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Abstract

Microglia play a central role in the pathogenesis of HIV-associated dementia not only by acting as
conduits of viral entry but also as reservoirs for productive and latent virus infection, and as
producers of neurotoxins. Interaction between CX3CL1 (fractalkine) and FKN receptor
(CX3CR1) is highly functional in the brain, and is known to regulate a complex network of
paracrine and autocrine interactions between neurons and microglia. The purpose of the present
study was to determine what extent HIV-1 Tat protein causes the alteration of CX3CR1 expression
and to investigate the regulatory mechanism for CX3CR1 expression. Here we showed that
exposure of primary microglia and BV2 cells to exogenous Tat protein resulted in down-regulation
of CX3CR1 expression at both the mRNA and protein levels, with a concomitant induction of
proinflammatory responses. Next, we further showed that NF-xB activation by Tat treatment
negatively regulated CX3CR1 expression. Since a YY1 binding site ~10kb upstream of CX3CR1
promoter was predicted in rats, mice and humans, the classical NF-xB-YY1 regulatory pathway
was considered. Our findings indicated that Tat repressed CX3CRL1 expression via NF-xB-YY1
regulatory pathway. To gain insight into the effect of Tat on CX3CL1-CX3CR1 communication,
calcium mobilization, MAPK activation and microglial migration, respectively, were tested in
microglial cells after successive treatment with Tat and CX3CL1. The results suggested that Tat
disrupted the responses of microglia to CX3CL1. Taken together, these results demonstrate that
HIV-1 Tat protein suppresses CX3CRL1 expression in microglia via NF-xB-YY1 pathway and
attenuates CX3CL1-induced functional response of microglia.
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Introduction

Over the past three decades, acquired immune deficiency syndrome (AIDS) caused by the
human immunodeficiency virus type-1 (HIV-1) has remained the one of the most serious
infectious disease challenges facing public health on a global level. In the era of combined
active antiretroviral therapy (CART), HIV infection has evolved from being a death sentence
to a more manageable chronic condition, with the advantage of successful virus suppression
and increased longevity of the infected individuals. However, lack of penetration of some of
the antiretroviral regimens, persistent inflammation and co-morbid conditions has resulted in
increased prevalence of complications correlated with HIV-1-associated neurological
disorders (HAND). HAND encompasses a diverse spectrum of clinical manifestations
involving cognitive, motor and behavioral symptomatology [1]. Both viral and cellular
factors play key roles in amplification of the pathological cascade in the CNS, which in part,
involves impaired function and activation state of the resident microglia [2].

In the CNS, microglia are the primary target cells promoting productive HIV-1 replication
and this process in turn, is accompanied by uptake and release of toxic viral proteins such as
the transactivator Tat and the envelope gp120 [3]. HIV Tat is a virally encoded regulatory
protein that promotes virus replication, can be released by HIV-infected cells into the
extracellular space, cerebrospinal fluid (CSF) and sera and be taken up by neighboring
uninfected cells [4,5]. Previous studies have demonstrated that treatment of microglial cells
with Tat resulted in increased microglial activation with the induction of generation of
superoxide, tumor necrosis factor-a. (TNF-a), phagocytosis and nitrite release, which in
turn, cumulatively resulted in exacerbated pathology associated with HAND [6-9].

The G protein-coupled receptor CX3CRL1 is expressed primarily by microglia in the CNS
[10]. The specific ligand for CX3CR1 is the chemokine CX3CL1, which is expressed in the
neurons, as a transmembrane protein and binds to CX3CR1 on microglia with a high
affinity. CX3CL1/CX3CR1 axis establishes a unique communication system between
neurons and microglia in the brain [10-12]. CX3CL1 binds to CX3CR1 in a membranes-
bound form or as a shed/secreted form after proteolysis by ADAM10 and ADAM17
metalloproteases, respectively [13]. This pattern of cross talk plays an important role in
microglial activation and neuroinflammation [10-12]. Changes in expression of CX3CR1
and impaired CX3CL1/CX3CR1 interaction are known to play critical roles in CX3CL1-
dependent cellular functions. For example, IL-15 has been reported to negatively regulate
the expression of CX3CR1 in natural killer (NK) cells and peripheral blood mononuclear
cells (PBMC), resulting in decreased responsiveness of these cells to CX3CL1 [14,15].
Similarly, RANKL (receptor activator of nuclear factor-xB ligand) has been shown to reduce
the expression of CX3CR1 in RAW 264.7 cells through the PI3K/Akt signaling pathway,
resulting in decreased CX3CL1-induced cellular responses [16]. It has also been shown that
in the CNS LPS downregulates expression of CX3CR1 in microglia thereby suppressing the
functional response of cells to CX3CL1. Furthermore, deficiency of CX3CRL1 is known to
result in protracted microglial activation in CX3CR1~/~ mice [17-19]. Additionally,
morphine and HIV-1 Tat has been shown to cumulatively downregulate CX3CR1 expression,
thereby implicating that deficits in CX3CL1/CX3CR1 signaling contribute to the synergistic
neurotoxic effects of opioids and Tat [20].
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Based on these findings we sought to investigate the mechanism(s) by which HIV-1 Tat
protein mediated the disruption of CX3CL1/CX3CR1 axis, which in turn, could underlie
exaggerated microglial activation and CNS pathology. The data presented herein suggests
that HIV-1 Tat can downregulate CX3CR1 expression in primary rat microglial cells and
BV?2 cells at both the mRNA and protein levels. The mechanism by which Tat
downregulated CX3CR1 in microglia involved the NF-xB-YY1 regulatory pathway.
Importantly, CX3CR1 down-regulation induced by Tat decreased the responsiveness of
microglia cells to CX3CL1.

Reagents and Plasmids

Cell cultures

HIV Tat (1-72, derived from HIV-1 clade B) and mutant Tat A31-61 were obtained from
UK College of Medicine, Lexington, KY. Recombinant Rat CX3CL1 was purchased from
R&D Systems (Minneapolis, MN, USA). Ixx-2 inhibitor SC514 was ordered from Sigma
Chemicals (St. Louis, MO, USA). The YY1 expression plasmid and short hairpin (sh) RNA
plasmid were gifts from Y. Shi (Harvard University) and used as described previoulsy
[21,22]. The pCMV-p65 and plxBa-mut plasmid were gifts from X.M. Cheng (Creighton
University).

Primary cultures of rat mixed glia were prepared from the cerebral cortices of neonatal
Sprague-Dawley rats. Briefly, cerebral cortices from neonatal rats were dissected and freed
of meninges. Cells were dissociated by mild trypsinization followed by triturating and
passing through a nylon mesh. Cells (2x107) were plated in 75 cm? culture flasks in 20mL
culture medium consisted of DMEM supplemented with 10% fetal bovine serum, 2mM L-
glutamine, Penicillin (100U/ml)/Streptomycin (100ug/ml) (Invitrogen, Carlsbad, CA, USA).
Cultures were kept at 37°C in a humidified incubator gassed with 5% CO, and air. On 12th
to 14th day in vitro, confluent cultures of mixed glia were shaken for 3hr at 180 rpm in a
rotary shaker to separate microglia. Detached microglia were plated and cultured for
additional 24hr. Human fetal microglia cultures were prepared from fetal brain tissue-
derived microglia-astrocytes mixed cultures as previously described [23]. Enriched
microglia were plated and cultured in the presence of M-CSF (0.25ng/ml, macrophage
colony-stimulating factor; PeproTech, Rocky Hill, NJ) for additional 7d prior to
experimentation. BV2, widely used murine microglia cell lines, were grown in Dulbecco’s
Modified Eagle’s Medium (DMEM, Invitrogen, Carlsbad, CA, USA) supplemented with
10 % fetal bovine serum, Penicillin/Streptomycin at 37°C in 5% CO,.

Reverse transcription and real-time RT-PCR

Total RNA was extracted with Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. Total MRNA (1 pg) was reverse transcribed using cONA RT
Kits (Thermo, Rockford, IL, USA) according to the manufacturer’s manual. Real-time PCR
was performed using SYBR Green Master Mix (SABiosciences, Frederick, MD, USA) on
an Applied Biosystems 7500 Fast Real-Time PCR System (Foster City, CA, USA). The
cycle threshold (Ct) values were analyzed by using the comparative Ct (AACt) method. The
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amount of target was obtained by normalizing to the endogenous reference (GAPDH) and
shown as the relative to the control (non-treated cells). The following oligonucleotides were
used as primers: human CX3CR1 (forward, 5'- GACGGTTGCATTTAGCCATT -3’;
reverse, 5'- TGCTCAGAACACTTCCATGC -3"), mouse CX3CR1 (forward, 5'-
TGAGTGACTGGCACTTCCTG -3'; reverse, 5'- CGAGGACCACCAACAGATTT -3"), rat
CX3CR1 (forward, 5"- TCACCATGCCTACCTCCTTC -3'; reverse, 5'-
ACCAGACCGAACGTGAAGAC -3"), mouse YY1 (forward, 5'-
ACCTGGCATTGACCTCTCAG -3’; reverse, 5'- TTCTCATGGCCGAGTTATCC -37),
GAPDH (forward, 5'- TGCACCACCAACTGCTTAGC -3'; reverse, 5’-
GGCATGGACTGTGGTCATGAG -3"). The primers for TNF-a, IL-1p, LI-6, CXCL10
were purchased from SABiosciences.

Western blotting

Treated cells were lysed using the Mammalian Cell Lysis kit (Sigma, St Louis, MO, USA).
Equal amounts of the proteins were electrophoresed in a sodium dodecy! sulfate-
polyacrylamide gel (12%) under reducing conditions followed by transfer to PVDF
membranes. The blots were blocked with 5% non-fat dry milk in phosphate buffered saline.
The western blots were then probed with antibodies recognizing the NF-xB P65, Histone, T-
ERK, p-ERK, T-JNK, p-IJNK, T-P38, p-P38 (1:200; Cell Signaling Technology, Danvers,
MA, USA), YY1 (1:200, Santa-Cruz Biotechnology, Santa Cruz, CA, USA), CX3CR1
(1:200, Abcam, Cambridge, MA, USA) and p-actin (1:4000; Sigma). The secondary
antibodies were alkaline phosphatase conjugated to goat anti mouse/rabbit IgG (1:5000).
Signals were detected by chemiluminescence and imaged on the FLA-5100 (Fujifilm,
Valhalla, NY, USA) digital image scanner; Quantification was performed by densitometry
using Image J software (NIH).

Immunochemistry

For immunocytochemistry cells were plated on coverslips. After treatment, cells were fixed
with 4% paraformaldehyde for 15 min at room temperature followed by permeabilization
with 0.3% Triton X-100 in PBS. Cells were then incubated with a blocking buffer containing
10% NGS in PBS for 1h at room temperature followed by incubation of cells with rabbit
anti-CX3CR1 (1:100; Abcam, Cambridge, MA, USA) overnight at 4°C. The secondary
AlexaFluor 488 goat anti-rabbit IgG was then added at a 1:500 dilution for 2h to detect the
expression of CX3CRL1. Cells were washed 3 times and mounted with ProLong® Gold
antifade reagent with DAPI onto slides (Invitrogen, Carlsbad, CA, USA).

Transfection

Plasmid transfection was performed using Lipofectamine reagent as suggested by the
manufacturer (Invitrogen, Carlsbad, CA, USA). Briefly, BV2 cells were seeded in 24-well
plate at 3x10° cells/well for 24 hrs, following which the medium was changed and replaced
with serum free OPTI-MEM (Gibco). For transfection, 0.8ug DNA vector in 100ul of
serum-free medium was mixed with 2pl lipofectamine 2000, incubated at room temperature
for 20 min and then added to the cell culture. Following gentle shaking and spinning at
1200g for 5 min, transfected BV2 cells were cultured at 37°C for 24h.
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Chromatin immunoprecipicocaineion (ChlP) Assay

ChIP assay was performed according to the manufacturer’s instructions (Millipore,
Temecula, CA, USA). The purified DNA was subjected to PCR to identify the promoter
region containing consensus YY1 binding site (C/G)(G/T/A)CCATNTTN. The sequence of
the primers used to identify the CX3CR1 promoter bound by transcription factor YY1 was
as follows: sense: 5'- GCTGGGCTTCTGGTTTAATG -3’, anti-sense:5’-
ATGCCTGTCTGCTCTCTGGT -3’.

Measurement of calcium transients

The changes in Ca2* flux were monitored using Fluo-4/AM (lInvitrogen, Eugene, OR, USA)
according to manufacturers’ instructions. Following treatment, the rat primary microglia
cultured on Lab-Tek® Chamber Slides (Thermo, Rockford, IL, USA) were rinsed thrice
with the Bath solution (140mM NaCl, 5mM KCI, 1mM CacCly, 0.5mM MgCl,, 10mM
glucose, 5.5mM HEPES, pH 7.4), and incubated in Bath solution containing 5uM
Fluo-4/AM at 37°C for 20 min. Cells were then rinsed twice with the Bath solution,
followed by addition of 100ng/ml CX3CL1 to the Bath solution and scanned every 10
seconds using confocal microscopy (X400) (510 Meta; Zeiss). Fluorescence was quantified
at excitation and emission wavelengths of 488 and 515 nm. All analyses for Ca2* transients
were processed at a single-cell level. Intracellular calcium concentration was expressed as
the fluorescence intensity.

Microglial migration

Migration of microglia /n vitro was determined using Boyden Chambers (Millipore) as
previously described [24,25]. Rat primary microglia was pretreated with Tat (200ng/ml) for
24hrs, collected and washed with PBS and fluorescently labeled with 10uM cell tracker
green (Molecular Probes, Eugene, OR) for 10min at 37°C. Labeled cells (2x10° cells) were
added to the upper compartment of transwell inserts in serum-free medium. CX3CL1 was
placed in the lower chamber. The transwell plates were incubated for 6h at 37°C followed by
quantification of microglial migration by measuring the number of migrated cells following
detachment of cells from the insert using a Synergy Mx fluorescence plate reader (BioTek
Instruments, Winooski, VT, USA).

Statistical analysis

Data were expressed as mean + standard deviation (SD) from at least three separate
experiments. Significance of differences between groups was determined by Student’s t test.
Results were judged statistically significant if p<0.05 by analysis of variance.

Result

Tat-induced suppression of microglial CX3CR1 mRNA

To investigate the effect of Tat on the expression of CX3CR1, primary cultured rat and
human microglial cells and BV2 cells were treated with Tat (200 ng/ml) followed by
extraction of total RNA. In both the cell types treatment with Tat significantly decreased
CX3CR1 mRNA in a time-dependent manner as demonstrated by real-time PCR analysis
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(Fig. 1A). As expected, mutant Tat A31-61 or heated Tat failed to reduce expression of
CX3CR1 (Fig. 1B). Additionally, Tat exposure resulted induction of microglial activation-
related genes including TNF-a, MCP-1 and CXCL10 (Fig. 1C). These results demonstrated
that suppression of CX3CR1 occurred in parallel to Tat-mediated induction of
proinflammatory responses.

Tat-induced suppression of microglial CX3CR1 protein

Based on the mRNA results we next sought to determine the effect of Tat on the expression
of CX3CR1 protein in primary cultured microglial cells and BV2 cells. The results
demonstrated that Tat treatment markedly reduced CX3CR1 expression as shown by both
flow cytometry (Fig. 2A) and western blotting (Fig. 2B). These findings were further
confirmed by immunostaining as evidenced by the fact that Tat treatment resulted in
decreased expression of CX3CR1 in primary human, rat microglial cells as well as BV2
cells (Fig. 2C). Taken together, these data suggested that Tat treatment suppressed the
expression of CX3CRL1 protein in microglia.

NF-xB negatively regulates CX3CR1 expression in microglial cells

It is well recognized that NF-xB signaling plays critical role in the activation of microglia
following HIV infection [6,9,26]. Next, we sought to dissect the role of NF-xB in down
regulation of CX3CR1 expression as well as concomitant microglial activation. As shown in
Figure 3A, treatment of primary rat microglia with Tat protein resulted in increased nuclear
translocation of NF-xB. Next, to validate the role of NF-xB we employed both a
pharmacological (using a specific inhibitor of inhibitory Kappa B kinase (IKK) SC514
[15uM, IC50 = 14.5uM] as well as a genetic approach [pCMV-p65 and dominant-negative
vector (plkxBa-mut)]. Real time RT-PCR results demonstrated that inhibition of NF-xB
signaling reversed Tat-induced down-regulation of CX3CR1 expression, and that
transfection of p65 resulted in increased inhibition of CX3CR1 mRNA level in BV2 cells
(Fig. 3B). Following transfection of BV2 cells with either the pCMV-p65 or plkxBa-mut,
CX3CR1 protein expression mirrored the effects observed at the mRNA level (Fig. 3C and
D). These findings thus suggested the role of NF-xB activation in Tat-induced suppression
of CX3CR1 expression. Intriguingly and as expected, transfection of BV-2 cells with the
plxba-mut vector also resulted in abrogation of Tat-mediated activation of microglia (data
not shown).

NF-xB-YY1 Negatively Regulates CX3CRL1 in Microglial cells

It has been previously documented that NF-xB activation regulates the transcriptional
repressor YY1, which in turn, inhibits transcription of myofibrillar genes and miR-29
expression in skeletal myogenesis [22,27]. These findings prompted us to investigate
whether the repressor YY1 also played a role in Tat-mediated down regulation of CX3CR1.
As predicted from TFSEARCH (http://www.cbrc.jp/research/db/TFSEARCH.html), there is
a putative YY1 binding site (C/G) (G/T/A)CCATNTTN) ~10 kB upstream of CX3CR1
promoter in rats, mice and humans. In order to examine whether YY1 physically bound to
the CX3CR1 promoter, CHIP assays were performed. Intriguingly, treatment of BV2 cells
with Tat resulted in the binding of YY1 with the CX3CR1 promoter, thereby suggesting that
YY1 binds to a putative regulatory element of the CX3CR1 promoter (Fig. 4A). To further
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investigate the regulation of CX3CR1 by YY1, BV2 cells were transfected with YY1
overexpression plasmid. As expected, using quantitative real-time RT-PCR, CX3CR1 levels
decreased almost 0.68-fold in the presence of YY1 (Fig. 4B). In contrast, transfection of
cells with shRNA plasmid that knocked down the expression of YY1 resulted in significant
enhancement of expression of CX3CR1 (Fig. 4B). These findings implicated the role of
YY1 as arepressor of CX3CR1. These findings were also confirmed at the protein level as
demonstrated in Fig. 4C.

In order to examine the relationship between NF-xB and YY1, BV2 cells were transfected
with either the pCMV-p65 or the plxBa-mut plasmid and assessed for expression of YY1.
As shown in Fig. 4D, overexpressing p65 resulted in increased expression of YY1 and in
contrast, transfection of cells with the plxBa-mut plasmid inhibited expression of the
repressor. These data thus suggested that activation of the NF-xB-Y'Y1 pathway mediated
suppression of CX3CR1 expression.

Tat-induced down-regulation of CX3CR1 dampens CX3CL1-induced calcium transients

A common feature of chemokine receptors is their capacity to mobilize calcium following
interaction with their specific ligand(s). Previous studies have shown that CX3CL1
stimulates a rapid increase in [Ca2*]; transients in microglial cells in the presence of its
functional receptor [10,28]. To investigate the effect of CX3CR1 down regulation on
calcium influx, we treated microglial cells with Tat for 24h and assessed the changes in
[CaZ*]; transients. As shown in Fig. 5, pretreatment of cells with Tat resulted in dampening
of the CX3CL1 (100ng/ml)-mediated calcium response, suggesting thereby that Tat-induced
down-regulation of CX3CR1 expression contributed to the decreased [Ca2*]; response of
cells to CX3CL1.

Tat-induced down-regulation of CX3CR1 dampens CX3CL1-mediated activation of MAPK

CX3CL1 is reportedly involved in the activation of various intracellular signaling pathways,
including ERK1/2, JNK, and p38 MAPKSs, and PI3K [28-32]. Having determined that Tat
significantly down regulated the expression of CX3CR1 we sought to examine whether Tat
treatment that leads to reduced expression of CX3CR1 would also result in abrogation of
CX3CL1 mediated activation of MAPK and PI3K. Pretreatment of microglia with Tat for
24h followed by treatment with CX3CL1 (100ng/ml) resulted in inhibition of CX3CL1-
mediated activation of ERK and JINK MAPKs compared to cells not treated with Tat (Fig.
6). These results thus demonstrate that microglial cells in the presence of Tat exhibited
reduced ability to respond to CX3CL1.

Tat-induced down-regulation of CX3CR1 dampens CX3CL1-mediated migration of

microglia

The CX3CL1/CX3CR1 axis plays a key role in microglia migration [28,33]. We thus sought
to investigate the effects of CX3CL1 on microglial movement in cells pretreated with Tat,
using the Boyden Chamber. Our findings demonstrated that as expected, in the presence of
varying concentrations of recombinant soluble CX3CL1 microglia exhibited stronger
migratory activity with maximal migration at 300ng/ml CX3CL1 (Fig. 7A). In cells
pretreated with Tat however, there was a significant attenuation of migration in response to
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CX3CL1 (Fig. 7B), suggesting thereby that Tat-induced down regulation of CX3CR1
contributes to the reduced migration of microglia.

Discussion

A key aspect of brain function is the bidirectional interplay and cross talk between the
neurons and the neighboring glial cells. This has largely been possible due to the ligand-
receptor axis that facilitates communication between various cell types. Growing evidence
demonstrates that the regulation of chemokine receptor expression during cell activation or
deactivation is an important inducible immune response, often elicited during normal and/or
pathologic conditions. For example, Human Herpesvirus 8 (HHV-8) infection alters the
chemokine receptor expression in dendritic cells (DCs) and chemokine-induced migration
[34]; Platelet-derived CXC chemokine ligand 4 (CXCL4) induces down-regulation of CC
chemokine receptors (CCR) 1, -2, and -5, resulting in dramatic impairment of monocyte
chemotactic migration towards their cognate CC chemokine ligands (CCL) for these
receptors [35]; Primary EBV infection of tonsillar B cells leads to a reduced cell surface
expression of CCR7 and CXCRS5, as well as to altered expression of several chemokine
receptors and chemokines [36].

In the CNS, the chemokine CX3CL1, is constitutively expressed in neuronal cells, while its
G protein coupled receptor, CX3CR1, is primarily expressed on the resident brain microglia
and on peripheral immune cells including macrophages [10]. A well-organized reciprocal
communication between neurons and microglia is essential for maintaining homeostasis in
the CNS during both physiological and inflammatory conditions. The CX3CL1/CX3CR1
axis has evolved as a communication link between neurons and microglial cells.
Intriguingly, while on one hand CX3CL1 is known to prevent excess microglial activation in
the absence of injury, on the other hand, it is capable of promoting microglial activation in
the presence of a toxic inflammatory stimuli. CX3CL1 is also unique as its chemokine
domain is tethered to the cell membrane by a long, highly glycosylated stem attached to a
transmembrane and the intracellular domain [13]. It can be cleaved by metalloproteinases
such as ADAM 10 [37]. Thus both soluble and insoluble forms of CX3CL1 exist and while
both forms are known to mediate chemotaxis, membrane bound form is the one that captures
the microglia and dampens glial activation.

Previous reports have demonstrated that microbial agents and/or inflammatory mediators
can mediate down-regulation of CX3CR1 [16,19,38,39]. In fact, in three different clinically
relevant /n vivo models including systemic inflammation (LPS), MPTP model of
Parkinson’s disease and a model of ALS, CX3CR1 deficiency has been shown to play a key
role in microglial neurotoxicity [12].

The current study was undertaken to examine the potential effect of HIV Tat on disruption of
CX3CL1/CX3CR1 signaling and to investigate the molecular mechanism(s) involved in this
process. Our findings demonstrated that Tat exposure of microglial cells significantly down-
regulated the expression of CX3CR1 both at the MRNA and protein levels. Furthermore,
Tat-induced down-regulation of CX3CR1 expression was accompanied with concomitant
activation of microglia as evidenced by up-regulated expression of pro-inflammatory
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mediators such as TNF-a, IL-1p, IL-6 and CXCL10. Interestingly pretreatment of cells with
Tat followed by exposure to CX3CL1 also resulted in decreased activation of both ERK and
JNK mitogen-activated protein kinases (MAPK). Since CX3CR1 ligation is known to trigger
phosphatidylinositol-3 kinase (P13K) dependent Ca2* influx, with downstream activation of
MAPK, it is not surprising that Tat-mediated downregulation of CX3CR1 dampened this
effect. It should be mentioned that Tat is known to also activate inflammatory mediators and
MAPK. A possible explanation therefore for downregulation of MAPK in Tat-pretreated
cells in response to CX3CL1 could be attributed to the timing of the effect. It is often the
early and acute effects of Tat that lead to time-dependent early activation of MAPK [40]. In
our study the cells were pretreated with Tat for 24 hrs followed by treatment with CX3CL1
for 30min and then assessed for activation of MAPK. It is likely that the effects observed in
our system could be attributed to dampened effects of reduced CX3CR1 expression. Our
findings also implicated the role of the NF-xB-Y'Y1 pathway Tat-mediated down regulation
of CX3CRL. Functional implications of these findings were demonstrated in Tat-treated
microglia, which exhibited dampened response to: CX3CL1-induced calcium mobilization,
MAPKSs activation and migration.

Over the last few years, there have been escalating reports implying that the absence of
CX3CR1 is associated with a worse outcome possibly due to the lack of CX3CL1-mediated
capture of microglia resulting in activation and neuroinflammation [12,41-43]. Conflicting
reports have also suggested that loss of signaling via CX3CR1 can either be protective [44—
46] or have no effect at all [47,48]. These disparate observations indicate complexity and
disease-specific regulation of the neuron-glia cross-talk via the CX3CL1/CX3CR1 axis.
Interestingly, in the acute models of CNS injury (transient and permanent brain ischemia)
absence of CX3CR1 has been shown to reduce ischemic damage and inflammation
[44,49,50]. While the role of microglial activation, generation of inflammatory mediators
and phagocytosis has been well studied in the context of CX3CR1 deficiency, it remains less
clear as to how CX3CR1 deficiency impacts the microglia in the context of HIV protein Tat.
Viral Tat is secreted by HIV-1-infected cells and is taken up by neighboring uninfected cells
[5]. This protein has also been shown to activate microglia [51,52], resulting in both loss of
supportive function for the neurons [53] while also inflicting neuronal injury via the release
of inflammatory mediators.

Given the down-regulation of CX3CR1 expression in cells exposed to Tat protein, we
explored the mechanism(s) underlying this process. Previous studies have shown that
CX3CR1 expression can be regulated via activation of the PI3K/Akt [16] and TGF-B1
pathways [32]. However, an important mechanism involved in chemokine receptor
regulation is that at the messenger RNA (mRNA) level, via both transcriptional regulation
and increased stability of the corresponding mRNA. Our findings demonstrate that both the
transcription factors NF-xB and YY1 negatively regulate CX3CR1 expression in microglia.
Gain and loss-of-function studies demonstrate that Tat protein activates the NF-xB (p65)
pathway with a concomitant increase in YY1 expression as summarized in Figure 8.
Interestingly, it has been previously shown that NF-xB-mediated regulation of YY1 inhibits
both gene and mRNA expression [22,27]. Intriguingly, our findings identified a regulatory
element containing a YY1 binding site located ~10 kb upstream from the CX3CR1 promoter
and demonstrated the binding of the repressor to the CX3CR1 promoter, thus revealing a
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novel mechanism of the involvement of the NF-xB-YY1 pathway in Tat-induced down-
regulation of CX3CR1 in microglia.

In the CNS, activation of CX3CR1 results in an increase in intracellular calcium levels
[10,28], the phosphorylation of the MAPKSs and PI3K in microglia [28,29,33]. Our findings
showed that Tat exposure resulted in dampening of the CX3CL1-induced calcium
mobilization and MAPK activation in microglia, suggesting that Tat exposure disrupts the
CX3CL1/CX3CR1 communication axis via down-regulation expression of CX3CR1. Our
findings are thus in agreement with previous reports that have demonstrated that microbial
agents and/or inflammatory mediators such as Tat can mediate down-regulation of
microglial CX3CR1 [16,19,38,39] leading ultimately to microglial neurotoxicity [12].
Clearly, additional studies are warranted to further define the role of CX3CL1/CX3CR1
signaling in HAND pathogenesis.
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Microglia were stimulated with Tat (1-72, 200ng/ml) mutant Tat (A31-61) or heated Tat for
24hrs for the indicated time periods and analyzed for the expression of MRNA for CX3CR1
(A-B) and pro-inflammatory cytokines (C) by real-time RT-PCR and normalized to mRNA
levels of GAPDH. All the data are indicated as meanSD of triplicate independent

experiments. *p<0.05, **p<0.01, ***p<0.001 vs control group.
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Fig. 2. Tat-induced down regulation of microglial CX3CR1 protein
A) Microglial cells were treated with Tat (1-72, 200ng/ml) for the indicated times. Surface

expression of CX3CRL1 in rat microglia was analyzed by flow cytometry. B) Cell extracts
were prepared from treated cultures and analyzed by immunablotting for expression of
CX3CR1 protein. C) Microglial cells treated with Tat were stained using antibodies specific
for CX3CR1 (red). Nuclei were stained with DAPI (Blue). Representative images from three
independent experiments are presented. Scale bars: 20um. All the data are presented as mean
+SD of three individual experiments.*p<0.05, **p<0.01 vs control group.
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Fig. 3. NF-xB negatively regulates CX3CR1 expression in microglial cells
A) Primary rat microglia was treated with Tat (1-72, 200ng/ml) for the indicated times, and

cell extracts were prepared and analyzed by immunoblotting for NF-xB p65 in the nuclear
fractions. B) Cells were pretreated with SC514, followed by treatment of primary rat
microglia with HIV Tat for 12h. BV2 cells were also treated with Tat for 12h following
transfection with either pPCMV-p65 or plkxBa-mut plasmids. CX3CR1 mRNA levels were
then measured by real-time RT-PCR. C) Following transfection of cells with the IxBa-mut
plasmid, BV2 cells were treated with Tat (for 24h, and assessed for CX3CR1 protein levels
by western blot. All the data are presented as mean£SD of three individual experiments.
*p<0.05, **p<0.01, ***p<0.001 vs vector group. #p<0.05, ##p<0.01 vs IxBa-mut alone.
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Fig. 4. NF-xB-Y Y1 negatively regulates CX3CR1 expression in microglial cells
A) CHIP assays with either the YY1 or control 1gG was performed on chromatin derived

from either control or Tat treated BV2 cells. B) BV2 cells were transfected with either
pCMV-YY1 or the shRNA-YY1 plasmid followed by treatment with Tat for 12h, and
assessed for CX3CR1 mRNA levels by real-time RT-PCR. C) Following transfection of
BV?2 cells with either the pPCMV-YY1 or sShRNA-YY1 plasmid, cells were treated with Tat
for 24h, and assessed for CX3CR1 protein levels by western blotting. D) BV2 cells were
transfected with either the pCMV-p65 or plxBa-mut plasmid and assessed for YY1
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expression by western blotting. All the data are presented as mean+SD of three individual
experiments.*p<0.05, **p<0.01, ***p<0.001 vs control group. ##p<0.01 vs ShRNA-YY1
alone.
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Fig. 5. Tat-induced down-regulation of CX3CR1 dampens CX3CL 1-induced calcium
mobilization

Response curve of the peak amplitude of the [Ca?*] response to CX3CL1 (100ng/ml) in
non-treated and Tat (1-72, 200ng/ml) treated for 24h. Rat primary microglia was incubated
with Fura-4AM followed by examination of intracellular [Ca%*] influx using confocal
microscope.
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Fig. 6. Tat-induced down-regulation of CX3CR1 dampens CX3CL 1-induced activation of MAPK
Rat primary microglia was pretreated with HIV or left untreated for 24h, followed by

exposure of cells to CX3CL1 (100ng/ml) for 30min. Whole cell lysates of the treated cells
were then analyzed for activation of MAPKSs and PI3K using western blot. Representative
blots are shown from three individual experiments.
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Fi_g. 7. 'Ilfat-mediated down-regulation of CX3CR1 dampens CX3CL 1-induced migration of
microglia

A) Concentration-dependent chemotaxis of microglia in response to CX3CL1 was measured
using Boyden chambers. B) Pretreatment of rat primary microglia with HIV Tat for 24h
resulted in reduced responsiveness of cells to CX3CL1. * p<0.05, **p<0.01 vs control
group; (#p<0.01 vs CX3CL1-treated group. All the data are presented as meanSD of three
individual experiments.
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Fig. 8. Schematicillustration demonstrating the role of NF-xB/repressor YY1 in Tat-mediated
the decreased expression of CX3CR1

Tat treatment resulted in activation of NF-xB/Y'Y 1 with subsequent decreased expression of
CX3CRL1. Tat protein suppresses CX3CR1 expression in microglia via NF-xB-Y'Y1, which
attenuates CX3CL1-induced functional response of microglia such as calcium transients,
activation of MAPK s and migration of microglia.
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