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ABSTRACT

The human immunodeficiency virus type I (HIV-1) has developed several
strategies to condition the host environment to promote viral replication and spread.
Viral proteins have evolved to perform multiple functions, aiding in the replication
of the viral genome and modulating the cellular response to the infection. Tat is a
small, versatile, viral protein that controls transcription of the HIV genome, regulates
cellular gene expression and generates a permissive environment for viral replication
by altering the immune response and facilitating viral spread to multiple tissues.
Studies carried out utilizing biochemical, cellular, and genomic approaches show that
the expression and activity of hundreds of genes and multiple molecular networks
are modulated by Tat via multiple mechanisms.

INTRODUCTION

Expression of the HIV-1 genome is regulated by a
combination of viral and cellular factors. The viral protein
Tat (trans-activator of transcription) modulates the activity
of the viral promoter. Tat recognizes a short-stem loop
structure, known as the transactivation response element
(TAR), located at the 5’ terminus of the viral transcript.
Tat binding activates the transcription complex that
assembles onto the viral promoter, leading to a strong
increase in viral transcripts. In addition to promoting viral
transcription Tat regulates the expression of cellular genes,
modulating key pathways and mechanisms to generate an
environment that favors the production and spread of HIV.

Leukocytes regulate the host response to viral
infection and are the main cell type targeted by HIV.
Tat modulates leukocytes activation, proliferation and
activity, thus compromising immune functions and aiding
in the progression of the disease. Tat is also released
by the infected cells and can be absorbed by bystander
cells inducing physiological changes in cells usually not
infected such as neurons and endothelial cells. These
activities contribute to the development of pathologies
associated with the viral infection. Although Tat’s
functions in viral transcription have been thoroughly
studied, less is known on its role as a mediator of
physiological processes. This review will focus on the
functions of this protein in the regulation of cellular gene

expression, modulation of the immune response, and viral
pathogenesis.

TAT STRUCTURAL FEATURES AND
FUNCTIONS

Tat is a small basic protein coded by two exons
whose length varies between 99 and 103 amino acids with
the predominant form being 101 residues. Despite the
virus” high mutation rate, Tat is relatively well conserved
in all primate lentiviruses [1]. Tat’s primary sequence can
be divided into five domains, defined on the basis of amino
acid distribution and their conservation within homologous
proteins from other lentiviruses: a proline rich acidic
N-terminus (aa 1-21), a cysteine-rich region (aa 22-37), a
hydrophobic core region (aa 38-48), an arginine-rich basic
domain (aa 49- 57), and a C-terminal domain. The first
72 aa are encoded by a first exon while the C-terminus,
coded by a second exon, appears to be dispensable for
transactivation but retains a role in pathogenesis in vivo
[2], possibly by modulating expression of MHC class I
allowing the virus to persist in the infected host [3], and
has a higher variability in viral sequences isolated from
patients. The first 57 residues of the protein modulate most
of the interactions with its cellular partners; the arginine
rich domain (aa 48-57) contains the protein transduction
domain (PTD), the nuclear localization signal and the
protein’s RNA binding domain [4] while the N-terminal
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48 amino acids are sufficient for the binding to the cyclin
T1 (CycTl) component of the positive transcription
elongation factor (P-TEFb) [5].

Structural studies indicate that when free in
solution Tat’s structure is highly flexible, does not exhibit
obvious elements and relies mainly on solvent polarity
[6, 7]. Although Tat is an intrinsically disordered protein,
this does not prevent its tight binding to the TAR RNA
sequence, and cellular partners such as CycT1 [8]. In
addition, crystallography studies indicate that the lack
of a rigid structure allows the formation of high-affinity
complexes with various partners (proteins or lipids), each
involving a different specific conformation of Tat [5].

TAT REGULATION OF HIV-1
TRANSCRIPTION

Transcription regulation of the HIV-1 genome
is mediated by RNA polymerase II (RNAPII) and a
combination of basal and promoter specific factors [9,
10]. The viral promoter is located within the 5’ long
terminal repeat (LTR) of the viral genome and contains
two Spl binding motifs and two nuclear factor NF-kB
binding sites, which serve to regulate the initiation rate
of viral transcription [9]. In the absence of Tat, the basal
activity of the RNAPII complex assembled onto the viral
promoter is extremely low. Furthermore, shortly after
transcription initiation, the assembly of two multi-subunit
complexes, the negative elongation factor (NELF) and
the DRB sensitivity-inducing factor (DSIF), results in
RNAPII pausing and the production of abortive short viral
transcripts [11, 12]. Tat overcomes this block and increases
the rate of transcription by catalyzing the recruitment
of the P-TEFb complex, which is composed of cellular
CycT1 and the Cyclin-Dependent Kinase 9 (CDK9), and
binding to a bulge within the stem loop structure of the
TAR RNA, located within the short paused transcript.
The binding of Tat to P-TEFb induces conformational
changes in CDK9 that constitutively activates the enzyme
[5, 13]. Tat extracts and repositions P-TEFb from cellular
complexes, such as the Brd4:P-TEFb complex [14], the
super elongation complex (SEC) [15, 16] and the 7SK
small nuclear ribonucleoproteins (7SK snRNP), which
associates with the promoter and functions to sequester
P-TEFb in an inactive conformation until the kinase
activity of the factor is needed [15] .

The activated P-TEFb mediates a complex set
of phosphorylation events that modify both positive
and negative cellular elongation factors to activate
viral transcription by: i) triggering the rearrangement
and release of components of the paused transcription-
elongation complexes by phosphorylating the NELF-E
component of NELF and the STPS5 component of DSIF
[11, 17] and ii) phosphorylating the C-terminal domain
(CTD) of RNAPII to increase the polymerase processivity
[18]. Additionally, Tat stimulates the assembly of new

transcription complexes by directing the recruitment
of TATA box binding protein to the LTR promoter [19]
and modulates the phosphorylation of a number of
transcription factors including SP1, CREB, the alpha
subunit of eukaryotic initiation factor 2 (elF2a), and NF-
kB [20].

Tat’s role in viral transcription is not limited to
the phosphorylation of promoter associated factors, it
also facilitates the recruitment of chromatin-modifying
enzymes with histone acetyltransferase (HAT) activity,
which induce the acetylation of histones H3 and H4 and
relieve the repression exerted on the viral promoter by
nucleosomes [21, 22]. In addition, Tat itself is a substrate
for acetylation by HATSs. Acetylation of lys50 promotes
the dissociation of Tat from the TAR sequence in the early
phases of elongation and recruitment of the SWI/SNF
chromatin-remodeling complex [23], which synergize
with the p300 acetyltransferase to remodel the nucleosome
and activate transcription [24].

TAT SECRETION AND
INTERNALIZATION

Tat is secreted by the infected cells, accumulates
in the extracellular environment and is uptaken by
neighboring cells, affecting their gene expression and
functions. The mechanism of Tat secretion is poorly
defined and appears to depend on a leaderless secretory
pathway that is independent from the endoplasmic
reticulum and the Golgi apparatus [25] although other
mechanisms including direct binding and penetration
of the plasma membrane and the exosome biogenesis
pathways might be utilized. Tat secretion is highly active
allowing its concentration to reach the nanomolar range in
infected T cell supernatants in culture, in the sera of HIV-
1 infected individuals [26] and in the cerebrospinal fluid
(CSF) of virologically controlled individuals undergoing
antiretroviral therapy (ART) [27, 28].

Extracellular Tat contributes to HIV-1 pathogenesis
by modulating lymphocyte functions, promoting
cell migration, and exerting cytopathic effects on
leukocytes and neural cells [29]. The presence of Tat in
the extracellular environment induces the growth and
locomotion of primary endothelial cells in Kaposi’s
sarcoma (KS) lesions in AIDS patients [30, 31]. Tat
competes with the basic fibroblast growth factor (bFGF)
for binding to heparan sulfate proteoglycans (HSPGs). The
majority of the bFGF is found bound to HSPGs within the
cellular matrix and at the cell surface with only a small
amount free in solution. Tat increases the availability of
soluble bFGF in the KS lesion, which promotes spindle
and endothelial cell growth [32, 33] and up-regulates the
receptors for fibronectin and vitronectin (integrins a5f31
and avB3 respectively), thus increasing the adhesion
signals the cells require in order to grow in response to
bFGF [34]. In addition, Tat secreted from the infected cells
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Table 1: Mechanisms of Tat mediated cellular gene expression.

Mechanism Regulated Genes Reference
Binding to TAR-like RNA sequence T%%?B [ 6[461,26, 56’2]6]
MAP2K6 [46]
MAP2K3 [46]
IRF7 [46]
Binding to promoter region PTEN [68, 69]
PPP2R1B [68, 69]
PPP2R5SE [68, 69]
c-Rel [70]
IL2 [71]
IL2Ra [71]
0GG1 %‘713%
. . - LMP2
Interaction with transcription factors CD69 [73]
VAV3 [73]
ADCYAPI [73]
FAM46C [73]

Three key mechanisms have been proposed for Tat’s modulation of cellular gene expression.

can exert a chemo attractant function for macrophages,
monocytes and dendritic cells. Stretches of residues within
the cysteine-rich region and the hydrophobic core display
similarity with key residues in B-chemokines, which
are required for chemokine receptor binding and signal
transduction [35, 36].

Although Tat can interact with several factors within
the extracellular matrix and on the cellular surface, much
of the functions assigned to this protein depend on its
ability to penetrate the plasma membrane of uninfected
bystander cells. Tat can transduce most cell types,
reaching the nucleus to regulate the expression of cellular
genes, this activity is dependent on the arginine-rich basic
domain of the protein [37, 38]. Tat basic domain, known
as the protein transduction domain (PTD), facilitates
the trafficking of Tat through the plasma membrane and
functions as a cell penetrating peptide when conjugated
to a protein cargo [39]. A nuclear localization signal
(GRKKR), which mediates translocation of Tat into
the cell nucleus, is also found within the PTD. The
precise mechanism through which Tat penetrates the
plasma membrane appears to be dependent of its ability
to recognize multiple binding sites at the cell surface.
Endocytic receptors, such as the lipoprotein receptor-
related protein (LRP), C-X-C chemokine receptor type 4
(CXCR4) and HSPGs [40-42], allow Tat internalization
via two endocytic mechanisms: i) a caveolar pathway and
ii) coated pits in an AP-2/clathrin/dynamin 2 dependent
pathway [43]. It is still not clear if the clathrin or the
caveolar endocytic pathways are both utilized in-vivo
or if they are dependent on the cell type since T cells do
not express caveolin, thus can only utilize the clathrin
dependent uptake mechanism.

REGULATION OF CELLULAR GENES
EXPRESSION

Early work showed that cellular processes such as
DNA damage repair [44], target cell recruitment [45, 46]
and apoptosis [47-49] are modulated by Tat, indicating a
direct role for this protein in cellular gene expression. The
search for Tat’s cellular targets led to the characterization
of multiple genes coding for cytokines [50, 51], cell cycle-
related proteins [52-54], surface [55-57] and chemokine
receptors [58, 59], mRNA processing factors, [60] and
enzymes [61]. This lengthy gene list suggests that this
viral protein can deeply modify the cellular environment
to promote viral replication and disease progression.
Although the precise mechanism by which Tat regulates
most cellular genes has yet to be characterized, three
distinct mechanisms have been defined (Table 1):
i) transcription activation by binding to TAR-like
sequences in the 5'-untranslated region of nascent RNA;
ii) transcription modulation by binding to the promoter
region of the target gene and; iii) transcription regulation
by interaction with key transcription factors.

Tumor necrosis factor beta (TNF-f) and
Interleukin-6 (IL-6) are examples of genes whose
expression is regulated by the binding of Tat onto their
5’ UTR. IL-6 is a pro-inflammatory cytokine, alterations
in its expression pattern affect the differentiation of
lymphoid cells [62] and are linked to pathologies
associated with clinical AIDS that include B cell
lymphoma, Kaposi’s sarcoma and severe psoriasis
[62, 63]. Tat modulates IL-6 transcription by binding a
sequence present in the stem-loop structure of the IL-6
leader RNA. Immunoprecipitation and yeast two-hybrid
assays confirmed that Tat interacts with the C/EBP
transcription factors and increases their assembly onto
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the IL-6 promoter [62, 63]. A similar mechanism has also
been observed in the TNF-PB gene [64]. Computational and
mutational analyses of the TNF- promoter indicate strong
similarities with the viral LTR. Additionally, a TAR-
like structure, present within the 5 UTR of the primary
transcript, is required for Tat-dependent TNF-f expression
[65, 66].

Genome based experimental approaches suggest
that the expression of a large number of genes is regulated
by Tat assembling onto their promoter region. Kim and
colleagues [46] utilized chromatin immunoprecipitation
assays to identify 308 gene promoters that are bound
by Tat in immature dendritic cells and in monocyte-
derived macrophages. Tat-dependent expression was
experimentally confirmed for three of these promoters,
MAP2K6, MAP2K3, and IRF7. Tat-dependent up-
regulation of MAP2K6, MAP2K3, and IRF7 induced
activation of several interferon stimulated genes
(ISG) via the Janus kinase-STAT (Jak-STAT) and the
mitogen-activated protein (Kinase) (MAPK) pathways
[67]. A similar ChIP-on-Chip and RNA expression
analysis approach in Jurkat cells showed that Tat binds
and regulates the promoters of three genes required in
the mechanism regulating CD4+ T cell apoptosis, the
phosphatase and tensin homolog (PTEN), and two of the
subunits of the protein phosphatase 2A (PP2A), PPP2R1B
and PPP2RSE [46, 68, 69]. Tat binding to a promoter
sequence can also negatively affect gene expression as
shown in the c-Rel promoter where Tat can occupy the
NF-kB binding site inhibiting the binding of NF-kB
causing the down-regulation of c-Rel expression [70].

Finally, Tat has been shown to modulate gene
expression by interfering with the activity of known
transcription regulators. Tat can inhibit the activity of
the special AT-rich sequence binding protein 1 (SATBI1),
which recruits histone deacetylase 1 (HDACI) to repress
transcription from the IL-2 and IL-2Ra promoters. Studies
carried out in a mouse model indicate that Tat binding to

SATBI displaces HDACI inducing de-repression of these
promoters [71] and expression of IL-2 and its receptor.
Similarly, binding of the negative transcription factor AP-4
to the 8-oxoguanine-DNA glycosylase-1 (OGG1) promoter
is inhibited by AP-4 interaction with Tat, resulting in an
increase in the enzyme expression [44]. Since OGG1 is
responsible for the repair of oxidatively damaged DNA,
Tat appears to play a role in the maintenance of the genetic
integrity of proviral and host cell DNAs. Furthermore,
Tat can repress the transcription of low-molecular-mass
polypeptide 2 (LMP2) by inhibiting the complex formed
at the promoter between the positive transcription factor
STAT1 and the interferon regulatory factor 1 (IRF1) [72].
More recently, a genome wide approach carried out in
primary T cells and model cell lines has revealed that
over 400 genes might be regulated by the interaction of
Tat with the transcription factors ETS1, a T cell master
regulator, RUNX1 and GATA3 [73]. In this study, genes
up-regulated by Tat appear to play a positive role in T cell
activation and promote viral replication and spread while
genes down-regulated by Tat may function in weakening
the immune response.

REGULATION OF miRNA EXPRESSION

In addition to directly modulating the transcription
of cellular genes Tat plays a role in post-transcriptional
gene regulation through the alteration of the expression
and activity of small non-coding RNAs. Preliminary
studies showed that Tat inhibits miRNA function by
binding to the Dicer protein in an RNA-dependent
manner [74, 75]. Recent work carried out utilizing
miRNA profiling showed that Tat can tightly bind at least
18 miRNA and downregulate 10 of them [76]. Most of
these miRNAs are likely involved in key neural processes,
such as axonal guidance and glucocorticoid signaling, thus
confirming a role for Tat in HIV neuropathogenesis. In
addition Tat deregulates neuronal functions by reducing

exonl exon 2
1 21 38 58 73 101
-rl / \
Pro-rich / Acidic | Cys-rich / Acidic | Core A;i:;sh Glu-rich
Cyc-T1 binding RBD
PTD
NLS

Figure 1: Diagram of the functional domains of HIV-1 Tat. Tat is subdivided into six functional domains. The first 5 domains,
coded by the first exon, are sufficient for trans-activation of viral transcription and modulate most of the interactions with Tat cellular
partners. The arginine rich basic domain functions as a RNA binding domain (RBD), a protein transduction domain (PTD) and nuclear
localization signal (NLS). The second exon codes for the C-terminal domain that, which contains a tripeptide RGD motif, does not appear
to be required for Tat functions in cell culture but might contribute to viral pathogenesis in-vivo.
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the level of miR-196a, which causes an increase in
the Abelson murine leukemia (c-Abl) protein, which
phosphorylates the pro-apoptotic transcription factor p73,
thus regulating its activity [77].

Tat can also induce the expression of miR-132,
which targets a set of genes required for proper neural
growth (MeCP2, BDNF, p250GAP, BDNF). miR-132
induction is associated with the increase phosphorylation
and activity of the cAMP response element-binding
(CREB) protein [78]. Less understood is the mechanism
by which Tat upregulates the expression of miR-101,
which results in the downregulation of VE-cadherin, a
master regulator of brain endothelial permeability [79].

MODULATION OF THE IMMUNE
SYSTEM

HIV primarily infects cells that express the CD4
receptor: T cells, monocytes/macrophages, and dendritic
cells are the main viral targets. Infection of CD4+ cells
leads to chronic immune activation and dysfunctional
cytokine production. This promotes apoptosis, alters the
response to pathogens and results in the weakening of the
immune system, facilitating viral replication, persistence
and progression to clinical AIDS.

CD4+ T cells are classified in three subsets: 1) naive
T cells that have not yet been exposed to an antigen, ii)
helper T cells that have been activated by a specific antigen
and produce cytokines that can be toxic to the target cells
or can stimulate other T and B cells and iii) memory T
cells, which have encountered an antigen during a prior
infection and at a second exposure can mount a faster and
stronger immune response.

A) No Tat - Early infection (latency)

7SK RNA

RNAPII Basal Transcription

Naive T cells are quiescent, non-dividing, and can
be activated upon interaction with an antigen-presenting
cell (APC) through the simultaneous engagement of the
T cell receptor (TCR) and a co-stimulatory molecule, like
CD28, by the major histocompatibility complex present
on the antigen presenting cells [80]. Tat can mediate
T cell activation through an alternative pathway, which
utilizes VEGFR2 and is independent from the engagement
of the TCR. Microarray assays performed on primary
T cells have characterized a panel of 94 genes that are
deregulated when Tat is present in the culture media.
Among these genes IL-8 and IL-1B activate VEGFR2
gene expression inducing T cell activation [28]. Since
the virus preferentially infects activated T cells Tat might
help promote viral propagation, when present in the
extracellular environment, by penetrating uninfected naive
T cells and modulating the activity of other bystander
cells. In addition, Tat can up-regulate the expression of
the surface CXC-chemokine receptor 4 (CXCR4), a co-
receptor required for viral entry, in resting CD4+ T cells,
and increase their susceptibility to HIV infection [59].

A different subset of T cells, that expresses the CDS8
receptor, is able to recognize and lyse infected cells [81].
Both T cell subtypes, CD4+ and CD8+, mature from
pluripotent stem cells via a complex selection process that
yields different subpopulations that express either CD4 or
CD8 receptors in combination with TCRs [82]. Tat blocks
the maturation of CD4+ and CD8+ T cells by deregulating
the expression of cytokines, required in the T cell
maturation process, in a Tat-producing transgenic mouse
model [83]. Tat can also affect the activity of mature
CD8+ T cells by stimulating the down-regulation of the
IL-7 receptor [84], a heterodimeric receptor complex
composed of CDI127 and CDI132, which stimulates

B) HighTat - Late infection

RNAPII Activated Transcription

Figure 2: Tat activates viral transcription. A. In the early stage of viral infection, in the absence of Tat, transcription is limited
by a pausing complex (NELF, DSIF) that assembles onto the nascent transcript. P-TEFb is sequestered in multiple complexes. B. During
the later stages of the viral infection Tat is present at high concentrations and induces relocation of P-TEFb from diverse nucleoplasmic
complexes to the nascent transcript within the paused RNAPII complex by its binding to TAR. This triggers activation of the P-TEFb kinase
and hyper-phosphorylation of the RNAPII CTD and the NELF/DSIF complex.
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CD8+ T cell proliferation and potentiates their cytolytic
activity [85]. Tat is internalized by uninfected CD8+ cells
and promotes the removal and degradation of CD127.
This reduces the IL-7 receptor activity and impairs cell
proliferation and functions, contributing to a reduced cell
mediated immunity.

The production and functions of cytokines are also
affected by Tat [86, 87]. The expression of TNF-a, IL-6
and IL-8, three pro-inflammatory cytokines, and IL-10,
an immunosuppressive cytokine, are increased by Tat
binding to the complex formed by the toll-like receptor
4 (TLR4) and its cofactor MD2. Binding of Tat to TLR4-
MD?2 activates a series of signaling cascades, which
include MAP kinases, PKC, and NF-kB, that lead to the
production of TNF-a and IL-10 [88-90]. Furthermore,
studies carried out in human astrocytes and microglial
cells showed that Tat expression leads to a dramatic
increase in the secretion of several chemokines (CCL2,
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CCL3, CCL4, CCL5, CXCL8, CXCL10 and XCL1) [91],
although the molecular basis of this regulatory mechanism
is not yet understood.

REGULATION OF APOPTOSIS

Apoptosis is a highly regulated and controlled
process of programmed cell death, which is activated in
response to internal and external stimuli. The apoptotic
process, together with cytopathic effects caused by the
virus and the immune system, are the main causes of the
decline in the T cell population in infected patients. A
number of signals can trigger the initiation of the enzyme
cascade that regulates this process. Tat can interfere with
the apoptotic process by: i) targeting the mitochondrial
pathway, which compromises the integrity of the
mitochondrial membrane, and ii) targeting the direct signal
transduction pathway, which transduces the apoptotic
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HIV infected
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microglia
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-101, -196a

Neural growth,
axonal guidance
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Figure 3: Tat contributes to the disruption of the blood brain barrier, neuroinflammation and neurotoxicity. Extracellular
Tat can passively cross the BBB decreasing the expression of tight junctions proteins and inducing the expression of factors that promote
the disruption of the BBB. After crossing the BBB Tat is efficiently taken up by multiple cells, including neurons and astrocytes, this results
in the release of several soluble factors that promote neuroinflammation and function as monocyte chemoattractant facilitating the invasion
of the CNS by infected monocytes and macrophages. Tat directly induces neuronal toxicity by modulating the expression of miRNAs,
disrupting endolysosomes functions, promoting oxidative damage and inpairing the functions of the glutamatergic neurotransmission
system. Tat can also promote the remaval of anti retro viral drugs from the CNS by upregulating the P-glycoprotein (P-gp) pump.
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signal via the TNF-induced or Fas-Fas ligand-mediated
path [68, 92].

Tat can interact with the of-tubulin dimer,
polymerized microtubules [93], and LIS1, a scaffolding
protein that assists in regulating microtubule formation
dynamics [94], leading to the activation of the
mitochondria-dependent pathway. Tat can also directly up-
regulate the expression of PTEN and PP2A [68], which
act to decrease the phosphorylation of Forkhead Box O3
(FOXO03a), a factor that promotes T cell apoptosis when
in its unphosphorylated state. Tat has also been shown
to modulate the Fas-Fas ligand-mediated pathway by
increasing the expression of Fas ligand (FasL) [48], which
induces apoptosis upon binding to the Fas receptor [95-97]
and indoleamine 2,3-dioxygenase (IDO), an enzyme that
catalyzes the degradation L-tryptophan and contributes to
IFN-y induced apoptosis, triggering both the mitochondrial
and the direct signal pathways [98-100].

Differently from apoptosis, autophagy is a cellular
process that allows for the degradation and recycling of
cellular components in response to specific stress signals
utilizing a double-membraned vesicle known as an
autophagosome, which fuses with a lysosome to degrade
its content. Although some line of evidence indicate that
Tat might induce autophagy by enhancing the level of the
pro-autophagy factor BAG3 [101] Tat can also negatively
regulate autophagy by decreasing the phosphorylation
of the transcription factor STAT1, which correlates with
a decrease in the expression of microtubule-associated
protein 1 light chain 3 beta (LC3B), a key component of
the autophagosome [102], thus causing an overall decrease
in autophagy.

TAT ROLE IN NEUROCOGNITIVE
DISORDERS

Although the virus primarily targets the cells of
the immune system HIV can also penetrate and infect
the components of the central nervous system (CNS).
HIV gains access to the CNS mainly through infected
monocytes and macrophages that cross the blood brain
bareer (BBB) and subsequently infects microglial cells
and astrocytes [29], causing a variety of neurological
disorders that include HIV-associated dementia (HAD),
minor neurocognitive disorder (MND), and asymptomatic
neurocognitive impairment (ANI). These pathological
conditions have now been collectively grouped and termed
as HIV-associated neurocognitive disorder (HAND) [103].
These disorders are caused by damage in the neural tissue
due to both viral cytopathic effects and the inflammatory
response to the infection [104].

Tat has been shown to be present in relatively high
level in the CNS of patients receiving ART [27, 28] and
plays a critical role in the breach of the BBB. Tat can
passively cross the BBB [105], decreasing the expression
of tight junction proteins, such as Claudin-5 [106],

adherens junction proteins, such as VE-cadherin [79]
and membrane extracellular matrix proteins [107], while
promoting the expression of inflammatory molecules and
of the matrix metalloproteinase 9 (MMP-9), as shown in
both in-vitro and mice models [108-110]. The disruption of
the BBB is one of the main causes of neuroinflammation,
which results in an influx of inflammatory cells into
the CNS. After crossing the BBB extracellular Tat is
efficiently taken up by multiple cells, including neurons,
which results in the release of several soluble factors that
promote neuroinflammation. Tat up-regulates expression
of the platelet-derived growth factor (PDGF), a potent
inducer of the chemokine monocyte chemoattractant
protein 1 (MCP-1) [111]. Induction of MCP-1 triggers
an influx of HIV-infected monocytes, which leads to
an abnormal increase in the number of astrocytes due
to the destruction of nearby neurons and subsequent
inflammatory responses [112]. Chemokines can also
contribute to neuroinflammation and loss of neurons [113,
114]. Studies carried out in human astrocytes revealed that
the combined activities of Tat and the pro-inflammatory
cytokines IFN-y and TNF-a resulted in the generation of
reactive oxygen species (ROS), activation of Jnk, Erk1/2,
and Akt pathways, and subsequent activation of NF-kB,
leading to the increase in expression of CXCL10 which
contributes to neuroinflammation [115, 116]. Tat has also
been shown to up-regulate expression of the glial fibrillary
acidic protein (GFAP) [117], which is associated with
astrocyte proliferation, dysfunction and reduced neuronal
plasticity .

Tat has been also shown to promote neuronal
toxicity and synaptodendritic injury. Mouse models
expressing HIV-1 Tat have shown histological changes
similar to those observed in HAND patients [118,
119]. Tat causes changes in the structure and function
of endolysosomes, which play an early role in HIV-1
induced neuronal damage [120]. Tat promotes an increase
in endolysosomes size, disrupts their membrane integrity,
elevates their PH, thus decreasing their activity, and inhibit
autophagy. Furthermore, when present in the extracellular
environment Tat can penetrate neural cells and increases
levels of reactive oxygen species and lipid peroxidation
by activating the inducible nitric oxide synthase (iNOS)
to produce nitric oxide (NO), which is converted in the
highly reactive peroxynitrite (ONOO-) [121]. The increase
in reactive oxygen species within neural cells results in
extensive damage and promotes neurodegenerative
disease.

Tat neurotoxicity is also connected to its effects on
the glutamatergic neurotransmission system. An excess
in Glutamate, an excitatory neurotransmitter essential
for learning, memory, and synaptic plasticity, leads to
neuron death. Tat increases microglial glutamate release,
elevating extracellular glutamate levels [122], while
impairing glutamate reuptake by astrocytes [117] and
further promoting glutamate functions by binding and
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phosphorylating the glutamate N-methyl-D-aspartate
(NMDA) receptor [123, 124].

An additional role of Tat in the development of
neurocognitive disorders might be connected to the low
levels of ART observed in the brain of patients [125].
Tat has been shown to increase the promoter activity and
expression of the P-glycoprotein (P-gp) [126], a pump
present in the cells forming the BBB and required for the
transport of small molecule out of the brain. It is plausible
that Tat might help in establishing a brain reservoir of HIV
by up-regulating P-gp, thus removing ART from the CNS.

CONCLUSIONS

HIV-1 infection hijacks the cellular machinery
and regulates cellular signaling pathways to promote
its replication and modulate the host immune response.
Understanding in detail how the virus and its proteins
affect the cells on a molecular level will greatly help in
designing proper therapeutic strategies that will allow
us to alleviate pathologies and secondary complications
associated with the current antiretroviral therapy. Tat can
interact with the host cell genome, cellular messengers,
transcription factors and several proteins to alter
expression of cellular genes and generate a permissive
environment for viral replication. Recent studies have also
suggested that Tat may play a role in the establishment and
control of a viral reservoir, which is mainly constituted
by infected resting and memory CD4+ T cells [127].
Although the Tat level in infected resting T cells is very
low it clearly plays an important role for expression of
HIV in resting cells as mutations in Tat result in lower
levels of HIV expression [128].

Given Tat’s ability to translocate through cellular
membranes and transduce uninfected cells, it will be
informative to determine how this protein modulates
and reprograms gene expression in multiple cell types
and tissues to understand the global changes it causes.
Furthermore, the precise mechanisms by which Tat
interacts and regulates the activity of master transcription
regulators such as ETS1 and other cellular proteins is
still unclear, more studies are needed to define such
mechanisms and explore novel therapeutic approaches,
as suggested by the development of Tat-based vaccines
[129]. Ultimately, the full understanding of the complex
biological pathways regulated by this multi-tasking protein
can be applied to fields different from HIV-1 research, thus
improving our understanding of complex gene regulatory
networks.
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