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Methamphetamine (Meth) exacerbates HIV-1 pathobiology by increasing virus transmission and
replication and accelerating clinical progression to AIDS. Meth has been shown to alter the expression
of HIV-1 co-receptors and impair intrinsic resistance mechanisms of immune cells. However, the exact

: molecular mechanisms involved in augmenting HIV-1 replication in T-cells are still not yet clear. Here,

: we demonstrate that pretreatment with Meth of CD4" T-cells enhanced HIV-1 replication. We observed

. upregulation of CD4* T-cell activation markers and enhanced expression of miR-34c-5p and miR-155
in these cells. Further, we noted activation of the sigma-1 receptor and enhanced intracellular Ca%+
concentration and cAMP release in CD4" T-cells upon Meth treatment, which resulted in increased
phosphorylation and nuclear translocation of transcription factors NFkB, CREB, and NFAT1.
Increased gene expression of IL-4 and IL-10 was also observed in Meth treated CD4* T-cells. Moreover,
proteasomal degradation of Ago1l occurred upon Meth treatment, further substantiating the drug as an
activator of T-cells. Taken together, these findings show a previously unreported mechanism whereby
Meth functions as a novel T-cell activator via the sigma-1 signaling pathway, enhancing replication of
HIV-1 with expression of miR-34c-5p, and transcriptional activation of NFB, CREB and NFAT1.

© Methamphetamine (Meth) abuse poses a daunting challenge in the prevention and treatment of HIV-1 infec-
- tion'. Worldwide, Meth is the second most frequently used illicit drug? its recreational popularity is one of the
. fastest-growing problems in the United States, as it enhances high-risk sexual behaviors and increases HIV-1
© transmission®~>. Meth may also contribute to increased viral replication, accelerated progression to AIDS, poor
adherence to anti-HIV-therapy and acquiring resistance to antiviral agents®=. However, the exact molecular
mechanisms of how Meth may enhance HIV-1 pathobiology and disease progression are yet to be fully elucidated.
Studies in animal models have shown that Meth treatment can increase viral load in HIV-1 infected ani-
© mals'®!", In particular, Marcondes et al. reported that chronic Meth treatment raised viral load in the brains of
Simian Immunodeficiency Virus (SIV) infected rhesus macaques, and resulted in activation of natural killer cells'°.
Clinical studies have shown that Meth can increase viral load in infected individuals, and its use also correlates with
decreased efficacy of antiretroviral drugs®”'!!. In vitro, it has been demonstrated that Meth promotes HIV-1 repli-
cation in HIV-1 infected CD4" T-cells and monocytes''. Further, Meth has been shown to enhance HIV-1 infection
in dendritic cells (DCs) and macrophages by regulating the expression of HIV-1 co-receptors and DC-SIGN'>!3,
In microglial cells, Meth enhanced HIV-1 transcription via NFkB/SP1 dependent activation of HIV-1 LTR.
Conversely, Mantri et al. demonstrated inhibition of HIV-1 replication in the presence of Meth in human CD4™*
T-cells and claimed that Meth modulates anti-HIV-1 miRNA expression in these cells!®. Some recent reports have
- also indicated a role for Meth in inducing T-cell dysfunction and altering cell cycle progression, which can modulate
- the outcome of viral diseases!®!’. Thus, although many studies have indicated a role for Meth in exacerbation of
© HIV-1 infection, the full range of effects of Meth on HIV-1 replication in CD4* T-cells is still not yet clear.
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In the brain, Meth has been shown to activate the dopamine and sigma-1 receptors (o1-R)!®°. Moreover,
Meth increased the expression of the g1-R in astrocytes by activating Src, ERK mitogen-activated protein kinase,
NFkB and cyclic-AMP response element-binding protein (CREB) pathways!’. In addition, Meth can activate
G-protein coupled receptors such as trace amine associated receptor 1 (TAAR1), and increase intracellular cyclic
adenosine monophosphate (cAMP) levels®. Activation of these signaling pathways has been implicated in Meth
mediated neuroinflammation?!.

Meth also has been shown to modulate intracellular restriction factors by regulating miRNA expression,
thereby enhancing HIV-1 infection??. Studies indicate an extensive alteration in miRNA expression in the brain
of Meth-sensitized mice with post-translational regulation of gene expression®. In humans, miRNAs can be
transcribed to primary miRNA by RNA polymerase I1%. These primary miRNAs are further cleaved by RNAse
III enzyme, Drosha, and its cofactor to generate short, stem-loop structured pre-miRNAs that are then exported
to the cytoplasm where they are further processed to mature miRNA by Dicer1?*-?. The mature miRNAs bind
to a member of the Argonaute (AGO) family within a multicomponent complex known as RISC (RNA induced
silencing complex), which functions either by miRNA-dependent mRNA decay or suppression of translation
processes®®?’. A significant downregulation of Ago2 was observed in the nucleus accumbens of Meth sensitized
mice and expression of precursor miRNA was unaltered in these tissues, indicating that Meth may inhibit the Ago
protein mediated splicing of precursor miRNA and its maturation®.

Here, we aimed to identify mechanisms that govern Meth enhanced HIV-1 infection of CD4" T-cells.
Specifically, we focused on pathways that have been found to be altered in other cell types concurrent with Meth
exposure. We found that the sigma-1 receptor mediates Meth activation of transcription factors NFxB, CREB and
NFAT]I, known to facilitate replication of HIV-1. Further, we demonstrate that Meth treatment enhances HIV-1
replication in unstimulated CD4™ T-cells by inducing an activated phenotype via the sigma-1 receptor, character-
ized by cell surface markers and increased expression of miR-34c-5p and miR-155, which have also been shown
to regulate HIV-1 infection. This occurred in conjunction with proteasomal degradation of Agol, resulting in
the loss of structural integrity of P-bodies. These studies reveal several novel mechanisms whereby Meth acts to
impair immune defenses and augment HIV-1 infection in CD4* T-cells.

Results

Meth pretreatment enhanced HIV-1 replication in CD4" T-cells.  Previous studies in in vitro models
have demonstrated that Meth enhances HIV-1 replication in T-cells, DCs, macrophages and neural progeni-
tor cells!!-!4. The significance of these results is supported by an epidemiological study, which demonstrated
increased viral loads in Meth using HIV-1 infected individuals compared with non-users who were infected®.
However, the effects of Meth on HIV-1 replication in CD4* T-cells are controversial, as Mantri et al. reported
inhibition of HIV-1 replication in Meth treated CD4" T-cells'*. Here, we first examined HIV-1 BaL replication
in PHA/IL-2 stimulated CD4* T-cells (hereafter referred to as CD4" T-cells) after either pretreating cells with
50 uM or 100 uM Meth for 24 hours and then infecting cells with HIV-1, or treating the cells with HIV-1 and
Meth simultaneously. We analyzed HIV-1 p24 titer at different time points in the cell supernatants and observed
significant increases in HIV-1 p24 titer in cells pretreated with 50 uM or 100 uM of Meth on days 1, 2 and 3
(Fig. 1A). We confirmed these results by estimating the intracellular HIV-1 p24 by flow cytometry, which showed
a significant increase in HIV-1 p24 in cells pretreated with Meth compared to control cells (Fig. 1B). It has been
shown that naive CD4™ T-cells or resting T-cells are refractory to HIV-1 infection?. Notably, unstimulated CD4™
T-cells (without PHA/IL-2) exhibited a naive phenotype, characterized by low expression of CD4" T-cell acti-
vation markers CD69 and CD25, as well as higher expression of naive CD4* T-cell marker CD45RA™. Thus we
next analyzed the effects of Meth pretreatment on HIV-1 replication in unstimulated CD4* T-cells; we observed
enhanced HIV-1 replication in these cells compared to untreated cells (Fig. 1C). Intriguingly, we did not observe
any significant change in the HIV-1 p24 titer when CD4™ T-cells were treated with Meth and HIV-1 simultane-
ously (Fig. 1D). These results indicate that Meth may alter cellular conditions favorable for HIV-1 infection in
both stimulated and unstimulated CD4" T-cells.

Meth enhanced intracellular calcium and cAMP levels in CD4* T-cells.  Meth has been shown to
induce increased intracellular calcium concentration [Ca®*] in neuronal cells*’. To further explore the molecular
mechanisms involved in Meth mediated effects on CD4* T-cells, we analyzed the release of second messengers
Ca?* and cAMP after treating the cells with the drug. We observed significant increases in intracellular calcium
levels upon Meth treatment; the maximum concentration was observed at 1 minute. This result suggests that Meth
may have released the calcium from intracellular stores (Fig. 2A,B). In addition, Meth has been shown to mod-
ulate cytokine secretion by regulating a cAMP/PKA/CREB signaling pathway in microglial cells®'. We observed
significant increases in cAMP at 30 minutes after Meth treatment indicating that Meth can activate cAMP medi-
ated signaling pathways in CD4" T-cells (Fig. 2C). Notably, pathways involving cAMP and transcription factors
such as CREB have been associated with T-cell activation®’. Western blot analysis also revealed increased phos-
phorylation of Akt, Src and ERK1/2 upon Meth treatment in these cells (Fig. 2D).

Meth induces increased phosphorylation and nuclear translocation of CREB, NFAT1 and NFxB
in CD4* T-cells. We next analyzed the effects of Meth on the downstream cellular transcription factors,
CREB, nuclear factor of activated T-cells (NFAT1), and NFxB, which are associated with T-cell immune acti-
vation®’. We first examined the phosphorylation status and levels of expression of these molecules after treating
CD4" T-cells with Meth at various time points. Our analysis revealed increased phosphorylation of CREB and
the p65 subunit of NFkB. However, total expression of these molecules was unaltered (Fig. 3A). Next, we ana-
lyzed the effects of Meth on their expression in nuclear and cytoplasmic fractions. We observed increased nuclear
translocation of p-NFkB, p-CREB and NFAT1 in Meth treated cells compared to untreated cells, with levels of

SCIENTIFICREPORTS| (2019) 9:958 | DOI:10.1038/s41598-018-35757-x 2



www.nature.com/scientificreports/

A Stimulated CD4+ T cells B Stimulated CD4+ T cells
—0— HIv ] HIV
—&— HIV + 50uM Meth < HIV + 50uM Meth
45 - A HIV + 100uM Meth N B HIV + 100uM Meth
. 53.0 -
£ 40 1 = S "
S 35 - §25 1
c
= 30 1 S50
S 25 A E '
B 90 | 15 1
= o
o 15 - = 1.0 -
S 10 - <
8 S5 A
< 54 =R
Q o : : : | L2 0.0 -
Day0 Day1 Day2 Day3 Day 1 Day 3
c Unstimulated CD4+ T cells D Stimulated CD4+ T cells
—0— HIV —&— HIv
—8— HIV + 100uM Meth & HIV -+ 50uM Meth

—&— HIV + 100pM Meth

8-

§7_ §14-

£6 - 212 A

S 5 8"

g4 g e

c ] ‘EG_

g 3 5

S 2 1 S 47

O 1)

< 1 - q—z-

) ; , Q0 - : : : |
Day 0 Day 1 Day 3 Day 0 Day 1 Day 2 Day 3

Figure 1. Meth pretreatment enhances HIV-1 replication in CD4" T-cells. (A) PHA/IL-2 stimulated CD4"
T-cells were pretreated with or without Meth (50 or 100 uM) for 24 hours followed by incubation with HIV-1
BaL. Supernatants were harvested on days 0-3 and analyzed for extracellular HIV-1 p24 concentrations by
ELISA (*p <0.05, **p <0.01). (B) CD4" T-cells treated and infected in (A) were fixed, permeabilized, stained
with FITC-conjugated p24 antibody, and intracellular p24 levels were analyzed by flow cytometry. Fold change
was calculated by considering untreated cells as 1(*p <0.05, **p < 0.01). (C) Unstimulated CD4" T-cells
(without PHA/IL-2) were pretreated with or without Meth (100 uM) for 24 hours followed by incubation with
HIV-1 BalL. Supernatants were harvested on days 0-3 and analyzed for extracellular HIV-1 p24 concentrations
by ELISA (*p <0.05). (D) Stimulated CD4* T-cells were treated with or without Meth (50 or 100 uM) and
incubated with HIV-1 BaL simultaneously. Supernatants were harvested on days 0-3 and analyzed for
extracellular HIV-1 p24 concentrations by ELISA. Data represent the mean &= SEM of 3 experiments done in
triplicate for untreated cells vs. cells treated with Meth.

p-NFkB and NFAT1 significantly reduced in the cytoplasmic fractions (Fig. 3B). We performed confocal micros-
copy to confirm these results and observed increased nuclear translocation of p-NFxB, p-CREB and NFAT1 in
Meth treated cells compared to control cells (Fig. 3C). These results indicate that Meth induced translocation of
p-NFkB, p-CREB and NFAT1 from the cytoplasm to the nucleus in CD4* T-cells.

NFAT1 has been shown to regulate the expression of cytokines IL-4 and IL-10 during T-cell activation®*3%.
qRT-PCR analysis revealed increased levels of mRNA of both IL-4 and IL-10 in Meth treated cells compared to
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Figure 2. Meth enhances intracellular calcium and cAMP levels in CD4" T-cells. (A) Calcium influx was
measured by staining the CD4" T-cells with Fluo-4,AM, followed by addition of 100 uM Meth and live cell
imaging by confocal microscopy. (B) Pixel densities of images in (A) were determined by Image] and plotted
against time (seconds). Data represent the mean &= SEM of 3 independent experiments for untreated cells vs.
cells treated with Meth. (C) cAMP levels were analyzed by ELISA after treating CD4" T-cells with 100 uM Meth
and acquiring samples at different time points (0, 15min, 30 min and 1 hour). Data represent the mean £ SD of
3 independent experiments (*p < 0.05, ***p < 0.001). (D) CD4* T-cells were untreated or treated with 100 uM
Meth for the indicated time points (0.5-24 hours), lysed, and protein extracts were analyzed by Western blotting
for the signaling molecules p-Akt, p-Src and p-ERK. GAPDH was used as a loading control. Full-length blots
are presented in Supplementary Fig. S1.

control cells, suggesting that Meth induced translocation of NFAT1 may participate in the increased transcription
of IL-4 and IL-10 in CD4* T-cells (Fig. 3D).

Meth mediated its effect through activating the sigma-1 receptor in CD4* T-cells. Meth has
been shown to exert its effects by activating dopamine receptors and/or sigma-1 receptors in the brain'®". Hence,
we analyzed effects of Meth on these receptors in CD4" T-cells. All four dopamine receptors (D1DR, D2DR,
D3DR, and D4DR) and the sigma-1 receptor were expressed constitutively, and we observed significant increased
expression only of the sigma-1 receptor after Meth treatment (Fig. 4A). These observations indicated that Meth
may act via the sigma-1 receptor in CD4* T-cells (Fig. 4A,B). To confirm its functional role, we treated the cells
with sigma-1 receptor specific inhibitor (Dihydrobromide, BD1047), then with Meth, and analyzed the activa-
tion of downstream signaling molecules by Western blot analysis. The sigma-1 receptor inhibitor significantly
blocked the phosphorylation of NFxB, ERK and Src kinases (Fig. 4C). These results indicate that Meth induces
the activation of transcription factors in CD4" T-cells by activating the sigma-1 receptor. Next, to confirm the role
of sigma-1 receptor in Meth mediated enhanced HIV-1 replication in CD4" T-cells, we employed the sigma-1
receptor inhibitor in both unstimulated and stimulated cells. We found that this inhibitor significantly abrogated
Meth mediated enhanced HIV-1 replication in both the stimulated and unstimulated cell types (Fig. 4D). These
results confirm that sigma-1 receptor signaling is needed for Meth mediated enhanced HIV-1 replication in CD4*
T-cells.

Meth enhanced expression of miR-34c-5p and miR-155 and induced abnormal activation of
CD4* T-cells.  Previous studies have shown that miR-34c-5p can activate naive CD4*+ T-cells by TCR stim-
ulation and thereby make cells more susceptible to HIV-1 infection®. In addition, miR-155 has been shown to
be upregulated in activated T-cells®*. Since we observed increased HIV-1 infectivity after Meth pretreatment, we
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Figure 3. Meth induced increased phosphorylation and nuclear translocation of CREB, NFAT1 and NF«xB

in CD4" T-cells. (A) CD4* T-cells were untreated or treated with 100 uM Meth for different time points
(0.5-24hours), lysed and the protein extracts were analyzed for the activation of transcription factors NFxB
and CREB and NFAT1 by Western blotting. GAPDH was used as a loading control. Full-length blots are
presented in Supplementary Fig. S2. (B) CD4" T-cells were untreated or treated with 100 uM Meth for 1 hour;
cytoplasmic and nuclear extracts were isolated and analyzed for activated transcription factors. Oct-1 is nuclear
loading control while GAPDH is cytoplasmic control. Full-length blots are presented in Supplementary Fig. S2.
(C) Confocal images of NFxB (upper panel), CREB (middle panel) or NFAT1 (lower panel) staining in CD4*
T-cells untreated or treated with 100 uM Meth for 1 hour. Meth treated samples show nuclear translocation of
NFkB, CREB and NFAT1. Scale bar = 10 um. (D) CD4" T-cells were untreated or treated with 100 uM Meth
for 24 hours, RNA was isolated, and IL-4 and IL-10 gene expression was analyzed by qRT-PCR. Fold change
was calculated by normalizing the Meth treated cells to untreated cells. Data represent the mean + SD of 3
independent experiments (*p <0.05, **p <0.01).

examined whether Meth treatment altered the expression of these two miRNAs in unstimulated CD4" T-cells,
thus driving them toward an activated state. Interestingly, we found that the expression of both miR-34c-5p
and miR-155 increased in unstimulated CD4* T-cells by more than 3 fold and 1.5 fold respectively after drug
treatment (Fig. 5A). The increase we observed in these two miRNAs, which have been associated with T-cell acti-
vation, further indicates that Meth-treatment facilitates CD4™" T-cell activation. Next, we analyzed expression of
miR-34c-5p expression in PHA/IL-2 stimulated CD4* T-cells upon treating with Meth. We also found enhanced
expression of this miRNA in drug treated activated cells compared to control cells (Fig. 5B). These results indicate
that Meth induced increased expression of miR-34c-5p may further predispose CD4* T-cells to HIV-1 replica-
tion. To explore a possible mechanism for increased miR-34c-5p and miR-155 expression, we tested their abun-
dance with or without the sigma-1 receptor inhibitor; this also allowed us to analyze the role of Meth mediated
activation of the sigma-1 receptor. We observed that the increased expression of these two miRNAs due to Meth
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Figure 4. Effects of Meth on dopamine receptors and sigma-1 receptor in CD4" T-cells. (A) CD4" T-cells
were untreated or treated with 100 uM Meth for different time points (5 mins-24 hours), lysed and the protein
extracts were analyzed for the expression of various dopamine receptors and sigma-1 receptor. GAPDH used as
aloading control. Full-length blots are presented in Supplementary Fig. S3. (B) Fold change in the pixel density
of sigma-1 receptor expression in (A). All values normalized to untreated sample. (*p <0.05, **p <0.01,

**%p <0.001). (C) CD4* T-cells were untreated or treated with 10 uM sigma-1 receptor inhibitor (o1 R inh.) for
1 hour, then treated with or without 100 uM Meth for 1 hour, followed by lysis and analysis of protein extracts
for the indicated activated signaling molecules by Western blotting. GAPDH used as a loading control. Full-
length blots are presented in Supplementary Fig. S3. (D) HIV-1 p24 titer on day 3 after HIV-1 infection in
unstimulated and stimulated CD4* T-cells pretreated with or without sigma-1 receptor inhibitor (¢1 R inh.)
and treated in the presence or absence of Meth. Data represent the mean =+ SD of 3 independent experiments
(*¥%p < 0.01, #%p < 0.001).

was significantly abrogated in the presence of the inhibitor (Fig. 5C). These results indicate that Meth induces the
expression of miR-34c-5p and miR-155 via activation of the sigma-1 receptor.

Next, to analyze the effects of Meth mediated activation of signaling molecules and alteration of miRNA
expression on T-cell activation, we tested the expression levels of CD4*1 T-cell activation markers by flow cytom-
etry after treating unstimulated CD4" T-cells with Meth at different time points. Drug treatment modestly
increased CD45RO expression (1.3 fold) and HLA-DR (1.5 fold). Intriguingly, we observed significant increases
in the expression of other CD4*t T-cell activation markers such as CD69 (>4.5 fold) and CD25 (>2.5 fold).
Naive T-cells have a CD45RA™ phenotype, which we found to be decreased in unstimulated CD4* T-cells by
40% on day 3 of Meth treatment (Fig. 6A). Thus, taken together, Meth treatment can elevate the expression of
miRs-34c-5p and 155 which have been shown to increase CD4" T-cell activation, and may make the cells more
susceptible to HIV-1 infection. We then analyzed the role of Meth mediated activation of the sigma-1 receptor in
enhanced expression of T-cell activation markers in unstimulated CD4" T-cells using sigma-1 receptor inhibitor.
We observed that drug mediated increased expression of CD69 and HLA-DR was significantly abrogated in the
presence of the sigma-1 receptor inhibitor (Fig. 6B). These studies further indicate that Meth induces a novel
pathway of CD4" T-cell activation by triggering sigma-1 receptor signaling.

Meth induced degradation of Agol and altered structural integrity of P-bodies. A recent study
has revealed that T-cell activation induces global post-transcriptional miRNA down-regulation and proteasomal
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Figure 5. Analysis of miRs-34c-5p and 155 in Meth treated CD4* T-cells: Unstimulated (A) and Stimulated (B)
CD4™ T-cells were treated with Meth (100 uM) for 3 days, cells were harvested on days 0, 1 and 3 (D0, D1 and
D3), RNA was isolated, and the expression of miRs-34c-5p and 155 was analyzed by qRT-PCR by normalizing
all the samples to untreated samples (*p <0.05, **p <0.01, ***p <0.001). (C) Expression analyses of miRs-
34c-5p and 155 by qRT-PCR in untreated and Meth treated unstimulated CD4™ T-cells in the presence or
absence of sigma-1 receptor inhibitor (¢1 R inh.) at day 3 (*p <0.05, **p <0.01, ***p <0.001).

degradation of Argonaute (Ago) proteins®. Ago proteins are altered upon T-cell activation, and are known to
play a central role in RNA-silencing process and are critical for miRNA mediated translational repression and
miRNA-mediated mRNA degradation®>*”. Hence, we analyzed the effects of Meth treatment on Ago1 expression
in CD4™ T-cells. We found that Meth treatment significantly inhibited Agol expression within 24 hours after
treatment, which is consistent with T-cell activation (Fig. 7A). Further, we analyzed the mechanisms involved in
Meth mediated inhibition of Agol expression; we found increased ubiquitination of Agol in drug treated cells
compared to untreated cells (Fig. 7B). Moreover, the level of Agol mRNA was unaltered in Meth treated cells
(data not shown). These results indicate that Meth treatment may induce proteasomal degradation of Agol in
CD4" T-cells as a result of induced activation. In addition, we also found that mRNA expression levels of Drosha
and Dicer were unaltered in Meth treated CD4" T-cells (data not shown).

Processing bodies (P-bodies) are important, discrete foci in the cytoplasm that play a key role in mRNA
gene silencing and regulation of mRNA turnover®®*. Ago proteins and GW182 are the main components of
P-bodies®™*. Since we observed decreased expression of Agol in Meth treated CD4" T-cells, we next analyzed
the structural integrity of P-bodies in Meth treated CD4" T-cells. Confocal microscopic analysis and immuno-
precipitation analysis showed decreased co-localization of Agol and GW182 in Meth treated cells compared to
control cells (Fig. 7C,D). These results indicate that Meth may alter the structural integrity of P-bodies in CD4 "
T-cells.

Discussion

Meth use is associated with a high risk of contracting HIV-1 infection, and its transmission'~>. Moreover, Meth
enhances the viral load in HIV-1 positive, active drug using individuals by increasing viral replication in T-cells,
monocytes and neural progenitor cells”!!. However, the molecular mechanisms involved in these Meth mediated
effects in the immunopathogenesis of HIV-1 still are not fully elucidated. Here, we characterized novel molecular
effects of Meth on CD4* T-cells and their implications in HIV-1 replication.

Our experiments reveal that pretreatment of CD4*" T-cells with Meth significantly enhanced HIV-1 replica-
tion; however, there was no significant change in replication when cells were treated with HIV-1 and Meth simul-
taneously. A previous study by Skowronska demonstrated enhanced HIV-1 replication in neural progenitor cells
when they were pretreated with Meth but not when they are exposed to HIV-1 and Meth together'*. To address
the mechanism of this effect, they point to Meth mediated NFkB/SP1 dependent activation of the HIV-1 LTR™.
Intriguingly, our experiments with unstimulated CD4" T-cells also showed that Meth pretreatment enhanced
HIV-1 replication. In vitro, single cell cultures of resting or naive CD4*+ T-cells are resistant to HIV-1 infection**.
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Figure 6. Meth induced the expression of activation markers in unstimulated CD4" T-cells: (A) Unstimulated
CD4™ T-cells were treated with or without Meth (100 uM) for 3 days, cells were harvested on days 0, 1 and 3
(D0, D1 and D3), stained for the indicated T-cell activation markers, fixed and analyzed by flow cytometry.

Bar diagrams showing the fold change in the expression of indicated activation markers in Meth treated
unstimulated CD4" T-cells. Fold change was calculated by normalizing the Meth treated cells to untreated cells
(*p <0.05, **p <0.01, ***p <0.001). (B) Fold change in the expression of CD69 (left panel) and HLA-DR
(right panel) in untreated or Meth treated unstimulated CD4* T-cells in the presence or absence of sigma-1
receptor inhibitor (o1 R inh.) after 3 days (*p <0.05, **p <0.01).

However, in vivo the tissue microenvironment facilitates the activation of naive T-cells and provides conditions
favorable for productive HIV-1 infection*'~*3. Hence, CD4™ T-cell activation is considered to be a key factor
that facilitates infection****. Moreover, expression of the T-cell activation markers CD25 and HLA-DR has been
shown to correlate with enhanced HIV-1 infection**. When we analyzed cell activation markers in unstimulated
CD4" T-cells upon Meth treatment, we observed significant increases in CD25 and HLA-DR. We also observed
increased expression of the activation markers CD69 and CD45RO, and a modest decline in the naive CD4"
T-cell marker CD45RA. In addition, after Meth treatment of unstimulated CD4" T-cells, we observed significant
increases in the expression of miR-34c and miR-155. Transcriptional upregulation of miR-34c has been shown
to occur during activation of CD4" T-cells. Further, both of these miRNAs are reported to promote HIV-1 rep-
lication in CD4 " T-cells* . These findings indicate that Meth can act as an activator of CD4" T-cells which could
contribute to enhanced HIV-1 infection. Our finding corresponds to a clinical study by Massanella et al., where
they observed enhanced CD4* and CD8* T-cell proliferation, and CD4" T-cell activation and exhaustion in Meth
using HIV-1-infected ART-suppressed individuals®.

Our study showed that Meth significantly increased intracellular [Ca?"] and cAMP levels in CD4™ T-cells.
Meth is known to induce increased cytosolic calcium concentration flux and cAMP release in neuronal cells?*?!.
Both of these pathways play major roles in T-cell signaling and activation, and are involved in downstream regula-
tion of the transcription factors NF«B, CREB and NFAT1%. Interestingly, the NFkB/SP1 complex has been shown
to mediate enhanced HIV-1 transcription in T-cells'*. In addition, CREB has been shown to play a role in Meth
addiction and activation of neuroinflammatory signaling pathways?!. We observed increased phosphorylation
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Figure 7. Meth induced degradation of Agol and altered structural integrity of P-bodies: (A) CD4" T-cells
were untreated or treated with Meth (100 uM) for 0, 4 and 24 hours, lysed and Ago1 expression was analyzed by
Western blotting. GAPDH used as a loading control. Full-length blots are presented in Supplementary Fig. S4
(B) CD4* T-cell lysates in (A) were immunoprecipitated with Agol antibody and subjected to Western blot
analysis using Ubiquitin antibody. Ago1 served as a loading control; AbC = Antibody control, TCL = Total
cell lysate. Results are representative of 3 independent experiments. (C) CD4" T-cell lysates in (A) were
immunoprecipitated with GW182 antibody (upper panel) or Agol antibody (lower panel) and subjected

to Western blot analysis using Ago1 (upper panel) or GW182 (lower panel) antibodies. B-Actin served as a
loading control; AbC = Antibody control, TCL = Total cell lysate. Results are representative of 3 independent
experiments. Full-length blots are presented in Supplementary Fig. S4 (D) Confocal images of GW182 and
Agol interaction in CD4" T-cells, untreated or treated with Meth (100 uM) for 24 hours. Scale bar =10 pm.
Results are representative of 3 independent experiments.

and enhanced nuclear translocation of these transcription factors in Meth treated CD4" T-cells. NFAT1 is a
positive regulator of gene transcription of several cytokines including IL-4 and IL-10****. Consistent with these
studies, we observed enhanced IL-4 and IL-10 gene transcription in Meth treated CD4" T-cells. From our find-
ings, we infer that Meth induces activation of Ca?" signaling and cAMP pathways which may be involved in the
abnormal activation and regulation of cytokine gene expression in CD4" T-cells.

Meth induced CD4* T-cell activation via the sigma-1 receptor. Involvement of the sigma-1 receptor was also
implicated in Meth mediated activation of astrocytes via Src, ERK/ mitogen-activated protein kinase, and CREB
pathways'. Indeed, in our study we found Meth treatment similarly led to the activation of these downstream sig-
naling pathways. Furthermore, enhanced nuclear translocation of CREB may have interacted with the promoter
of the sigma-1 receptor resulting in the enhanced expression of the sigma-1 receptor in CD4" T-cells.

MiRNAs are implicated in various biological processes including drug addiction and as modulators of
post-transcriptional gene expression?*447. Recently, Liu et al. reported significant downregulation of Ago2, indi-
cating that miRNA downregulation may be due to inhibition of Ago2 mediated splicing of precursor miRNA and
not due to inhibition at the transcriptional level?’. Consistent with this study, we observed proteasomal degrada-
tion of Agol, that may have resulted in altered structural integrity of P-bodies, which play key roles in silencing
of target mRNAs. Interestingly, prior studies have shown that during T-cell activation, Ago proteins undergo
proteasome mediated degradation®. This further confirms Meth as a novel activator of CD4" T-cells.

In sum, we elucidate several mechanisms through which Meth can enhance HIV-1 replication in CD4"
T-cells, and act as a novel activator of CD4™ T-cells through upregulation of miR-34c-5p and increased expres-
sion of several CD4 " T-cell activation markers. Consistent with this new insight into the drug as a T-cell activator,
we found that Meth alone and in combination with HIV-1 infection induced extensive Agol degradation, which
can result in loss of structural integrity of P-bodies and formation of miRNA induced silencing complexes, and
has been linked to decreased anti-viral response and increased HIV-1 transcription*®. We also show that Meth
mediated activation of T-cells resulted in activation of the transcription factors NFkB, CREB and NFAT1, which
may contribute to increased HIV-1 replication and production of inflammatory cytokines. Thus, multiple molec-
ular mechanisms emanating from Meth as a T-cell activator likely contribute to enhanced HIV-1 pathogenesis in
drug using individuals and provide insights into the development of novel therapeutic strategies to limit HIV-1
in these individuals.

Materials and Methods

Cells, HIV-1 and constructs. Buffy coats were obtained from the Blood Transfusion Service, Massachusetts
General Hospital, Boston, MA, in compliance with the Beth Israel Deaconess Medical Center Committee on
Clinical Investigations (CCI) protocol #2008-P-000418/5. Buffy coats were provided at this institution for
research purposes; therefore, no informed consent was further needed. In addition, buffy coats were provided
without identifiers. This study was approved by Beth Israel Deaconess Medical Center’s CCI, Institutional Review
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Board, and Privacy Board appointed to review research involving human subjects. The experimental procedures
were carried out in strict accordance with approved guidelines.

Human peripheral blood mononuclear cells were isolated from buffy coats and CD4*T cells were isolated
using a negative selection kit respectively, per manufacturer’s protocol (STEMCELL Technologies, Inc.). For
PHA/IL-2 stimulated CD4* T-cells, CD4" T-cells were cultured in complete RPMI culture medium supple-
mented with PHA-L (1 pg/ml) and IL-2 (10 ng/ml) (PeproTech, Rocky Hill, NJ) at 2 x 10° cells/ml for 3 days. For
unstimulated CD4" T-cells, CD4" T-cells were cultured in complete RPMI culture medium without PHA and
IL-2. Purity of these T cells was analyzed using CD3 and CD4 staining and flow cytometry.

Antibodies and reagents. HIV-1 BaL was obtained from the NIH AIDS Research and Reference Reagent
Program, National Institute of Allergy and Infectious Diseases, NIH. The HIV-1 BaL strain has been shown to
efficiently infect, via the CCR5 co-receptor, and replicate within CD4" T-cells*. Argonaute-1, p-NFxB, NFxB,
p-ERK, p-Src, p-Akt, NFAT1, p-CREB, CREB, Oct-1, Ubiquitin, and 3-Actin antibodies were obtained from
Cell Signaling Technology (Danvers, MA). GW182, D1DR, D2DR, D3DR, D4DR, Sigma-1 Receptor, and
GAPDH antibodies were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). FITC-conjugated
P24 GAG (6604665) antibody was obtained from Beckman Coulter, Inc. (Brea, CA). PE-conjugated CD45RO,
PE-conjugated HLA-DR, FITC-conjugated CD45RA, FITC-conjugated CD25, FITC-conjugated CD69, PE iso-
type control, and FITC isotype control antibodies were purchased from Biolegend (San Diego, CA). p-NFAT1
antibody was obtained from Thermo Fisher Scientific (Waltham, MA). Fluo-4, AM was purchased from
Invitrogen (Carlsbad, CA). Methamphetamine hydrochloride and sigma-1 receptor inhibitor (BD1047) were
purchased from Sigma Aldrich (St. Louis, MO).

HIV-1replication assay. CD4* T-cells cultured at 2 x 10%/ml were untreated (control cells) or pre-treated
with 50 uM or 100 pM Meth (dissolved in water) at 37 °C for 24 hours then incubated with HIV-1 BaL (10 ng/
ml, p24) at 37°C for 3 days. Culture supernatants were harvested on days 0, 1, 2 and 3 and viral replication was
assessed by quantitating the p24 in the supernatants by ELISA, whereby increasing p24 concentration across time
points indicates that HIV replication has occurred. This technique has been well established as a measure of HIV
replication in vitro and in vivo™.

Flow cytometric analyses. CD4* T cells, isolated as aforementioned, were cultured in complete medium
without PHA and IL-2 but were treated with or without 100 uM Meth for 3 days. Cells were harvested on days 0, 1
and 3, stained with the T-cell activation markers, and analyzed by flow cytometry. CD4" T cells were stained with
the marker antibodies conjugated with fluorophores or with their respective isotypes. The positively stained cells
were gated based off the respective isotype.

Briefly, cell surface staining was performed by washing cells in 0.5% BSA in 1X PBS followed by incubation
with fluorescent antibodies. Cells were fixed in 10% formalin with 4% formaldehyde (Sigma Aldrich, St. Louis,
MO) for 30 minutes before washing twice more with 0.5% BSA in 1X PBS. Cells were analyzed in 1X PBS solution.
Intracellular p24 was analyzed by staining the cells using FITC-conjugated p24 GAG antibody and analyzed on
BD LSRII (BD Biosciences, Franklin Lakes, NJ). For p24 intracellular staining, the cells were stained with anti-gag
antibody conjugated to FITC or FITC isotype control. The FITC positive cell population was gated based off the
isotype control. Intracellular staining was performed by first washing cells in 0.5% BSA in 1X PBS. Then, cells
were fixed in 10% formalin with 4% formaldehyde (Sigma Aldrich, St. Louis, MO) for 30 minutes before wash-
ing twice with 0.5% BSA in 1X PBS. Cells were permeabilized in 1X BD FACS™ Permeabilizing Solution 2 (BD
Biosciences, Franklin Lakes, NJ) followed by incubation with fluorescent antibodies. Cells were washed with 1X
PBS, and analyzed in 1X PBS solution.

Western blotting and immunoprecipitation.  Western blotting was performed as previously described®!.
Briefly, uninfected and HIV-1 infected or untreated and Meth treated CD4 " T-cells (after incubation period) were
collected in cell lysis buffer, protein lysates were separated on NuPAGE precast gels (Life Technologies Corp.),
transferred to 0.45pum nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA), and probed with appro-
priate primary antibodies followed by incubation with their respective secondary antibodies. Proteins were visu-
alized with Western Lightning Plus ECL Substrate (PerkinElmer, Waltham, MA).

For immunoprecipitation assay, CD4" T-cells were left untreated or treated with Meth (100 uM) and incu-
bated for times indicated. Cells were lysed with cell lysis buffer (Cell Signaling Technology). Cell lysates were sub-
jected to immunoprecipitation using Millipore PureProteome™ Protein A and Protein G Magnetic beads, which
were used according to manufacturer’s protocol (MilliporeSigma, Burlington, MA) and the immune-complexes
were further processed by Western blotting®'.

Confocal microscopy. CD4" T-cells were cultured on chamber slides. They were starved for 2 hours, and
then untreated or treated with Meth (100 uM) for 24 hours. They were fixed in 4% paraformaldehyde and blocked
with 5% normal goat serum in PBS/0.1% Triton X-100 (1 hour). Cells were then incubated with primary anti-
bodies overnight at 4 °C, washed thrice with PBS, and stained with AlexaFluor 488-labeled anti-rabbit IgG
antibody and AlexaFluor 594-labeled anti-mouse IgG antibody (Molecular Probes®; Invitrogen) for 2 hours.
Subsequently, cells were washed thrice with PBS, and slides were mounted using Prolong Gold antifade with
DAPI (4/,6-diamidino-2-phenylindole; Invitrogen). Slides were examined under a Zeiss 880 Meta confocal
microscope (Carl Zeiss Microimaging, LLC, Thornwood, NY), and images were acquired using ZEN2 software
(Carl Zeiss). Figures were made using Adobe Photoshop CS4 software (Adobe Systems, San Jose, CA).
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Calcium Flux Measurement. CD4* T-cells were labeled with Fluo-4, AM (Invitrogen; Carlsbad, CA)
according to the manufacturer’s protocol. Live cell microscopy was performed and fluorescence was measured
before and after addition of Meth. Pixel density of the fluorescence was determined using Image J software.

Quantitative RT-PCR. RNA was isolated from CD4* T-cells using TRIzol™ reagent according to the
manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA). DNase treatment was performed using
TURBO DNA-free kit (Ambion RNA, Carlsbad, CA). 1ug of RNA was used to prepare cDNA using iSCRIPT
cDNA synthesis kit (Bio-Rad, Hercules, CA). qRT-PCR was done in triplicate for each sample with SYBR green
based PowerUpTM SYBR™ Green Master Mix (Thermo Fisher Scientific, Waltham, MA) using 100 ng cDNA. Gene
expression was normalized to TATA-box binding protein (TBP) and fold change in expression was calculated
using 2—AACt method. Specificity of the primer sets was confirmed by melting curve analysis. Primer sequences
used were:

miR-34c (RefSeq:NR_029840):

RT_SL:GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGCAATC

F: GCGGCGGAGGCAGTGTAGTTAGCT

miR-155(RefSeq:NR_030784): RT_SL:GTCGTATCCAGTGCAGGGTCCGAGGTAT

TCGCACTGGATACGACACCCCT F:GCGGCGGTTAATGCTAATCGTGAT

IL4 (RefSeq:NG_023252.1):

ETTTGCTGCCTCCAAGAACAC

R:AATCGGATCAGCTGCTTGTG

IL10 (RefSeq:NG_012088):

F:ACATCAAGGCGCATGTGAAC

R: ACGGCCTTGCTCTTGTTTTC.

CyclicAMP ELISA. CD4" T-cells were harvested after treating with Meth (100 pM) for 0, 15, 30 and 60 mins
and ELISA was performed for measuring cyclic-AMP levels according to the manufacturer’s instructions
(Cayman Chemical, Ann Harbor, MI).

Statistical Analysis. All experiments were performed in triplicate. Differences between untreated and Meth
treated samples were calculated using a standard 2-tailed Student’s t-test. P-values < 0.05 were considered sta-
tistically significant. For comparisons involving both Meth and the Sigma-1 inhibitor, one way ANOVA was
performed and p-values < 0.05 were considered statistically significant.

References

1. Urbina, A. & Jones, K. Crystal methamphetamine, its analogues, and HIV infection: medical and psychiatric aspects of a new
epidemic. Clin Infect Dis 38, 890-894, https://doi.org/10.1086/381975 (2004).

2. Rawson, R. A., Anglin, M. D. & Ling, W. Will the methamphetamine problem go away? J Addict Dis 21, 5-19 (2002).

3. Freeman, P. et al. Methamphetamine use and risk for HIV among young men who have sex with men in 8 US cities. Arch Pediatr
Adolesc Med 165, 736-740, https://doi.org/10.1001/archpediatrics.2011.118 (2011).

4. Nakamura, N., Semple, S. ], Strathdee, S. A. & Patterson, T. L. HIV risk profiles among HIV-positive, methamphetamine-using men
who have sex with both men and women. Arch Sex Behav 40, 793-801, https://doi.org/10.1007/s10508-010-9713-1 (2011).

5. Plankey, M. W. et al. The relationship between methamphetamine and popper use and risk of HIV seroconversion in the multicenter
AIDS cohort study. J Acquir Immune Defic Syndr 45, 85-92, https://doi.org/10.1097/QAI.0b013e3180417c99 (2007).

6. Colfax, G. N. et al. Frequent methamphetamine use is associated with primary non-nucleoside reverse transcriptase inhibitor
resistance. AIDS 21, 239-241, https://doi.org/10.1097/QAD.0b013e3280114a29 (2007).

7. Ellis, R. J. et al. Increased human immunodeficiency virus loads in active methamphetamine users are explained by reduced
effectiveness of antiretroviral therapy. J Infect Dis 188, 18201826, https://doi.org/10.1086/379894 (2003).

8. Shoptaw, S., Reback, C. J. & Freese, T. E. Patient characteristics, HIV serostatus, and risk behaviors among gay and bisexual males
seeking treatment for methamphetamine abuse and dependence in Los Angeles. ] Addict Dis 21, 91-105 (2002).

9. Wang, X. & Ho, W. Z. Drugs of abuse and HIV infection/replication: implications for mother-fetus transmission. Life Sci 88,
972-979, https://doi.org/10.1016/.1fs.2010.10.029 (2011).

10. Marcondes, M. C., Flynn, C., Watry, D. D., Zandonatti, M. & Fox, H. S. Methamphetamine increases brain viral load and activates
natural killer cells in simian immunodeficiency virus-infected monkeys. Am J Pathol 177, 355-361, https://doi.org/10.2353/
ajpath.2010.090953 (2010).

11. Toussi, S. S. et al. Short communication: Methamphetamine treatment increases in vitro and in vivo HIV replication. AIDS Res Hum
Retroviruses 25, 1117-1121, https://doi.org/10.1089/aid.2008.0282 (2009).

12. Nair, M. P,, Mahajan, S., Sykes, D., Bapardekar, M. V. & Reynolds, J. L. Methamphetamine modulates DC-SIGN expression by
mature dendritic cells. ] Neuroimmune Pharmacol 1, 296-304, https://doi.org/10.1007/s11481-006-9027-1 (2006).

13. Nair, M. P. et al. Methamphetamine enhances HIV-1 infectivity in monocyte derived dendritic cells. ] Neuroimmune Pharmacol 4,
129-139, https://doi.org/10.1007/s11481-008-9128-0 (2009).

14. Skowronska, M. et al. Methamphetamine increases HIV infectivity in neural progenitor cells. ] Biol Chem 293, 296-311, https://doi.
org/10.1074/jbc.RA117.000795 (2018).

15. Mantri, C. K., Mantri, J. V., Pandhare, J. & Dash, C. Methamphetamine inhibits HIV-1 replication in CD4+ T cells by modulating
anti-HIV-1 miRNA expression. Am ] Pathol 184, 92-100, https://doi.org/10.1016/j.ajpath.2013.09.011 (2014).

16. Massanella, M. et al. Methamphetamine Use in HIV-infected Individuals Affects T-cell Function and Viral Outcome during
Suppressive Antiretroviral Therapy. Sci Rep 5, 13179, https://doi.org/10.1038/srep13179 (2015).

17. Potula, R., Haldar, B., Cenna, J. M., Sriram, U. & Fan, S. Methamphetamine alters T cell cycle entry and progression: role in immune
dysfunction. Cell Death Discov 4, 44, https://doi.org/10.1038/s41420-018-0045-6 (2018).

18. Ares-Santos, S., Granado, N. & Moratalla, R. The role of dopamine receptors in the neurotoxicity of methamphetamine. J Intern Med
273, 437-453, https://doi.org/10.1111/joim.12049 (2013).

19. Zhang, Y. et al. Involvement of sigma-1 receptor in astrocyte activation induced by methamphetamine via up-regulation of its own
expression. ] Neuroinflammation 12, 29, https://doi.org/10.1186/s12974-015-0250-7 (2015).

20. Sriram, U. et al. Methamphetamine induces trace amine-associated receptor 1 (TAARI) expression in human T lymphocytes: role
in immunomodulation. J Leukoc Biol 99, 213-223, https://doi.org/10.1189/jlb.4A0814-395RR (2016).

SCIENTIFICREPORTS| (2019) 9:958 | DOI:10.1038/s41598-018-35757-x 11


http://dx.doi.org/10.1086/381975
http://dx.doi.org/10.1001/archpediatrics.2011.118
http://dx.doi.org/10.1007/s10508-010-9713-1
http://dx.doi.org/10.1097/QAI.0b013e3180417c99
http://dx.doi.org/10.1097/QAD.0b013e3280114a29
http://dx.doi.org/10.1086/379894
http://dx.doi.org/10.1016/j.lfs.2010.10.029
http://dx.doi.org/10.2353/ajpath.2010.090953
http://dx.doi.org/10.2353/ajpath.2010.090953
http://dx.doi.org/10.1089/aid.2008.0282
http://dx.doi.org/10.1007/s11481-006-9027-1
http://dx.doi.org/10.1007/s11481-008-9128-0
http://dx.doi.org/10.1074/jbc.RA117.000795
http://dx.doi.org/10.1074/jbc.RA117.000795
http://dx.doi.org/10.1016/j.ajpath.2013.09.011
http://dx.doi.org/10.1038/srep13179
http://dx.doi.org/10.1038/s41420-018-0045-6
http://dx.doi.org/10.1111/joim.12049
http://dx.doi.org/10.1186/s12974-015-0250-7
http://dx.doi.org/10.1189/jlb.4A0814-395RR

www.nature.com/scientificreports/

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Krasnova, I. N, Justinova, Z. & Cadet, J. L. Methamphetamine addiction: involvement of CREB and neuroinflammatory signaling
pathways. Psychopharmacology (Berl) 233, 1945-1962, https://doi.org/10.1007/s00213-016-4235-8 (2016).

Wang, X. et al. Modulation of intracellular restriction factors contributes to methamphetamine-mediated enhancement of acquired
immune deficiency syndrome virus infection of macrophages. Curr HIV Res 10, 407-414 (2012).

Liu, D. et al. Ago2 and Dicer1 are involved in METH-induced locomotor sensitization in mice via biogenesis of miRNA. Addict Biol,
https://doi.org/10.1111/adb.12616 (2018).

Ha, M. & Kim, V. N. Regulation of microRNA biogenesis. Nat Rev Mol Cell Biol 15, 509-524, https://doi.org/10.1038/nrm3838
(2014).

Ender, C. & Meister, G. Argonaute proteins at a glance. J Cell Sci 123, 1819-1823, https://doi.org/10.1242/jcs.055210 (2010).

Sand, M. The pathway of miRNA maturation. Methods Mol Biol 1095, 3-10, https://doi.org/10.1007/978-1-62703-703-7_1 (2014).
Sand, M. et al. Expression levels of the microRNA maturing microprocessor complex component DGCR8 and the RNA-induced
silencing complex (RISC) components argonaute-1, argonaute-2, PACT, TARBP1, and TARBP2 in epithelial skin cancer. Mol
Carcinog 51, 916-922, https://doi.org/10.1002/mc.20861 (2012).

Passaro, R. C., Pandhare, J., Qian, H. Z. & Dash, C. The Complex Interaction Between Methamphetamine Abuse and HIV-1
Pathogenesis. ] Neuroimmune Pharmacol 10, 477-486, https://doi.org/10.1007/s11481-015-9604-2 (2015).

Riley, J. L. et al. Naive and memory CD4 T cells differ in their susceptibilities to human immunodeficiency virus type 1 infection
following CD28 costimulation: implicatip6s for transmission and pathogenesis. J Virol 72, 8273-8280 (1998).

Early, E. & Reen, D. J. Rapid conversion of naive to effector T cell function counteracts diminished primary human newborn T cell
responses. Clin Exp Immunol 116, 527-533 (1999).

Wang, B. et al. Methamphetamine modulates the production of interleukin-6 and tumor necrosis factor-alpha via the cAMP/PKA/
CREB signaling pathway in lipopolysaccharide-activated microglia. Int Immunopharmacol 56, 168-178, https://doi.org/10.1016/j.
intimp.2018.01.024 (2018).

Kuo, C. T. & Leiden, J. M. Transcriptional regulation of T lymphocyte development and function. Annu Rev Immunol 17, 149-187,
https://doi.org/10.1146/annurev.immunol.17.1.149 (1999).

Lee, C. G. et al. A distal cis-regulatory element, CNS-9, controls NFAT1 and IRF4-mediated IL-10 gene activation in T helper cells.
Mol Immunol 46, 613-621, https://doi.org/10.1016/j.molimm.2008.07.037 (2009).

Zhang, M. et al. Host factor transcriptional regulation contributes to preferential expression of HIV type 1 in IL-4-producing CD4
T cells. ] Immunol 189, 2746-2757, https://doi.org/10.4049/jimmunol.1103129 (2012).

Amaral, A. J. et al. miRNA profiling of human naive CD4 T cells links miR-34c-5p to cell activation and HIV replication. EMBO ]
36, 346-360, https://doi.org/10.15252/embj.201694335 (2017).

Bronevetsky, Y. et al. T cell activation induces proteasomal degradation of Argonaute and rapid remodeling of the microRNA
repertoire. ] Exp Med 210, 417-432, https://doi.org/10.1084/jem.20111717 (2013).

Siomi, H. & Siomi, M. C. Posttranscriptional regulation of microRNA biogenesis in animals. Mol Cell 38, 323-332, https://doi.
org/10.1016/j.molcel.2010.03.013 (2010).

Eulalio, A., Behm-Ansmant, I. & Izaurralde, E. P bodies: at the crossroads of post-transcriptional pathways. Nat Rev Mol Cell Biol 8,
9-22, https://doi.org/10.1038/nrm2080 (2007).

Kulkarni, M., Ozgur, S. & Stoecklin, G. On track with P-bodies. Biochem Soc Trans 38, 242-251, https://doi.org/10.1042/BST0380242
(2010).

Ding, L. & Han, M. GW182 family proteins are crucial for microRNA-mediated gene silencing. Trends Cell Biol 17, 411-416, https://
doi.org/10.1016/.tcb.2007.06.003 (2007).

Ramilo, O., Bell, K. D., Uhr, J. W. & Vitetta, E. S. Role of CD25+ and CD25-T cells in acute HIV infection in vitro. ] Immunol 150,
5202-5208 (1993).

Zhang, Z. et al. Sexual transmission and propagation of SIV and HIV in resting and activated CD4 + T cells. Science 286, 1353-1357
(1999).

Biancotto, A. et al. HIV-1 induced activation of CD4 +T cells creates new targets for HIV-1 infection in human lymphoid tissue ex
vivo. Blood 111, 699-704, https://doi.org/10.1182/blood-2007-05-088435 (2008).

Stevenson, M., Stanwick, T. L., Dempsey, M. P. & Lamonica, C. A. HIV-1 replication is controlled at the level of T cell activation and
proviral integration. EMBO J 9, 1551-1560 (1990).

Zack, J. A. et al. HIV-1 entry into quiescent primary lymphocytes: molecular analysis reveals a labile, latent viral structure. Cell 61,
213-222 (1990).

Darcg, E. et al. MicroRNA-30a-5p in the prefrontal cortex controls the transition from moderate to excessive alcohol consumption.
Mol Psychiatry 20, 1261, https://doi.org/10.1038/mp.2014.155 (2015).

Hollander, J. A. et al. Striatal microRNA controls cocaine intake through CREB signalling. Nature 466, 197-202, https://doi.
org/10.1038/nature09202 (2010).

Eckenfelder, A. et al. Argonaute proteins regulate HIV-1 multiply spliced RNA and viral production in a Dicer independent manner.
Nucleic Acids Res 45, 4158-4173, https://doi.org/10.1093/nar/gkw1289 (2017).

Ochsenbauer, C. et al. Generation of transmitted/founder HIV-1 infectious molecular clones and characterization of their
replication capacity in CD4 T lymphocytes and monocyte-derived macrophages. J Virol 86, 2715-2728, https://doi.org/10.1128/
JVL06157-11 (2012).

Wehrly, K. & Chesebro, B. p24 antigen capture assay for quantification of human immunodeficiency virus using readily available
inexpensive reagents. Methods 12, 288-293, https://doi.org/10.1006/meth.1997.0481 (1997).

Prasad, A. et al. Slit2N/Robol inhibit HIV-gp120-induced migration and podosome formation in immature dendritic cells by
sequestering LSP1 and WASp. PLoS One 7, €48854, https://doi.org/10.1371/journal.pone.0048854 (2012).

Acknowledgements

This work was supported by the National Institutes of Health [National Institute on Drug Abuse (http://www.
drugabuse.gov)], 1IR0O1DA039566 (JEG). The following reagent was obtained through the NIH AIDS Reagent
Program, Division of AIDS, NIAID, NIH: HIV-1Ba-L from Dr. Suzanne Gartner, Dr. Mikulas Popovic and Dr.
Robert Gallo.

Author Contributions
Conceived and designed the experiments: J.E.G. and A.P. Performed the experiments: A.P, R.X., A.S., K.L. and
S.J. Analyzed the data: .E.G. and A.P. Wrote the manuscript: A.P, R.K,, K.L. and J.E.G.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-35757-x.

Competing Interests: The authors declare no competing interests.

SCIENTIFIC REPORTS |

(2019) 9:958 | DOI:10.1038/s41598-018-35757-x 12


http://dx.doi.org/10.1007/s00213-016-4235-8
http://dx.doi.org/10.1111/adb.12616
http://dx.doi.org/10.1038/nrm3838
http://dx.doi.org/10.1242/jcs.055210
http://dx.doi.org/10.1007/978-1-62703-703-7_1
http://dx.doi.org/10.1002/mc.20861
http://dx.doi.org/10.1007/s11481-015-9604-2
http://dx.doi.org/10.1016/j.intimp.2018.01.024
http://dx.doi.org/10.1016/j.intimp.2018.01.024
http://dx.doi.org/10.1146/annurev.immunol.17.1.149
http://dx.doi.org/10.1016/j.molimm.2008.07.037
http://dx.doi.org/10.4049/jimmunol.1103129
http://dx.doi.org/10.15252/embj.201694335
http://dx.doi.org/10.1084/jem.20111717
http://dx.doi.org/10.1016/j.molcel.2010.03.013
http://dx.doi.org/10.1016/j.molcel.2010.03.013
http://dx.doi.org/10.1038/nrm2080
http://dx.doi.org/10.1042/BST0380242
http://dx.doi.org/10.1016/j.tcb.2007.06.003
http://dx.doi.org/10.1016/j.tcb.2007.06.003
http://dx.doi.org/10.1182/blood-2007-05-088435
http://dx.doi.org/10.1038/mp.2014.155
http://dx.doi.org/10.1038/nature09202
http://dx.doi.org/10.1038/nature09202
http://dx.doi.org/10.1093/nar/gkw1289
http://dx.doi.org/10.1128/JVI.06157-11
http://dx.doi.org/10.1128/JVI.06157-11
http://dx.doi.org/10.1006/meth.1997.0481
http://dx.doi.org/10.1371/journal.pone.0048854
http://www.drugabuse.gov
http://www.drugabuse.gov
http://dx.doi.org/10.1038/s41598-018-35757-x

www.nature.com/scientificreports/

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
Cam | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:958 | DOI:10.1038/s41598-018-35757-x 13


http://creativecommons.org/licenses/by/4.0/

	Methamphetamine functions as a novel CD4+ T-cell activator via the sigma-1 receptor to enhance HIV-1 infection

	Results

	Meth pretreatment enhanced HIV-1 replication in CD4+ T-cells. 
	Meth enhanced intracellular calcium and cAMP levels in CD4+ T-cells. 
	Meth induces increased phosphorylation and nuclear translocation of CREB, NFAT1 and NFκB in CD4+ T-cells. 
	Meth mediated its effect through activating the sigma-1 receptor in CD4+ T-cells. 
	Meth enhanced expression of miR-34c-5p and miR-155 and induced abnormal activation of CD4+ T-cells. 
	Meth induced degradation of Ago1 and altered structural integrity of P-bodies. 

	Discussion

	Materials and Methods

	Cells, HIV-1 and constructs. 
	Antibodies and reagents. 
	HIV-1 replication assay. 
	Flow cytometric analyses. 
	Western blotting and immunoprecipitation. 
	Confocal microscopy. 
	Calcium Flux Measurement. 
	Quantitative RT-PCR. 
	Cyclic AMP ELISA. 
	Statistical Analysis. 

	Acknowledgements

	Figure 1 Meth pretreatment enhances HIV-1 replication in CD4+ T-cells.
	﻿Figure 2 Meth enhances intracellular calcium and cAMP levels in CD4+ T-cells.
	﻿Figure 3 Meth induced increased phosphorylation and nuclear translocation of CREB, NFAT1 and NFκB in CD4+ T-cells.
	﻿Figure 4 Effects of Meth on dopamine receptors and sigma-1 receptor in CD4+ T-cells.
	Figure 5 Analysis of miRs-34c-5p and 155 in Meth treated CD4+ T-cells: Unstimulated (A) and Stimulated (B) CD4+ T-cells were treated with Meth (100 µM) for 3 days, cells were harvested on days 0, 1 and 3 (D0, D1 and D3), RNA was isolated, and the expressi
	Figure 6 Meth induced the expression of activation markers in unstimulated CD4+ T-cells: (A) Unstimulated CD4+ T-cells were treated with or without Meth (100 µM) for 3 days, cells were harvested on days 0, 1 and 3 (D0, D1 and D3), stained for the indicate
	Figure 7 Meth induced degradation of Ago1 and altered structural integrity of P-bodies: (A) CD4+ T-cells were untreated or treated with Meth (100 µM) for 0, 4 and 24 hours, lysed and Ago1 expression was analyzed by Western blotting.




