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Abstract

Human immunodeficiency virus (HIV) primarily infects glial cells in the central nervous system
(CNS). Recent evidence suggests that HIV-infected individuals who abuse drugs such as
methamphetamine (METH) have higher viral loads and experience more severe neurological
complications than HIV-infected individuals who do not abuse drugs. The aim of this study was to
determine the effect of METH on HIV expression from the HIV long terminal repeats (LTR)
promoter and on an HIV integrated provirus in microglial cells, the primary host cells for HIV in
the CNS. Primary human microglial cells immortalized with SV40 T-antigen (CHME-5 cells)
were co-transfected with an HIV LTR reporter and the HIV Tat gene, a key regulator of viral
replication and gene expression, and exposed to METH. Our results demonstrate that METH
treatment induced LTR activation, an effect potentiated in the presence of Tat. We also found that
METH increased the nuclear translocation of the nuclear factor kappa B (NF-xB), a key cellular
transcriptional regulator of the LTR promoter, and the activity of an NF-xB-specific reporter
plasmid in CHME-5 cells. The presence of a dominant-negative regulator of NF-xB blocked
METH-related activation of the HIV LTR. Furthermore, treatment of HIV-latently infected
CHME-5 (CHME-5/HIV) cells with METH induced HIV expression in a dose-dependent manner,
and nuclear translocation of the p65 subunit of NF-xB. These results suggest that METH can
stimulate HIV gene expression in microglia cells through activation of the NF-xB signaling
pathway. This mechanism may outline the initial biochemical events leading to the observed
increased neurodegeneration in HIV-positive individuals who use METH.
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Introduction

The relationship of methamphetamine (METH) abuse and human immunodeficiency virus
(HIV) infection extends beyond behavioral and social interactions. METH, a potent central
nervous system (CNS) stimulant is associated with increased incidence of HIV infection
(Buchacz et al, 2005; Freeman et a/, 2011). HIV infected individuals that abuse METH
exhibit increased cognitive deficits compared to HIVV-negative individuals that abuse METH
or HIV-positive individuals that do not abuse METH (Rippeth ef a/, 2004). A case study
showed accelerated HIV- associated dementia in an HIV-positive patient abusing METH
(Nath et a/, 2001).

The molecular mechanisms by which METH exerts its effect in the CNS are not well
defined. The potent neurotoxic effect of METH seems to primarily target dopaminergic
neurons and part of its toxicity has been associated with glial activation (Guilarte et a/, 2003;
LaVoie et al, 2004; Thomas et al, 2004). Humans who abuse METH have increased binding
of a radiotracer for activated microglia compared to control subjects (Sekine et a/, 2008).
Collectively, the data suggest that METH influences microglial activity.

In relationship to HIV, a study using proton magnetic spectroscopy found that METH*/
HIV* individuals had decreased neuronal function and increased glial activation compared
to METH™/HIV™ individuals (Chang et a/, 2005). Consistent with the in vivo imaging, post-
mortem analysis of METH*/HIV* brains revealed lower expression of dendritic and
synaptic markers, decreased number of interneurons, and increased expression of markers on
activated microglia and astrocytes compared to METH™/HIV™ brains (Langford et a/, 2003).
In rodents, Tat protein administered intrastriatally 24 h prior to intraperitoneal METH
injections synergistically reduces dopamine levels and decreases dopamine transporter
binding in the striatum (Cass et a/, 2003; Maragos et al, 2002; Theodore et a/, 2006a). This
synergistic toxicity is partially mediated through tumor necrosis factor a (TNFa)
upregulation (Theodore et a/, 2006b). Collectively, these data support that the combination
of METH consumption and HIV infection act synergistically to promote with neuronal
dysfunction and degeneration.

The expression of HIV proteins is controlled by DNA elements located on the long terminal
repeats (LTR) sequence of the HIV genome. The HIV genome is a single-stranded RNA.
Upon infection of the host cell, the HIV genome is reverse-transcribed into cDNA which
enters the nucleus where it integrates into the host genomic DNA. The transcription of this
HIV proviral DNA is regulated by viral and cellular factors that interact with LTR
sequences of the HIV genome. Cellular transcription factors, specifically activator protein 1
(AP-1), nuclear factor of activated T cells (NF-AT1), nuclear factor — interleukin 6 (NF-
IL6), SP-1, upstream stimulating factor (USF), E26 transforming sequence-binding factors
(Ets-1), T cell factor 1 alpha (TCF-1a.), and nuclear factor kappa B (NF-xB), have binding
sites located within the LTR and have been implicated in regulating HIV LTR expression
(Copeland, 2005; Pereira et af, 2000; Tang ef a/, 1999). METH has been shown to increase
the activity and binding of several HIVV LTR-relevant cellular transcription factors including
AP-1 (Sheng et al, 1996; Wang ef a/, 1992), NF-AT (Jayanthi ef a/, 2005), and NF-xB
(Asanuma and Cadet, 1998).

Evidence from in vitro and in vivo studies also indicates that METH increases LTR activity.
For example, individuals who abuse METH have a higher plasma HIV load (Ellis et a/,
2003). Also, METH was shown to increase replication of the feline immunodeficiency virus
in astrocytes (Gavrilin et a/, 2002). A recent study demonstrated that METH could increase
replication of HIV in peripheral monocytes (Toussi et a/, 2009). However, the ability of
METH to influence HIV LTR activity in microglia, cells that typically harbor HIV proviral
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DNA in brain (Lee et al, 1993a; Lee et al, 1993b)), has not been reported. In the current
study, we examined the effects of METH on HIV transcription in human microglial cells.
Our findings suggest that the HIV LTR in human microglia cells /n vitro can be activated by
methamphetamine. METH-induced expression from the HIV LTR requires NF-xB
signaling.

EXPERIMENTAL PROCEDURES

Plasmids and Reagents

The dual reporter plasmid, pLTRC-Luc-EGFP (Ravi and Mitra, 2007) was generously
provided by Dr. Debashis Mitra (National Center for Cell Science, India). pC-Tat.BL43.CS
(pC-Tat) and pE-Tat.BL43.CS (pE-Tat) were provided by the NIH AIDS Reagent Program.
pGL4.30 [/ucZANFAT-RE/Hygro], pGL4.32[ /luc2PINF-xB-RE/Hygro], Luciferase 1000
Assay system, and CellTiter 96 Aqueous One Solution Cell Proliferation Assay (MTS) were
purchased from Promega (Madison, WI). The IxB dominant negative (IkBDN) construct,
previously described (Sanchez et a/, 2003), was generously provided by Dr. Sanjay
Maggirwar (University of Rochester). Nuclear Extraction Kits and TransAM NF-xB p65
were purchased from Active Motif (Carlsbad, CA. (+) METH-HCI (referred to as “METH”
hereafter), fetal bovine serum (FBS), tissue necrosis factor a (TNFa), and
lipopolysaccharide (LPS) were obtained from Sigma-Aldrich (St Louis, MO). DC Assay
was purchased from BioRad (Hercules, CA).

Cell Culture and Treatment

The CHME-5 cell line was created by transfecting human fetal microglia with the large T
antigen of the simian virus 40 (Janabi et a/, 1995). Cells were maintained in Dulbecco’s
minimal essential medium, high glucose (DMEM HG) supplemented with 5% FBS and 1%
penicillin/streptomycin based on previous studies (Cox et a/, 2009).

For transfection, cells were plated in clear or opaque 96 well plates (Corning Costar, Sigma
Aldrich) at 8x10* cells/well and transfected 14-16 h post-plating using Lipofectamine 2000
(Invitrogen, CA). For luciferase experiments, pLTRC-Luc-EGFP and Tat expressing
plasmids were kept constant and, 4 h after transfection, METH was added at indicated
concentrations. Cells were assayed 24 h post-transfection unless otherwise noted.

For obtaining HIV-latently infected CHME-5, cells were plated on a 6-well plate at a density
of (1x106 cells/well) for 48 h prior to infection with vesicular stomatitis virus G-(VSVG)
pseudotyped HIVs bearing a fragment of HIV-1pn 4.3, containing 7at, Rev, Env, and Vpu,
cloned into the pHR' backbone (Dull et al, 1998; Pearson et al, 2008), plus NVefadjacent to
the reporter gene d2E green fluorescence protein (GFP) inserted next to £nv. The viral
particles were produced by the triple transfection of 293T cells using lipofectamine, as
described previously (Kim et al, 2006), and the vector titer was determined by the infection
of 1x108 CHME-5 cells with a serial dilution of the harvested medium supernatant. Briefly,
the plate containing cells and virus was spinoculated in a swing-bucket centrifuge at 3000 x
g for 1.5 h at room temperature, and incubated at 37°C in 5% CO, for 48 h prior to trypsin
treatment and fluorescence-activated cell sorting (FACS). GFP* cells were further cultured
and allowed to enter into a latent state (GFP expression below 5%) for four weeks. Latency
of CHME-5/HIV cells was characterized by re-activating HIV expression (GFP; see below)
and evaluating nuclear translocation of NF-xB p65 and two of its phosphorylated forms
(S536 and S468) by Western blot (see below) in the presence of TNFa (50 ng/mL) for 0.5,
2,4, 8,and 16 h. Latent CHME-5/HIV cells were then untreated or treated with increasing
concentration of METH (0, 50 and 300 uM). GFP fluorescence was imaged using identical
acquisition setting among groups within a given experiment. Images were acquired using a
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Nikon TE2000 inverted scope equipped with a DS-QiMc camera and controlled by NIS
Elements software (Nikon). Again, treatment with 50 ng/mL TNFa (Pearson et al, 2008)
was used as a positive control for reactivation. For testing NF-xB dependence of METH-
mediated activation of HIV, CHME-5/HIV cells were pre-treated for 1 h with either 100 pM
of IKK-y NEMO binding domain inhibitory peptide or equivalent amount of the control
peptide (Imgenex, CA) dissolved in dimethyl sulfide (DMSO) prior to incubation with 600
UM of METH for 16 h.

LTR and NF-kB Reporter Assays

MTS Assay

To measure the production of firefly (Photinus pyralis) luciferase from the transfected
pLTRC-Luc-EGFP plasmid, the Luciferase 1000 Assay System was used for all
experiments. Briefly, CHME-5 cells were transfected in an opaque 96-well plate, as
described above, using either pC-Tat or pE-Tat and pLTRC-Luc-EGFP at a 1:8 mass ratio.
Four hours post-transfection, cells were treated with vehicle, 100, 300, 500, 700 or 1000 uM
of METH. At 24 h post-treatment, culture medium was removed and 50 pL/well of 1x
Reporter Lysis Buffer was added to cells for 2 minutes at room temperature. Luciferase
activity was read at constant settings using Synergy 2 plate reader (Biotek, VVT). To visualize
GFP from pLTRC-Luc-EGFP, CHME-5 cells were plated as described above in clear 96
well plates. At 24 h post-treatment, cells were fixed with 4% paraformaldehyde for 1 h at
room temperature and stained with the nuclear dye 4',6-diamidino-2-phenylindole (DAPI)
and mouse anti-GFP (Roche Applied Science, IN). With camera settings constant across
treatment groups, GFP and DAPI fluorescence as well as brightfield images were captured
using a Nikon TE2000 inverted scope equipped with a DS-QiMc camera and controlled by
NIS Elements software (Nikon), as described above.

Similarly, CHME-5 cells plated in opaque 96 well plates and transfected with either
pGL4.30[ /ucZPAINFAT-RE/Hygro] or pGL4.32[ lucZAINF-xB-RE/Hygro] reporter vectors
were treated with METH for 24 h and the luciferase activity was measured using the
Luciferase 1000 assay system as described above.

CHME-5 cells were plated and transfected with pLTRC-Luc-EGFP and pC-Tat, and treated
with METH, as described above. Cell viability was assessed using CellTiter 96 Aqueous
Non-Radioactive Cell Proliferation Assay (MTS assay). Viability was measured 24 h post-
treatment by removing half of the media (95 pL to account for evaporation) and replaced
with 20 pL of 3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS)/phenazine ethosulfate (PMS) solution. Plates were
incubated at 37°C for 45 minutes in the presence of the MTS/PMS stable solution, and read
at an absorbance of 490 nm using the Synergy 2 plate reader.

NF-kB Translocation Assays

NF-xB translocation from cytosol to nucleus was assessed by measuring NF-xB p65
presence in nuclear extracts following METH treatment. In the first set of experiments,
CHME-5 cells were plated on 60 mm-diameter dishes at 7x106 cells/plate for 14 to 16 h,
and then treated with 500 uM METH for 30 minutes, 1, 4 or 24 h. Nuclear extracts were
prepared according to the Nuclear Extraction Kit (Active Motif). Extracts were stored at
-80°C until protein quantification by a detergent compatible protein assay (Biorad). Samples
were diluted 1:15, after determining an optimal dilution factor, and subjected to an NF-xB
p65 ELISA (Active Motif). Plates were read at 450 nm with a reference wave of 655 nm
using Synergy 2 plate reader. To block NF-xB translocation, CHME-5 cells were plated at
8x104 cells/well in an opaque 96-well plate, and transfected with pLTRC-Luc-EGFP with or
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without plxBDN (Sanchez et a/, 2003). At 4 h post-transfection, cells were treated with 500
UM of METH for 24 h and luciferase activity measured, as described above.

In the second set of experiments, sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDSPAGE)/Western blot analysis (carried out as described elsewhere) of NF-xB p65 was
used to assess activation and nuclear translocation of NF-xB p65 in CHME-5/HIV cells
upon treatment with 600 uM METH. For this, 7x106 cells were plated and incubated for 16
h prior to treatment for 30 minutes, 16 and 24 h. After two washings with PBS, cells were
collected in 500 pL of Buffer A [10 mM Hepes/KOH, pH 7.9, 1.5 mM MgCl,, 10 mM KCl,
1 mM ethylenediaminetetraacetic acid (EDTA)] in the presence of phenylmethylsulfonyl
fluoride (PMSF; 1mM), dithiothreitol (DTT; 1mM), 0.5% nonyl phenoxypolyethoxylethanol
(NP-40), and protease/phosphatase inhibitors tablets. Nuclei were collected after
centrifugation at 1,500 x g for 10 minutes at 4°C, and three cycles of washing in Buffer A.
Finally, nuclei were re-suspended in 100 pL of Buffer B (20 mM Hepes/KOH, pH 7.9, 25%
glycerol, 420 mM NaCl, 1 mM EDTA, 1.5 mM MgCl,) containing PMSF (1 mM), DTT (1
mM), and inhibitors tablets, and centrifuged at 20,000 x g for 15 minutes at 4°C.
Supernatant was then collected, its protein concentration measured by Bradford assay, and
subjected to SDS-PAGE/Western blot using the Santa Cruz Biotechnology (CA) antibodies
against NF-xB p65, TFIIH p62, and SPT-5, as loading control. These primary antibodies
were bound by the IRDye 800CW donkey anti-rabbit secondary antibody, and the
membranes were scanned and analyzed using the Odyssey® Infrared Imaging System (LI-
COR Biosciences, NE).

Statistical Analysis

RESULTS

The student’s t-test and either one- or two-way ANOVA were used for statistical
comparison. Bonferroni tests or Newman-Keuls tests were used for post-hoc analysis of one-
and two-way ANOVA, respectively. Data are presented as mean + S.E.M.; p-values of
<0.05 were considered significant.

METH induces HIV LTR expression in CHME-5 cells

CHME-5 cells were co-transfected with the reporter plasmid pLTRC-Luc-EGFP together
with either pC-Tat (+Tat) or a control plasmid, pE-Tat (-Tat). As expected, Tat alone
significantly elevated LTR activity (Figure 1A, “#” p<0.001, t-test, -Tat vs Tat). In the
absence of Tat (—Tat), METH caused a significant, dose-dependent increase in luciferase
expression (Figure 1A, p<0.0001, One-way ANOVA, white bars). In the presence of Tat, a
similar response was observed, with the dose response curve shifted towards the left (Figure
1A, p<0.0001, Oneway ANOVA, black bars), suggesting a synergistic/additive interaction
between METH and Tat in enhancing LTR promoter activity. Consistent with the luciferase
data, METH at a dose of 700 uM METH increased the expression of GFP in the presence of
Tat (Figure 1B, right panel, GFP).

The effect of METH on cell survival was quantitatively measured using an MTS assay at 24
h post-treatment. These results show no significant change in viability among treatment
groups co-transfected with pLTRC-Luc-EGFP and pC-Tat (Figure 1C). Similarly, no
apparent change in cell morphology was observed (Figure 1B, left panel, Brightfield).

METH activates NF-kB in CHME-5 cells

NF-xB, a cellular transcription factor that can undergo translocation to the nucleus upon
various cellular or extracellular stimuli (Ghosh and Karin, 2002), is a major and potent
regulator of HIV LTR transcription (Mallardo et a/, 1996). We next examined the effect of
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METH on NF-xB activation in CHME-5 cells using a luciferase reporter plasmid that is
dependent on NF-xB. Treatment with METH increased luciferase activity from the NF-xB
reporter in a dose-dependent manner (Figure 2A, p<0.0001, One-way ANOVA), suggesting
that METH alone increases NF-xB activity in CHME-5 cells. NF-xB activation typically
occurs within minutes to an hour of exposure to external stimuli. Due to the known ability of
NF-xB to translocate from the cytoplasm to the nucleus upon activation, we measured
nuclear levels of NF-xB following METH treatment (500 pM) of CHME-5 cells by ELISA
of the p65 subunit after nuclear lysis. Our results demonstrated that METH significantly
increased nuclear NF-xB levels as early as 30 minutes and remained elevated up to 24 h
post-treatment (Figure 2B). METH dose-dependently increased nuclear NF-xB protein
levels at 1 h (Figure 2C, p=0.0105, One-way ANOVA).

NF-kB activity is necessary for METH induction of HIV LTR

We next investigated whether the METH-related increase of NF-xB activity was necessary
for the observed induction of HIV LTR by METH. The nuclear factor of kappa light
polypeptide gene enhancer in B-cells inhibitor alpha (IxBa) mutant S32/36A (1xB-DN)
lacks the phosphorylation site and cannot dissociate from NF-xB, therefore preventing NF-
xB translocation and activity (Sanchez ef a/, 2003). CHME-5 cells were co-transfected with
the pLTRC-Luc-EGFP and 1«xB-DN plasmids, and then treated with 500 UM METH. As
evidenced by the difference in luciferase activity, the METH-related increase in HIV LTR
activity was blocked by the presence of the 1xB-DN (Figure 3), consistent with the cellular
role of wild type IxBa, and further suggesting that METH-mediated induction of HIV LTR
in CHME-5 cells occurs through NF-xB activation. There was a slight decrease (~15%) in
basal activity caused by transfection of IxB-DN compared to control cells that was
independent of the presence of methamphetamine (Figure 3, p<0.05, t-test).

METH reactivates HIV transcription in CHME-5 cells latently infected with HIV vector in an
NF-kB-dependent manner

A lentivirus vector expressing d2EGFP was used to develop a mixed population of HIV-
infected CHME-5 cells (Figure 4A). Reactivation of latent HIV genome was demonstrated
using a 50 ng/mL TNFa treatment for 0.5, 2, 4, 8, and 16 hours. Images of GFP
fluorescence were acquired at the specified time points and indicated a substantial increase
in the fraction of cells expressing GFP (Supplemental Figure 1A). In addition, Western blot
analysis demonstrated that treatment with TNFa increased NF-xB p65 and its
phosphorylated forms S536 and S468 nuclear translocation as early as 30 minutes, and
which fluctuates over time, similar to what has been observed in re-activated latently
infected T-cells (Pearson et al., 2008; Supplemental Figure 1B). Once integrated into the
genome, this proviral vector, like wild-type HIV, is cis-regulated by the HIV proteins Tat
and Rev, and therefore is able to maintain a positive feedback circuit that regulates HIV
transcription for as long as Tat levels surpass a necessary threshold (Pearson et al, 2008).
The fluorescence reporter d2EGFP is cloned next to the Nefgene to facilitate monitoring of
HIV expression (Figure 4A). These CHME-5/HIV cells were exposed to increasing doses of
METH (0, 50, and 300 uM) for 16 h. Our result (Figure 4B) demonstrates that METH was
capable of inducing, without apparent toxicity (Brightfield), HIV expression at doses as low
50 UM as depicted by the images showing increasing number of cells expressing HIV (GFP
positive cells). TNFa (50 ng/ml) treatment, used as positive control, showed a substantial
increase in the fraction of cells expressing HIV. To confirm the result shown in Figure 3,
indicating that METH-mediated activation of HIV LTR in transfected CHME-5 cells
depends on NF-xB activation, CHME-5/HIV cells were pre-treated with the IKKy NEMO
binding domain inhibitory peptide (Ikka/lkkb), which inhibits NF-xB activity by interfering
with the IKK complex formation (Imgenex), prior to incubation with METH. The result of
this experiment (Figure 4C) further confirmed that NF-xB activation is necessary for the
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METH-induced activation of HIV since the inhibitory peptide prevented METH from
activating HIV in CHME-5/HIV cells, an effect not observed with the control peptide (ctl
peptide).

METH induces NF-kB nuclear translocation in HIV-latently infected CHME-5 cells

To confirm our observation that NF-xB translocates to the nucleus in CHME-5 cells
transfected with pLTRC-Luc-EGFP (Figure 2), we also evaluated NF-xB nuclear
translocation in CHME-5/HIV cells by Western blot analysis of nuclear fractions isolated
from either untreated or METH-treated CHME-5/HIV cells. The CHME-5/HIV cell cultures
used to extract the nuclear proteins are shown by microphotographs on Figure 5A (untreated
vs. 30 minutes, 16 h, and 24 h). Treatment of CHME-5/HIV cells with 600 pM METH
increased NF-xB p65 nuclear presence after a 30-minutes exposure (Figure 5B) as
evidenced by the increased band intensity of NF-xB p65 at 30 minutes. Nuclear NF-xB p65
was found essentially at basal levels after 16 h and 24 h post-stimulation since the band
intensities are comparable to that of untreated cells. For loading control, nuclear extracts
were blot against SPT-5, a constitutive nuclear protein; no significant variation in the
expression of SPT-5 was observed across the time points examined. In addition, for
comparison and control, we have also evaluated expression of TFIIH p62, a transcription
factor constitutively present in the nucleus and recruited, like NF-xB p65, to the viral
promoter during emergence from latency (Kim ef a/, 2006).

DISCUSSION

In the brain, HIV establishes latent or active infection primarily in astrocytes and microglia
cells where viral proteins are produced and shed (Kaul ef a/, 2001). Viral proteins such as
Tat and gp120, and the immune response to viral proteins are thought to be primary
contributors to HIV-related neurodegeneration (Kaul and Lipton, 2006). Importantly, it is
now widely accepted that METH abuse by HIV-infected individuals leads to increased
neurological deficits and neuronal dysfunction (Nath et a/, 2001; Rippeth et a/, 2004). In the
current study, we examined the effects of METH on activation of the HIV LTR, which
controls viral replication in the human host cells, including microglia. We have reported
here a dose-dependent activation of the HIV LTR by METH that was independent of the
presence of the HIV protein Tat in CHME-5 microglial cells transfected with an LTR-
containing vector. METH also activated NF-xB, a cellular transcription factor and well
established regulator of the HIV LTR. Disruption of NF-xB signaling blocked the induction
of HIV LTR and consequently HIV gene expression. In addition, we have demonstrated
here, using CHME-5 cells infected with HIV, that METH caused increased transcription of
the HIV genome integrated as part of the human host genome, more closely recreating in
vivo conditions. Under these conditions, METH was also capable of inducing NF-xB
nuclear translocation, allowing transcription. Collectively, our data suggest that METH
directly induces HIV expression in human microglia cells through activation of NF-«xB.

We found that METH, applied at concentrations lower that those reported to happen in the
brain of users, increased the activation of NF-xB signaling in human microglia cells. We
detected significant effects in the 300-700 uM range in transfected cells and even below 50
UM in infected microglial cells. Estimated level in the spleen of single users is between 100
to 400 uM and binge users between 240 to 1144 uM (Talléczy et al, 2008). Based on
distribution and pharmacokinetic studies of METH in the human body, METH concentration
in the spleen reaches its peak in 3.5 minutes and in the brain in 9 minutes; peak
concentration in the spleen is twice that in brain (Volkow ef a/, 2010). However, they found
the brain showed one of the slowest clearance rates. Taken together, it is feasible that METH
doses in the human brain may occur in the 30-500 uM range, where we observed an effect
of METH on HIV LTR in microglial cells.
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The HIV LTR controls the expression of the viral genes, and the ability of METH to
increase the activity of the HIV LTR in microglial cells would increase the production of
viral proteins and possibly viral particles in the brain. The viral proteins gp120 and Tat have
been shown to promote neurodegeneration (King et a/, 2006; Mocchetti et a/, 2007), and the
combined exposure of METH and Tat and/or gp120 acts synergistically to promote
neurotoxicity (Cadet and Krasnova, 2007). It is therefore plausible that one of the
mechanisms that METH abuse in HIV-infected individuals increases neurodegeneration is
through the increase viral gene expression. Our data supports the possibility that METH can
act directly on human microglial cells and increase the activity of the HIV LTR, increasing
viral protein production without necessarily increasing viral load.

Our findings are consistent with a previous study showing that METH can increase HIV
replication in peripheral monocytes through an NF-xB-related mechanism (Toussi et a/,
2009). The importance of NF-xB in regulating HIV gene expression is well documented,
and other studies suggest METH can increase NF-xB toxicity in the brain (Asanuma and
Cadet, 1998). Our data show that NF-xB is essential for the METH-related increase in HIV
LTR activity, however, we also found a more modest but significant increase in
transcriptional activity of NF-AT (results not shown), a cellular transcription factor that can
influence the HIV LTR. This finding suggests that other cellular transcription factors may be
altered by METH and influence viral transcription from the HIV LTR. We are presently
investigating the role of METH in inducing epigenetic changes at the level HIV promoter
leading to HIV reactivation as well as its specificity for particular cellular signaling
pathways. Also, additional studies examining METH-related changes to the microglia
transfactome are currently underway.

“Microglial activation” is a general term for the phenotypic changes of microglial cells in
response to perturbations to the brain such as those that occur following injury or
pathological conditions e.g. stroke, seizures, and viral infection. Activated microglia exhibit
increased proliferation, hypertrophy, increased migration, increased phagocytosis, and
increased production of pro-inflammatory molecules such as cytokines and chemokines
(Tambuyzer et a/, 2009). METH has previously been shown to activate microglia in rodent
brain (Guilarte et a/, 2003; LaVoie et al, 2004; Thomas et al, 2004), and humans who abuse
METH have increased binding of a radiotracer for activated microglia compared to control
subjects (Sekine et a/, 2008). The mechanisms of microglial activation by METH are not
known, but it is thought to involve glutamate receptor signaling (Thomas and Kuhn, 2005).
We found that METH increases activation of rat primary microglial cells (Supplemental
Figure 2), which suggests that microglia, in the absence of neurons capable of both releasing
and responding to glutamate, can be activated by METH. In human microglial cells, we
found that METH increased nuclear NF-xB and activation of a NF-xB-dependent reporter.
In addition to being a primary cellular transcription factor for the HIV LTR, NF-xB
contributes to the production of pro-inflammatory cytokines in activated microglia cells
(Mattson, 2005). Therefore, it is plausible that HIV-infected microglial cells exposed to
METH may contribute to local neurodegeneration by both the production of viral proteins
and promoting local neuroinflammation through NF-xB activity and/or, more importantly,
by the synergistic interaction between METH and the viral proteins. Additional studies are
needed to examine role of NF-xB in METH and HIV-related neurodegeneration, and
whether METH is capable to interact, directly or indirectly, with viral proteins in ways that
may explain the increased HIV-related neurologic disorders observed in HIV patients
consuming psychostimulants such as METH.

In conclusions, we show that METH can directly increase HIV LTR activity in human
microglial cells in vitro through an NF-xB-dependent mechanism. These findings support a
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role of METH in promoting HIV gene expression in the progression of HIV-associated
neurodegeneration.
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Figure1l. METH inducesluciferase and GFP expression from HIV-LTR-Luc-IRES-GFP in
CHME-5cdlls

A, CHME-5 cells were co-transfected with pLTR-Luc-IRES-GFP reporter together with a
control (—Tat) or Tat-expressing plasmid (+Tat). Cells were treated with METH for 4 h post-
transfection and assayed for luciferase activity at 24 h post-transfection. METH significantly
increased activity independently of Tat (*p<0.05, **p<0.01, ***p<0.001, One-way ANOVA
SNK post-hoc versus 0 METH); (# p<0.001, Student t-test versus No Tat, 0 METH). B,
CHME-5 cells were transfected with pLTR-Luc-IRES-GFP together with pC-Tat and treated
with 0, 500, and 700 pM of METH for 24 h and stained with mouse anti GFP (indicated to
left of the Brightfield panels). Brightfield (left panel) and GFP fluorescence (right panel)
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were imaged for each treatment group. METH increased GFP fluorescence at 500 and 700

UM METH compared to vehicle-treated cells. C, METH did not significantly alter viability
(MTS assay) of CHME-5 cells treated with indicated doses of METH.
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Figure2. METH increases activity of cellular transcription factorsin CHME-5 cells

A, CHME-5 cells were transfected with a reporter plasmid containing minimal promoter
with NF-xB response elements, and treated with METH for 24 h. METH treatment
significantly increased luciferase activity (One-way ANOVA Dunnet Test post-hoc versus 0
METH, *p<0.05, ***p<0.001). B, CHME-5 cells were treated with 500 uM METH for
various times. Nuclear extracts were prepared and assayed for NF-xB p65 by ELISA. NF-
xB p65 was significantly elevated in nuclear extract as early as 30 minutes and remained
elevated at 24 h. LPS treatment for 1 h was used as a positive control, (p<0.001, One-way
ANOVA Dunnet post-hoc versus 0 METH, **p<.01,***p<0.001). C, CHME-5 cells were
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treated with various amounts of METH for 1 h. Nuclear extracts were prepared and assayed
for p65 by ELISA. NF-xB was significantly elevated in nuclear extracts treated with 500
UM, 700 pM, and 1000 pM METH. (p=0.01, One-way ANOVA Dunnet post-hoc versus 0
METH, **p<0.01).
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Figure 3. NF-xB signaling is necessary for METH-mediated induction of HIV-LTR-Luc-IRES-
GFP

CHME-5 cells were co-transfected with pLTR-Luc-IRES-GFP and pl-xBDN, and treated
with 500 uM of METH. Luciferase activity was measured at 24 h post-treatment. IxBDN
significantly decreased luciferase activity. (p<0.001 One-way ANOVA, *** p<0.001 SNK
post-hoc versus other groups).
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Figure4. METH reactivates CHME-5 cells latently infected with HIV

A, Genomic organization of the HIV lentiviral vector. A fragment of HIV-1pNi 4.3,
containing 7at, Rev, Env, Vpu, and Nefwith the reported gene d2EGFP, is cloned into the
pHR’ backbone. The resulted plasmid was used to produce the VSVG HIV as described
previously (Kim et al, 2006). B Reactivation of HIV by METH. CHME-5 cells were latently
infected with HIV (CHME-5/HIV) and incubated either in the absence (untreated) or in the
presence of increasing doses of METH, as indicated above each set of brightfield and GFP-
fluorescence pictures. Cells were reactivated with TNFa (50 ng/mL), as positive, control.
FACS plots show increase in the % of GFP+ cells in response to METH or TNFa.. C,
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Reactivation of HIV by METH depends on the activation of NF-xB. CHME-5/HIV cells

were pre-incubated with 100 pM of either an inhibitory of the IKK complex (Ikka/lkkb) or a
control peptide (ctl peptide) prior to incubation with METH (600 uM).
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Figure5. Nuclear translocation of NF-xB in HIV-latently infected CHME-5 cells treated with
METH

A, Reactivation of CHME-5/HIV by METH. Cells were incubated either in the absence
(untreated) or in the presence of METH (600 pM) for 30 minutes, 16 h and 24 h as indicated
next to each set of Brightfield and GFP-fluorescence pictures. B, NF-xB p65 Western blot
of nuclear extracts isolated from untreated and METH-treated cells. MW markers and time
of treatment are indicated above the blots; the weight of markers is indicated in KDa (red
bands), and the presence of proteins is indicated by the green bands. SPT-5 and TFIIH
(indicated to the right of the corresponding blot) were used as control.
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