et al., 2019), given the links between aging-related diseases and mTOR activity (Stallone et
al., 2019).

STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Dr. Harry E. Taylor
(taylorha@upstate.edu).

Materials Availability—This study did not generate new unique reagents.

Data and Code Availability—This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

PBMCs and resting CD4 T cells isolated from healthy donors’ PBMC (Lifesource,
Rosemont, IL) were maintained in RPMI 1640 culture. 293T cells were grown in DMEM
medium. All media contained 10% fetal bovine serum (FBS) (Hyclone), 2 mM L-glutamine,
100 pg/mL streptomycin, and 100 U/mL penicillin. Cryopreserved PBMC were also
obtained from HIV-infected, viremic persons who had signed IRB-approved consent to
participate in an observational cohort of young men who have sex with men in Chicago
(U01 DA 036939) (Table S1).

METHOD DETAILS

Analysis of HIV Replication and mTOR activity in CD4 T cells—Isolation of
resting CD4 T cells from uninfected subjects’ PBMC (Lifesource, Rosemont, IL), culture,
preparation of virus stocks, virus infection, gPCR for HIV-1 DNA were performed as
described elsewhere (Taylor et al., 2015). Single-round CXCR4-tropic envelope-pseudo-
typed GFP-expressing HIV-1 (Zhou et al., 2005) and HIV-1 NL4-3, a CXCR4-tropic virus,
were used specifically to obviate any possible effect of mTORI on cell CCR5 expression
(Heredia et al., 2003). Flow cytometric analysis of single-round infections allowed a
quantitative analysis of viral replication over a 4-log dynamic range (Zhang et al., 2004).
Where indicated, cells were treated with cytokines or chemokines (Peprotech) at 100 ng/ml,
or pretreated with VU0359595 (PLDi) (10, 2, or 0.4 pM, Cayman Chemical), rapamycin (1,
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0.2, or 0.04 uM, Cayman Chemical), AZD2014 (mTORi #1) (5, 1, 0.2 uM, Selleckchem),
AZD8055 (MTORI #2) (5, 1, 0.2 uM, Selleckchem), TAK-228 (mTORI #3) (5, 1, 0.2 uM,
Cayman Chemical), mycophenolic acid (10 uM, Cayman Chemical), or treated with
indicated nucleoside (Sigma) at 50 UM at the time of stimulation.

Quantification of dNTP pools—Analysis of ANTP pools was performed as previously
described (Bushman et al., 2011). Briefly, for each condition 5 x 10° cells were pelleted and
lysed in 70:30 methanol: water. 1.5 x 108 cell equivalents were applied to Waters QMA
Solid Phase Extraction (SPE) cartridges for separation of monophosphate (MP), diphosphate
(DP), and triphosphate (TP) fractions using potassium chloride concentration gradient
washes. The triphosphate fraction was dephosphorylated using an excess of alkaline
phosphatase. Following dephosphorylation, stable labeled internal standards were added to
the samples, which were then de-salted and concentrated using Phenomenex Strata-X-CW
SPE cartridges. A validated ultra-performance liquid chromatography tandem mass
spectrometry (UPLC-MS/MS) method was used for quantitation of each dN (molar
equivalent to dNTP), with a range between 50 and 2500 fmol/sample for each ANTP.

Immunoblot (IB)—IB analysis was conducted as described previously (Taylor et al.,
2015). WCL were prepared using RIPA buffer [50mM Tris-HCI pH 8.0, 150mM NacCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and 1mM EDTA] with Protease
Inhibitor Cocktail (Roche). Clarified WCL were resolved by SDS-PAGE on 4%-12%
gradient Bis-Tris or 3%—-8% Tris-acetate polyacrylamide gel and transferred to a
nitrocellulose membrane, then blocked with SuperBlock Blocking Buffer (Thermo
Scientific) and incubated with indicated antibodies overnight at 4°C. After sequential
washes, the immunoreactive protein bands were visualized by Enhanced
Chemiluminescence (SuperSignal West Dura Chemiluminescent Substrate, Thermo
Scientific) according to the manufacturer’s instructions. Densitometry was performed using
ImageJ software (Schneider et al., 2012). Protein levels were normalized to the respective
loading control. The following antibodies were used: CAD (Cell Signaling Technology,
#11933), p-CAD (Cell Signaling Technology, #12662), RRM1 (Cell Signaling Technology,
#8637), thymidylate synthase (Cell Signaling Technology, #9045), IMPDH1 (Novus,
#NBP-52933), 4E-BP1 (Cell Signaling Technology, #9452), p-4E-BP1 (Cell Signaling
Technology, #2855), S6 (Cell Signaling Technology, #2217), p-S6 (Cell Signaling
Technology, #5364), p-S6K1 (Cell Signaling Technology, #9234), AKT (Cell Signaling
Technology, #9272), p-AKT (S473, Cell Signaling Technology, #4060), c-Myc (Cell
Signaling Technology, #5605), ASCT2 (Cell Signaling Technology, #8057), GLUT1
(Millipore, #07-1401), LDHA (Cell Signaling Technology, #3582), acetyl-a-tubulin (Cell
Signaling Technology, #5335), a-tubulin (Cell Signaling Technology, #2125), SREBP-1
(Santa Cruz, #sc-367), citrate synthase (Santa Cruz, #s¢-390693), PGD (Proteintech,
#14718-1-AP), MTHFD2 (Proteintech, #12270-1-AP), RPE (Proteintech, #12168-2-AP),
and GAPDH (Sigma, #G9545).

Flow cytometry—Cryopreserved PBMCs were thawed, washed, stained with LIVE/

DEAD Fixable Blue Dead Cell Stain Kit (Thermofisher) to exclude nonviable cells and
surface phenotyped by staining with flurochrome-conjugated antibodies at 4°C for 30 min.
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For intracellular staining, cells were subsequently fixed and permeabilized using Cytofix/
Cytoperm solution (BD Biosciences). Flow cytometric data was obtained on a LSRFortessa
(Becton Dickinson) and analyzed with FlowJo software (TreeStar). The following antibodies
were used: CD3-BV510 (BD Biosciences, #563109), CD4-PE-Cy7 (Biolegend, #344612),
CD71-AF700 (BD Biosciences, #563769), Bcl-2-PE (BD Biosciences, # 340651), pStats-
PE-CF594 (pY694) (BD Biosciences, #562501), and pS6-AF488 (Cell Signaling
Technology, #5018).

Metabolic profiling Sample preparation—Cells from three different donors were
harvested at the times indicated and washed once in cold PBS, and pellets were snap-frozen
in a dry ice-ethanol bath. Samples were stored at —80°C until shipment to Metabolon
(Durham, NC).

Ultrahigh Performance Liquid Chromatography-Tandem Mass Spectroscopy
(UPLC-MS/MS)—AII methods utilized a Waters ACQUITY ultra-performance liquid
chromatography (UPLC) and a Thermo Scientific Q-Exactive high resolution/accurate mass
spectrometer interfaced with a heated electrospray ionization (HESI-11) source and Orbitrap
mass analyzer operated at 35,000 mass resolution. The sample extract was dried then
reconstituted in solvents compatible to each of the four methods. Each reconstitution solvent
contained a series of standards at fixed concentrations to ensure injection and
chromatographic consistency. One aliquot was analyzed using acidic positive ion conditions,
chromatographically optimized for more hydrophilic compounds. In this method, the extract
was gradient eluted from a C18 column (Waters UPLC BEH C18-2.1x100 mm, 1.7 pm)
using water and methanol, containing 0.05% perfluoropentanoic acid (PFPA) and 0.1%
formic acid (FA). Another aliquot was also analyzed using acidic positive ion conditions;
however, it was chromatographically optimized for more hydrophobic compounds. In this
method, the extract was gradient eluted from the same afore mentioned C18 column using
methanol, acetonitrile, water, 0.05% PFPA and 0.01% FA and was operated at an overall
higher organic content. Another aliquot was analyzed using basic negative ion optimized
conditions using a separate dedicated C18 column. The basic extracts were gradient eluted
from the column using methanol and water, however with 6.5mM Ammonium Bicarbonate
at pH 8. The fourth aliquot was analyzed via negative ionization following elution from a
HILIC column (Waters UPLC BEH Amide 2.1x150 mm, 1.7 um) using a gradient consisting
of water and acetonitrile with 10mM Ammonium Formate, pH 10.8. The MS analysis
alternated between MS and data-dependent MSn scans using dynamic exclusion. The scan
range varied slighted between methods but covered 70-1000 m/z. Raw data files are archived
and extracted as described below.

Data Analysis: The informatics system consisted of four major components, the Laboratory
Information Management System (LIMS), the data extraction and peak-identification
software, data processing tools for QC and compound identification, and a collection of
information interpretation and visualization tools for use by data analysts. The hardware and
software foundations for these informatics components were the LAN backbone, and a
database server running Oracle 10.2.0.1 Enterprise Edition.
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LIMS: The purpose of the Metabolon LIMS system was to enable fully auditable
laboratory automation through a secure, easy to use, and highly specialized system. The
scope of the Metabolon LIMS system encompasses sample accessioning, sample preparation
and instrumental analysis and reporting and advanced data analysis. All of the subsequent
software systems are grounded in the LIMS data structures. It has been modified to leverage
and interface with the in-house information extraction and data visualization systems, as
well as third party instrumentation and data analysis software.

Data Extraction and Compound Identification: Raw data was extracted, peak-identified
and QC processed using Metabolon’s hardware and software. These systems are built on a
web-service platform utilizing Microsoft’s .NET technologies, which run on high-
performance application servers and fiber-channel storage arrays in clusters to provide active
failover and loadbalancing. Compounds were identified by comparison to library entries of
purified standards or recurrent unknown entities. Metabolon maintains a library based on
authenticated standards that contains the retention time/index (RI), mass to charge ratio
(m/2), and chromatographic data (including MS/MS spectral data) on all molecules present
in the library. Furthermore, biochemical identifications are based on three criteria: retention
index within a narrow Rl window of the proposed identification, accurate mass match to the
library £ 10 ppm, and the MS/MS forward and reverse scores between the experimental data
and authentic standards. The MS/MS scores are based on a comparison of the ions present in
the experimental spectrum to the ions present in the library spectrum. While there may be
similarities between these molecules based on one of these factors, the use of all three data
points can be utilized to distinguish and differentiate biochemicals. More than 3300
commercially available purified standard compounds have been acquired and registered into
LIMS for analysis on all platforms for determination of their analytical characteristics.
Additional mass spectral entries have been created for structurally unnamed biochemicals,
which have been identified by virtue of their recurrent nature (both chromatographic and
mass spectral). These compounds have the potential to be identified by future acquisition of
a matching purified standard or by classical structural analysis.

Curation: A variety of curation procedures were carried out to ensure that a high-quality
dataset was made available for statistical analysis and data interpretation. The QC and
curation processes were designed to ensure accurate and consistent identification of true
chemical entities, and to remove those representing system artifacts, mis-assignments, and
background noise. Metabolon data analysts use proprietary visualization and interpretation
software to confirm the consistency of peak identification among the various samples.
Library matches for each compound were checked for each sample and corrected if
necessary.

Metabolite Quantification and Data Normalization: Peaks were quantified using area-
under-the-curve. For studies spanning multiple days, a data normalization step was
performed to correct variation resulting from instrument inter-day tuning differences.
Essentially, each compound was corrected in run-day blocks by registering the medians to
equal one (1.00) and normalizing each data point proportionately (termed the “block
correction”; Figure 2). For studies that did not require more than one day of analysis, no
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normalization is necessary, other than for purposes of data visualization. In certain instances,
biochemical data may have been normalized to an additional factor (e.g., cell counts, total
protein as determined by Bradford assay, osmolality, etc.) to account for differences in
metabolite levels due to differences in the amount of material present in each sample.

Measurement of Intracellular ATP—ATP levels were quantified using the ENLITEN
ATP Assay System (Promega) according to the manufacturer’s instructions.

Indirect immunofluorescence and Microscopy—HIV-1 virus to infect primary T
cells were generated by transfecting 293T cells on a 15¢cm dish with 18 pug of R7 AEnv
mcherry, derived from R7AEnvVGFP by replacing the GFP cassette with mcherry and 7 pg of
pCMV-VSVg (Dharan et al., 2016). For microscopy experiments, primary T cells were
added to Poly-L-Lysine treated coverslips and synchronized infection was performed as
described before (Campbell et al., 2008). In brief, cells were spinoculated at 13°C for 2
hours at 1200xg, after which virus containing media was replaced with 37°C media.
Following a two-hour incubation, coverslips containing cells were fixed and permeabilized
using solutions containing microtubule stabilizing buffer, PFA, glutaraldehyde and Triton
X-100. Prior to antibody labeling, coverslips were washed in MgPBS containing NaBH4 to
reduce any residual free aldehyde groups. Coverslips were incubated with a primary labeling
mix containing Rat mAb for tubulin (Abcam ab6161) and Rabbit mAb for acetylated-a-
tubulin (Cell Signaling 5335) for one hour at room temperature. Following primary antibody
incubation coverslips were washed with PBS. Secondary antibody labeling mix was added to
the coverslips and allowed to incubate for 40 minutes at room temperature. Lastly, coverslips
were washed with PBS, mounted, and stored at 4°C. Z stack images were collected with a
DeltaVision wide-field fluorescent microscope (Applied Precision, GE) equipped with a
digital camera (CoolSNAP HQ; Photometrics) using a 1.4-numerical aperture 100x objective
lens. Excitation light was generated using a solid-state illumination module (Applied
Precision, GE), and deconvolved using SoftWoRx deconvolution software. All images
underwent identical acquisition parameters. Following acquisition, images were quantified
using Imaris software (Bitplane). An algorithm was generated using a surface function
within Imaris in order to calculate sum fluorescence intensities of Ac-Tub. Datasets were
assembled using Prism, version 6.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Prism 7 (GraphPad), and the statistical analysis
methods used are indicated in Figure Legends. p < 0.05 was considered significant. All
image analysis was performed with ImageJ (NIH).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
mTOR activity controls the susceptibility of CD4 T cells to HIV-1 infection

mTOR signaling coordinates anabolic activities for ANTP synthesis that fuel
HIV RT

mTOR induces stabilization of microtubules co-opted for cytoplasmic
transport of HIV-1

Catalytic mTOR inhibitors potently suppress HIV-1 infection
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Figure 1. mTOR Activity Is Essential for Early Replication of HIV-1in CD4 T Cells after TCR
and y Chain (yc)-Cytokine Stimulation
(A) mTORI inhibits HIV-1 replication. Resting primary CD4 T cells were pretreated and

cultured with titrations of rapamycin, PLDi, or catalytic mTOR inhibitors mTORI #1,
mTORI #2, or mTORI #3 for 24 h, and then stimulated for 48 h with a-CD3/CD28 beads
before infection with an X4-envelope-pseudotyped NL4-3-derived GFP reporter virus. Three
days post-infection, cells were analyzed for GFP expression by fluorescence-activated cell
sorting (FACS). Means and SDs of triplicate samples are shown. Statistical significance was
determined by 2-tailed Student’s t test, comparing DMSO to each condition. *p < 0.05, **p
<0.01, and ***p < 0.005.

(B) mTOR inhibition decreases late reverse transcripts (LRT) after TCR stimulation. (C)
mMTOR inhibition decreases 2-LTR circle DNA after TCR stimulation. (B and C) Resting
CDA T cells were pretreated with either mTORI #1 (B) or mycophenolic acid (MPA) (C) and
then stimulated with a-CD3/CD28 beads as in (A).

(D) mTOR inhibition decreases 2-LTR circle DNA after gc-cytokine stimulation. Resting
CDA T cells were pretreated with mTORi or MPA and then stimulated with IL-7/IL-15 for 5
days before infection with HIV-1 NL4-3 (50 ng p24 per million cells).

In (B)-(D), total DNA was harvested 16 and 72 h after infection for qPCR analysis of
accumulation of LRT (B) and 2-LTR circle (C and D) DNA, respectively. As indicated, cells
were treated with 50 pM guanosine (+Gua) or each of all 4 deoxyribonucleosides (+dNs).
Means and SDs of triplicates are shown. Data are from 3 independent donors. Statistical
significance was determined by 2-tailed Student’s t test. *p < 0.05, **p < 0.01, and ***p <
0.005.

(E) mTOR signaling with and with inhibitor pre-treatment after TCR stimulation. (F) mTOR
signaling with and with inhibitor pre-treatment after stimulation with selected chemokines.
(E and F) Immunoblots are of indicated targets in whole-cell lysates (WCLs) of CD4 T cells
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pretreated with mTORI, as in (A), or MPA, as in (B), followed by a-CD3/CD28 (E) or
chemokine (F) stimulation. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was a
loading control. Data are from 3 donors. In (E), the 2 lanes labeled 72* had mTORi or MPA
and were added 18 h after stimulation with a.-CD3/CD28 beads and analyses were done at
72 h after stimulation.
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Figure 2. mTOR Activity Is Essential for Deoxyribonucleotide Triphosphates (dNTPs) Pool
Expansion via Coordination of Programs for Nutrient Uptake, Pentose Phosphate Pathway
(PPP), and Other Nucleotide Biosynthesis Pathways

(A) Levels of dNTPs in CD4 T cells treated as indicated were determined by LC-MS/MS.
Experiments were repeated 3 times using cells from independent donors. Means and SDs of
triplicate samples from a single representative donor are shown. Statistical significance was
determined by 2-tailed Student’sttests. *p < 0.05, **p < 0.01, and ***p < 0.005.

(B and C). Immunoblots are shown of phosphorylated CAD (p-CAD) and total CAD protein
(CAD) in WCLs of CD4 T cells pretreated with mTORi or MPA as in Figure 1, followed by
stimulation with a-CD3/CD28 beads for 3 days or -yc-cytokines (IL-7 or IL-15) for 5 days
(B), or a time course following stimulation with a.-CD3/CD28 beads (C). GAPDH is a
loading control in both panels. In the lanes labeled 72* in (C), mTORi or MPA (as indicated)
were added only at 18 h after stimulation with a-CD3/CD28 beads and analyses done at 72
h after stimulation. (C) includes the relative densitometry values of CAD and p-CAD.

(D) Immunoblots of CD4 T cell WCLs for indicated targets following a-CD3/CD28 or yc-
cytokine stimulation of cells following pretreatment with mTORi or MPA, as in (B). The
rightmost 5 lanes show decreases in mTOR-dependent phosphorylation of 4E-BP1 (4E-BP1/
p-4E-BP1) and expression of ASCT2, Glutl, and RRM1 with MPA pretreatment that were
rescued by the positive feedback of guanine nucleotides. Exogenous nucleosides
(deoxyribonucleosides [dNs], deoxycytidine [dC], deoxyguanosine [dG], or guanosine [G])
were added at the time of a-CD3/CD28 stimulation, as indicated. GAPDH was a loading
control.
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(E and F) Immunoblot analyses of the indicated proteins in WCLs of CD4 T cells pretreated
with mTORI, as above, followed by stimulation for the indicated time with a.-CD3/CD28
beads. In the lanes labeled 72* in (E) and (F), mTORI was added only at 18 h after
stimulation with a-CD3/CD28 beads and analyses done at 72 h after stimulation. Below
each blot, relative densitometry values are indicated for each target, but for SREBP-1 in (F),
the p:m densitometry ratios are presented. Data are representative of 3 independent donors.
(G) Schematic of the PPP and metabolic profiling of pathway intermediates in resting CD4
T cell (U), stimulated for 48 h with a-CD3/CD28 beads in the absence (S) or presence of
mTORI pretreatment (S + I). Means and SDs are shown. Data are from 3 independent
donors.
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Figure 3. Stimulation of CD4 T Cells Cause mTOR-Dependent Coordination of Glycolytic
Pathway and Microtubule (MT) Stabilization

(A) Immunoblot analyses of the indicated proteins in WCLs of CD4 T cells pretreated with
mTORI as in Figure 2, followed by stimulation with a.-CD3/CD28 beads, yc-cytokines
(IL-7/IL-15), or TLR-2 ligand pam3CSK4. GAPDH was a loading control. Data are
representative of 3 independent donors.

(B) Quantification of glycolytic metabolites in CD4 T cells (n = 3) stimulated with a.-CD3/
CD28 beads for 48 h or IL-7/1L-15 for 72 h in the absence or presence of pretreatment with
inhibitors, as indicated by global metabolomic analysis. Significant increases in p < 0.05 are
depicted in red and significant decreases of p < 0.05 are depicted in blue.

(C) Schematic representation of glycolysis and tricarboxylic acid (TCA) cycle supporting
cellular acetyl-coenzyme A (Ac-CoA) synthesis in the presence of metabolic inhibitors 2-
DG, UK5099, or DON.
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(D) Quantification of levels of a-ketoglutarate (a-KG) in resting CD4 T cells (U) stimulated
with a-CD3/CD28 beads for 48 h in the absence (S) or presence of inhibitor pretreatment (S
+1), as in (B). Means and SDs of data from 3 independent donors are shown. Significant
differences between U and S or S and S + | were determined by 2-tailed Student’s t test. *p
<0.05.

(E) Flow cytometric analysis of CD4 T cells stimulated (S) with a.-CD3/CD28 beads as in
(A) in the absence or presence of mTORI, 2-DG, DON, or UK5099 (UK) pretreatment as
indicated. Means and SDs of samples from 3 independent donors are shown. Statistical
significance of differences between stimulated and mock or inhibitor-treated CD4 T cells
were determined by 2-tailed Student’s t test.

(F) Correlation analysis between Ac-Tub abundance and mTOR activity using data
presented in (E).
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Figure 4. HIV-1 Infection Induces mTOR-Dependent Acetyl-Lys (40) a-Tubulin Formation in
Activated CD4 T Cells
(A and B) Resting CD4 T cells or CD4 T cells stimulated with a-CD3/CD28 for 3 days in

the absence or presence of mTORI pretreatment were either mock infected (A) or infected
with HIV-1-VSV (B) for 4 h. Then, cells were fixed and stained with a.-pan-tubulin and a-
acetyl-Lys (40) a-tubulin antibodies.

(C) Quantitation of fluorescence signal intensity from images in (A) and (B). Data derived
from independent experiments using CD4 T cells from 3 different donors. Means and SDs of
data are shown. The significance of differences was determined by 2-tailed Student’s t tests.
*p < 0.05, **p < 0.01, and ***p < 0.005.
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Figure 5. mTOR Activity Is Essential for the Induction of Ac-MT after Common yc-Cytokine
Stimulation

(A) Sorted resting CD4 T cell peripheral blood mononuclear cells (PBMCs) were left
untreated (gray-filled histogram) or stimulated with IL-7/IL-15 for 5 days in the absence
(black line) or presence of pretreatment with mTORI (red line) or tofacitinib (JAKI) (blue
line). Cells were treated with an inhibitor 24 h before stimulation and the inhibitor continued
for the duration of stimulation. The effects of each inhibitor on post-stimulation
accumulation of stabilized microtubules (Ac-Tub), cell size (FSC-A), proliferation (Ki-67),
STATS activity (p-STATS), Bcl-2, and CD71 expression were determined by flow cytometry.
Representative histograms are presented (A) and data from 3 independent donors for all of
the parameters are plotted with the means and SDs of the data shown.

(B) Significance of differences was determined by 2-tailed Student’s t tests. *p < 0.05, **p <
0.01, and ***p < 0.005. Comparisons are between mock (gray-filled bars) versus +1L-7/
IL-15 (in black outline), between +IL-7/1L-15 versus +IL-7/IL-15/mTORIi (in red outline),
and between +I1L-7/IL-15 versus +IL-7/1L-15/Jaki (in blue outline).
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Figure 6. Blood CD4 T Cells from Research Participants with HIV-1 Viremia Show Evidence of
Active mTOR Signaling In Vivo

(A) Cells from HIV-1+ participants have increased mTOR signaling, compared to cells from
healthy controls. PBMCs from viremic HIV-1* research participants and healthy controls
(HC) were surface phenotyped to identify CD4 T cells and analyzed without any ex vivo
stimulation for the expression of the canonical phosphorylated target downstream of mTOR,
phosphorylated ribosomal protein S6 (p-S6), by multiparameter flow cytometry. Each group
had cells from 4 independent donors. Means and SDs of data are shown.

(B) mTOR inhibition decreased p-S6 in cells from HIV-1+ participants. (C) mTOR
inhibition decreased p-S6 in cells from both viremic and ART-treated HIV-1+ participants.
(B and C) PBMCs from viremic HIV-infected (n = 13) (B) and ART-suppressed HIV-
infected (n = 14) (C) study participants were treated with either mTORi or DMSO vehicle
for 8 h ex vivoand analyzed for mTOR activity (p-S6) by flow cytometry. A representative
histogram is presented for PBMCs obtained from a HIV-infected donor cultured in the
absence and presence of mTORI. Data from PBMCs for all of the participants are plotted in
(C). The means and SDs of data are shown. Significant differences were determined by 2-
tailed Student’s t tests: *p < 0.05, **p < 0.01, and ***p < 0.005.

Cell Rep. Author manuscript; available in PMC 2020 July 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Taylor et al.

Page 32

@ E ........ ;’.‘ ..... E MMMMMMMMMMM

L ] i nucleotlde : PPP
Reverse Transcription i “—P’ < @D «— | biosynthesis | +——— GIucose
; i & reduction !

Glutamine
c-| Myc sREBP 1 Pyruvate

o mTORC1 b
%\;g; mTORCZ TCA palts
)
HIV-1 + AKT »p
' . .ACLY

“Ac Matrix, Env
<+——— Acetyl-CoA Citrate
Cytoplasm pool

ﬁix

Figure 7. Summary of Mechanisms by Which the mTOR Pathway Determines Permissivity to
HIV-1 by Regulating Cellular Metabolite Pools

Activation of the mTORC1 signaling cascade coordinates increases in glucose uptake (via
Glutl induction) and the PPP and c-Myc activities that are each needed for nucleotide
biosyntheses. These processes and the c-Myc-dependent increases in ribonucleotide
reductase expand the pools of all 4 dNTPs to facilitate HIV-1 reverse transcription (step 1).
MTORC1 also increases the transport of glutamine into the cell via the induction of ASCT2
expression, thereby elevating the level of a-KG that enters the TCA cycle for citrate
production. Glutl-mediated glucose transport also enhances the entry of another citrate
precursor, pyruvate, into the TCA cycle. ATP citrate lyase (ACLY) is also activated by
actions of both mTORC1 and mTORC2 and facilitates conversion of the expanded pool of
citrate to Ac-CoA. Increased Ac-CoA fuels the acetylation of the a-tubulin that stabilizes
microtubules resulting from a-tubulin polymerization, which are used for cytoplasmic
trafficking of HIV-1 toward the nucleus (step 2).
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

CAD Cell Signaling Technology Cat# 11933
p-CAD Cell Signaling Technology Cat# 12662
RRM1 Cell Signaling Technology Cat# 8637
thymidylate synthase Cell Signaling Technology Cat# 9045
4E-BP1 Cell Signaling Technology Cat# 9452
P-4E-BP1 Cell Signaling Technology Cat# 2855

S6 Cell Signaling Technology Cat# 2217
p-S6 Cell Signaling Technology Cat# 5364
NDRG1 Cell Signaling Technology Cat# 5196
P-NDRG1 Cell Signaling Technology Cat# 5482
P-S6K1 Cell Signaling Technology Cat# 9234
AKT Cell Signaling Technology Cat# 9272
p-AKT Cell Signaling Technology Cat# 4060
c-Myc Cell Signaling Technology Cat# 5605
ASCT2 Cell Signaling Technology Cat# 8057
LDHA Cell Signaling Technology Cat# 3582
acetyl-a-tubulin Cell Signaling Technology Cat# 5335
a-tubulin Cell Signaling Technology Cat# 2125
ACLY Cell Signaling Technology Cat# 4332
p-ACLY Cell Signaling Technology Cat# 4331
IMPDH1 Novus Cat# NBP-52933
GLUT1 Millipore Cat# 07-1401
SREBP-1 Santa Cruz Cat# sc-367
citrate synthase Santa Cruz Cat# sc-390693

PGD Proteintech Cat# 14718-1-AP
RPE Proteintech Cat# 12168-2-AP
MTHFD2 Proteintech Cat# 12270-1-AP
GAPDH Sigma Cat# G9545
CD3-BV510 BD Biosciences Cat# 563109
CD71-AF700 BD Biosciences Cat# 563769
Bcl-2-PE BD Biosciences Cat# 340651
pStat5-PE-CF594 (pY694) BD Biosciences Cat# 562501
pS6-AF488 Cell Signaling Technology Cat# 5018
Ki-67-BV421 Biolegend Cat# 350505
CD4-PE-Cy7 Biolegend Cat# 344612
Anti-Tubulin antibody Abcam Cat# ab6161
Biological Samples

Leukopaks (Buffy Coats) Lifesouce, Rosemont, IL N/A

Chemicals, Peptides, and Recombinant Proteins
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REAGENT or RESOURCE SOURCE IDENTIFIER
VU0359595 Cayman Chemical Cat# 10955
Rapamycin Cayman Chemical Cat# 13346
TAK-228/INK128 Cayman Chemical Cat# 11811
Mycophenolic Acid Cayman Chemical Cat# 21716
AZD8055 Selleckchem Cat# 16978
AZD2014 Selleckchem Cat#.52783
2’-Deoxyadenosine monohydrate Sigma Cat# D8668
2’-Deoxycytidine hydrochloride Sigma Cat# DO776
2’-Deoxyguanosine monohydrate Sigma Cat# D0901
Thymidine Sigma Cat# T1895
Guanosine Sigma Cat# G6264
6-Diazo-5-0x0-L-norleucine (DON) Sigma Cat# D2141
2-deoxy-glucose Sigma Cat# D3179
UK5099 Sigma Cat# PZ0160
CXCL-10 Peprotech Cat# 300-12
CCL19 Peprotech Cat# 300-29B
CCL20 Peprotech Cat# 300-29A
IL-7 Peprotech Cat# 200-07
IL-15 Peprotech Cat# 200-15
Critical Commercial Assays

ENLITEN ATP Assay System Promega Cat# FF2000
Experimental Models: Cell Lines

293T ATCC CRL-3216
Oligonucleotides

LRT F: TGT GTG CCCGTC TGT TGT GTG A Taylor et al., 2015 N/A

LRT R: GAG TCC TGC GTC GAG AGA TCT Taylor et al., 2015 N/A

ilél'R F: AAC TAG GGA ACCCACTGC TTA Taylor et al., 2015 N/A

2LTR R: TCC ACA GAT CAAGGATCT CTT Taylor et al., 2015 N/A

GTC

GAPDH F: GAA GGT GAA GGT CGG AGT Taylor et al., 2015 N/A
GAPDH R: GAA GAT GGT GAT GGG ATT TC Taylor et al., 2015 N/A
Recombinant DNA

HIV-1 NL4-3 AEnv EGFP reporter vector Zhou et al., 2005 N/A

X4 HIV-1 envelope expression vector Zhou et al., 2005 N/A
pCMV-VSVg Dharan et al., 2016 N/A
R7AENVGFP Dharan et al., 2016 N/A

Software and Algorithms

GraphPad Prism (GraphPad)
ImageJ

FACSDiva software version 8.0.1 (BD
Biosciences)

Motulsky and Brown, 2006
Schneider et al., 2012

Becton, Dickinson and Company

https://www.graphpad.com
https://imagej.nih.gov/ij/

https://www.hdbiosciences.com/en-us/instruments/
research-instruments/research-software/flow-
cytometry-acquisition/facsdiva-software
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REAGENT or RESOURCE SOURCE IDENTIFIER
FlowJo software version 10 FlowJo LLC https://www.flowjo.com/
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