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Abstract

Human immunodeficiency virus type 1 (HIV-1) transactivator of transcription (Tat) is a potent mediator involved in the
development of HIV-1-associated neurocognitive disorders (HAND). Tat is expressed even in the presence of antiretroviral
therapy (ART) and is able to enter the central nervous system (CNS) through a variety of ways, where Tat can interact with
microglia, astrocytes, brain microvascular endothelial cells, and neurons. The presence of low concentrations of extracellular
Tat alone has been shown to lead to dysregulated gene expression, chronic cell activation, inflammation, neurotoxicity, and
structural damage in the brain. The reported effects of Tat are dependent in part on the specific HIV-1 subtype and amino acid
length of Tat used. HIV-1 subtype B Tat is the most common subtype in North American and therefore, most studies have
been focused on subtype B Tat; however, studies have shown many genetic, biologic, and pathologic differences between
HIV subtype B and subtype C Tat. This review will focus primarily on subtype B Tat where the full-length protein is 101
amino acids, but will also consider variants of Tat, such as Tat 72 and Tat 86, that have been reported to exhibit a number
of distinctive activities with respect to mediating CNS damage and neurotoxicity.
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Introduction

HIV-1 infection is known to involve the seeding of latent
viral reservoirs at very early stages of primary infection.
Subsequent treatment of infected individuals with life-long
suppressive antiretroviral (ART) therapy has been shown to
reduce viral burden in the peripheral blood and minimize
risk of viral reactivation and possibly expansion of the latent
reservoirs. Reactivation of latent reservoirs has been shown
in notable cases such as the “Boston patients,” the “Missis-
sippi baby,” and the VISCONTI Cohort in France, which
reported viral rebounds after discontinuation of suppressive
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ART [1-4]. One of the major reservoirs for HIV-1 has been
shown to involve the breach of the blood—brain barrier
(BBB), which results in the establishment of a reservoir in
the central nervous system (CNS) within hours to days after
infection, in most cases before ART has been first adminis-
tered [5—8]. Once HIV-1 has entered the CNS, it can result
in a range of neurologic impairments identified as HIV-1-as-
sociated neurocognitive disorders (HAND), which is further
categorized into levels of increasing impairment that inter-
feres with daily living, and includes asymptomatic neurocog-
nitive impairment (ANI), mild neurocognitive impairment
(MND), and in its severest form, HIV-1-associated dementia
(HAD) [9-11]. Patients with HAND have a wide range of
clinical symptoms, such as cognitive, behavioral and motor
deficits that can improve or worsen over the course of infec-
tion, making it difficult to incrementally track progression
[5, 10]. Despite the success of ART in reducing viral loads,
the prevalence of HAND has been on the increase and has
been observed in 50-70% of HIV-1-infected individuals [5,
12]. The major mechanism proposed for how HIV-1 enters
the CNS is the “Trojan Horse” model where HIV-1-infected
immune cells, such as monocytes and CD4 + T cells cross
the BBB, and where they can then infect cells of the CNS
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and propagate infection [13]. HIV-1-infected patients on
ART who have been shown to be clinically avirmeric have
also been shown to have detectable levels of the HIV-1 viral
protein Tat, or the transactivator of transcription, in the CNS
that contributes to CNS insult including inflammation and
tissue damage and may lead to the development of HAND
[5,10,12,14-26].

Tat is the first viral protein to be transcribed and translated
from integrated HIV-1 provirus and the primary role of Tat
is to recognize the 5’ TAR element in the HIV-1 RNA and
recruit the host elongation factor p-TEFb, which increases
the rate of viral transcription up to 100-fold, as compared
to normal rates of transcription [11, 14, 15, 27-31]. Tat is
a flexible and intrinsically disordered protein, allowing it
to form high-affinity complexes with a number of cellular
partners [27, 32]. Full-length Tat is 101 amino acids and is
encoded by two separate exons, where exon one encodes
the first 72 amino acids; while the second exon encodes the
C-terminal domain [11, 27]. The functional domains of Tat
often have overlapping functions, but include proline-rich,
cysteine-rich, hydrophobic core, arginine-rich and glu-
tamine-rich domains [11, 33, 34]. Together, the arginine-
rich and glutamine-rich domains make up the basic region
which is involved in cell entry and exit [33, 35]. The second
exon encodes the C-terminus, including the RGD and ESK-
KKVE motifs, which are involved in immune cell activation
and binding to cell-surface integrins (Fig. 1) [33, 36, 37].
The basic domain of Tat enables it to interact with heparin
sulfate proteoglycans (HSPGs), located on many cells to pro-
mote Tat uptake into cells [36]. Additionally, the RGD motif
in Tat allows it to interact with integrin receptors, creating
another broad method for uptake into cells [36]. Extracellu-
lar Tat has been detected in the CSF at concentrations rang-
ing from 5 to 35 ng/ml in patients on ART with undetect-
able HIV-1 viral load in the blood and CSF [39]. In a more
recent paper, extracellular Tat was detected in the CSF at
variable concentrations in one-third of patients who were
well suppressed on ART and were clinically aviremic [38].
In this study, Tat was detected in the CSF of well-suppressed
patients on ART at concentrations ranging from 200 pg/ml
to 6.5 ng/ml; however, the concentration of detectable Tat
was shown to fluctuate over time in the same patient [38].
Additionally, there may be patients who had extracellular
Tat in the CSF; however, the level of Tat may be below the
level of detection, because not all patients who had impair-
ment had detectable Tat [38]. Together, these studies show
that even with ART suppression of the viral load, Tat is still
being made and is detectable in the CSF.

This review will describe the functional effects that
each Tat length has been shown to have on different cells
of the CNS. With regards to structure, all of the Tat vari-
ants (72, 86 and 101) have the major core region intact
that is responsible for binding to the TAR region and
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transactivation of the LTR [27]. Additionally, amino acids
31-61 have been shown to primarily be related to toxicity-
associated functions, and all three Tat length variants have
been shown to cause toxicity in multiple cell types [40].
However, Tat 86 and Tat 101 both contain the RGD motif,
that Tat 72 lacks and this motif interacts with VEGF2
and binds integrin receptors [36]. The RGD motif on Tat
86 and Tat 101 may help Tat bind integrin receptors on
immune cells and BMECs at the BBB and improve Tat
transmigration into the CNS [36]. Due to this effect, the
presence of Tat 86 and Tat 101 in the periphery alone
can lead to increased concentrations of Tat in the CNS,
resulting in toxicity of cells in the CNS exposed to Tat
and increased likelihood of the development of neurocog-
nitive deficits. Finally, Tat 101 is the only variant to have
an intact ESKKKVE motif which has been shown to be
involved in NF-xB activity and can result in a cascade of
further activation in these cells leading to increased pro-
duction of pro-inflammatory cytokines in affected cells
(Fig. 1) [37].

Tat has been shown to have multiple functions on cells
throughout the CNS. The alterations observed in these cells
have been dependent in part on the specific types of cells
or tissues exposed, the input concentration, the length of
exposure, the subtype, or amino acid length of Tat used,
as well as whether the cells were exposed to intracellular
or extracellular Tat. Tat subtypes have been derived from
the HIV-1 classes and subtypes found throughout the world.
Globally, HIV-1 has been divided into three classes: group
M (major), group O (outlier) and group N (new, non-M,
non-0); with group M shown to be responsible for more
than 90% of HIV-1 infections worldwide. Group M has been
divided into the 9 subtypes; A-D, F-H, J and K [41, 42].
In the United States, subtype B has been the predominant
subtype; while subtypes A, C, and D are predominant in sub-
Saharan Africa [41-44]. Although the 101 amino acid form
of subtype B Tat is the predominant form found in HIV-
1-infected patients, several less prevalent truncated forms
also exist, including Tat 72, and Tat 86, which have been
used extensively over the past three decades in both in vitro
and in vivo animal model studies [10, 45].

In this review, we discuss the effect of extracellular and
intracellular Tat on cells of the CNS. We define intracellular
Tat as cells that have been transfected with Tat plasmid or
cells that are expressing Tat. We also define extracellular Tat
as recombinant or purified Tat added to media or injected
into animal models. We have reported the method of Tat
delivery as well as Tat length as listed in the original lit-
erature; however, these details have not been reported in all
papers. Additionally, due to the ability of Tat to easily pen-
etrate cells as well as its high rates of secretion from cells,
it is difficult to isolate and identify the effects of intracellu-
lar versus extracellular Tat alone in all cases. Although the
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Fig. 1 Motifs and associated functions of Tat 72, 86 and 101. Amino
acids 1-72 are associated with the majority of Tat functions including
binding to TAR, transcriptional activation, and cellular toxicity. The
RGD motif, present in both Tat 86 and Tat 101, has been shown to

method of Tat exposure has been highlighted in this review,
the physiological relevance of extracellular versus intracel-
lular effects of Tat remain to be elucidated.

Oligodendrocytes

Oligodendrocytes are the myelin-forming cells in the CNS
that sheath neuronal axons in the white matter of the brain
[46]. Although oligodendrocytes do not express CD4 and
are unlikely to be directly infected with HIV-1, oligoden-
drocytes have still been shown to be indirectly affected by
HIV-1 and in post-mortem HIV-1 tissues oligodendrocytes

interact with VEGF2 and integrin receptors. The ESKKKVE motif,
only found in Tat 101, has been shown to be involved in Tat-mediated
NF-kB activity

have activated cell death signaling [47]. HIV-1 Tat has
been shown to mediate many indirect effects on cells of the
CNS including oligodendrocytes where Tat exposure on
these cells has been shown to decrease immature oligoden-
drocyte viability [48]. As oligodendrocytes are the major
myelin-forming cells in the CNS, it has been shown that
Tat exposure to ex vivo rat brain slices resulted in myelin
damage and decreased myelin basic protein expression in
the corpus callosum and striatum [46]. Additionally, Tat
exposure can also inhibit immature oligodendrocyte dif-
ferentiation by reducing the formation of fine branching
processes essential for mature functions [49]. In a study of
immature oligodendrocytes exposed to 100 nM of Tat 86
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for 18 h, there was observed decreased cell viability and
impaired differentiation characterized by reduced processes
and impaired branching (Fig. 2) [48, 49]. Furthermore, the
genes Ugt8 and Cnp, which are essential for oligodendrocyte
differentiation, have also been shown to be down regulated
in immature oligodendrocytes exposed to Tat 86 [49]. A
possible mechanism of Tat-impaired differentiation in oli-
godendrocytes is through autotaxin (ATX) inhibition [49].
ATX is an extracellular protein that has been shown to play a

significant role in oligodendrocyte development, but in stud-
ies of Tat 86 exposure on oligodendrocytes, it was shown
that Tat is capable of entering the cytoplasm of oligodendro-
cyte, bind to ATX, and inhibit its secretion [49]. Tat has also
been shown to cause decreased viability of oligodendrocytes
and in the doxycycline-inducible Tat transgenic mice, the
expression of Tat for 7 days resulted in increased caspase-3
expression in oligodendrocytes leading to cell death [50]. A
possible mechanism of the activation of cell death pathways
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is through the alteration of K+ and Ca+ 2 levels within the
cells. Tat exposure on oligodendrocytes was shown to acti-
vate the voltage-gated K + channels in oligodendrocytes,
leading to outward K + current, and cell death [46]. Another
study showed that Tat exposure on primary rat oligodendro-
cyte cultures caused Ca+ 2 influx into the cytoplasm result-
ing in glycogen synthase kinase 3b (GSK3b) and Ca+2/
Calmodulin-dependent kinase IIb (CAMKIIb) activation,
where in immature oligodendrocytes, the increase in GSK3b
is sufficient to the activate cell death signaling [47]. Over-
all, exposure of oligodendrocytes to Tat results in multiple
mechanisms that reduce differentiation, enhance cell death,
and contribute to HIV-1 neuropathogenesis.

Pericytes

Pericytes are important to blood—brain barrier integrity as
they surround endothelial cells to help stabilize capillaries
and regulate BBB permeability [51, 52]. Pericytes also have
roles in the formation and maintenance of the BBB during
brain development [51, 52]. However, due to their expres-
sion of CD4, CXCR4, and CCRS, pericytes have also been
shown to support low infection rates of HIV-1 [51, 52]. In
HIV-1-infected patients, pericytes have been shown to be
dysfunctional and this may be relevant to the development
of cognitive impairment as dysfunctional pericytes have
been identified in other diseases such as multiple sclerosis,
aging, brain tumors, and traumatic brain injuries [52]. When
exposed to Tat 101, pericytes had activation of the expres-
sion of platelet-derived growth factor-b (PDGF-B) and this
led to activation of the ERK and JNK pathways, which then
led to downstream activation NF-xB, which is involved in
production of pro-inflammatory cytokines (Fig. 2) [51].
Additionally, the activation of PDGF-B in pericytes that
were exposed to Tat 101 resulted in other downstream effects
such as pericyte migration and loss of micro-vessels in the
brain where this may affect BBB permeability [51].

Monocytes, macrophages, and microglia

Although CD4 +T cells are the primary target of HIV-1
infection, they are likely not the primary cells capable
of trafficking HIV-1 into the CNS. Monocytes and mac-
rophages are susceptible and permissive to infection by
HIV-1 and can cross the BBB to enter into the CNS [53,
54]. Cells of the monocyte—macrophage lineage can become
infected with HIV-1 based on their surface accumulation
of the necessary receptor CD4 and one or more corecep-
tor proteins including CXCR4 and CCRS [55]. After these
cells are infected in the periphery, they will cross the BBB
to enter into the CNS, and interestingly, cross the BBB at

a heightened rate compared to uninfected monocytes [56].
Once within the CNS, the infected cells may shed virions
that infect tissue-resident cells of the monocyte—macrophage
lineage including microglial cells [57]. These differentiated
cells play a crucial role in the development of HAND and,
once infected, act as viral reservoirs within the CNS [57].

Exposure to recombinant extracellular Tat 86 has been
shown to cause an increase in the expression of CCRS in
primary human monocytes (Fig. 2) [58]. Increasing the
expression of CCRS5 may increase the susceptibility of unin-
fected bystander cells of the monocyte-macrophage lineage,
which could directly affect the pathogenesis of the disease.
Furthermore, interaction of CD40 ligand (CD40L) on the
surface of T cells, and CD40, on the surface of monocytes
and macrophages, has been shown to be crucial for antiviral
immunity (Fig. 2) [59]. CD40L-deficient mice are severely
immunocompromised and are unable to proliferate or induce
isotype switching [60]. Primary human monocytes exposed
to Tat 101 had increased expression of CD40 that resulted
in increased expression of TNF-a in monocytes ex vivo
[61]. Additionally, the conditioned media from monocytes
exposed to both CD40L and Tat 101 elicited higher levels
of neurotoxicity when compared to those exposed to either
recombinant protein alone. However, when TNF-a was
depleted using a neutralizing antibody from the conditioned
media, neurotoxicity was ablated demonstrating the effect
was dependent on this soluble inflammatory mediator [61].

In patients with HAND, increased monocyte chemoat-
tractant protein-1 (CCL2/MCP-1), C—C motif chemokine
ligand 5 (CCLS), and C-X-C motif chemokine ligand 10
(CXCL10) were detected in the brain and CSF [54]. The
release of chemoattractants and pro-inflammatory cytokines
helps recruit HIV-1-susceptible cells to the CNS and exac-
erbates disease progression [58, 62]. In a study of primary
mouse microglial cells, exposure to extracellular Tat 101
was found to upregulate the novel miRNA-34a, which then
downregulated the NLRCS5 inflammasome to negatively
regulate NF-xB p65 signaling, leading to an upregulation of
the pro-inflammatory cytokines, Interleukin-1p (IL-1p) and
IL-6 and microglial activation [63]. Additionally, injection
of Tat 72 into the hippocampus of C57BL/6 mice resulted
in increased monocyte transmigration across the BBB that
was mediated by increased expression of MCP-1, a potent
chemoattractant that induces monocytes to cross the BBB
[64]. In cells of the monocyte—macrophage lineage, most
pathways altered by extracellular Tat are pro-inflammatory
and induce the expression of cytokines through signal cas-
cades, such as TNF-a and IL-1f, which may result in neu-
ronal death by processes such as increased reactive oxygen
or nitric species [65].

Another cytokine altered by exposure to Tat has been
TNF-related apoptosis-induced ligand (TRAIL), a member
of the superfamily of tumor necrosis factor that has been
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shown to mediate apoptosis [62]. This process has been
shown to involve TRAIL binding to death receptors DR4
(TRAIL-RI) and DR5 (TRAIL-RII), leading to the activa-
tion of caspases, though TRAIL has also been shown to
bind to alternative receptors that lead to NF-xB activation,
promoting inflammation rather than apoptosis [66]. Primary
human macrophages exposed to HIV-1 Tat B were demon-
strated to upregulate the expression of TRAIL [67]. This was
initially reported as more macrophages producing TRAIL
than there were cells infected with HIV-1, which may have
been caused by interactions with extracellular Tat that was
secreted by the infected cells, or perhaps due to secretion
from bystander cells [67]. This mechanism was examined
further in monocytes where exposure to Tat induced the
expression of TRAIL, which directly caused the death of
bystander CD4 + T cells [62]. This may be a mechanism for
HIV-1 to alter tropism by removing specific immune cell
populations or to evade an immune response by mediat-
ing the population of CD4 +T cells. Alterations in TRAIL
expression have been observed in cell culture as well; U-937
cells, a monocytic cell line, were exposed to Tat 86, which
resulted in increased expression of TRAIL [68]. Addition-
ally, individual peptides representing distinct regions of Tat
were exposed to the cells and it was determined that the
cysteine-rich region (residues 16-35) were responsible for
the induction of TRAIL [68].

Alternatively, Tat has been demonstrated to enhance the
expression of anti-apoptotic factors, such as Bcl-2, which
has prevented the activation of caspase-8 (Fig. 2) [58]. This
mechanism has been relevant to the viral reservoir within
the CNS, as monocytes and macrophages which are infected
with HIV-1 were notably more resilient to virus-mediated
apoptosis [62, 67]. Primary human monocytes exposed to
Tat 86 demonstrated an increase in the expression of Bcl-2
[58]. Tat 86 reduced the apoptosis caused by TRAIL by 36%,
from 51 to 15%, demonstrating that this mechanism may
contribute to the virus-resistant phenotype observed in HIV-
1-infected monocytes and macrophages (Fig. 2) [58].

The signaling cascade of TRAIL has been shown to
involve the activation of caspase-8, which leads to the release
of calcium (Ca*?) from the mitochondria, and expression of
Bcl-2 directly inhibits this pathway [58]. Exposure to HIV-1
Tat has been shown to increase cytosolic Ca™?, leading to
the activation, dysregulation, and/or apoptosis of cells of
the monocytic lineage [69, 70]. Furthermore, this altera-
tion in Ca™? has been demonstrated to be correlated with
TNF-a production [71]. Therefore, due to the expression of
Bcl-2, virus-resistant long-lived cells of the monocyte—mac-
rophage lineage can recruit additional susceptible cells to the
CNS by producing of TNF-a [65]. Additionally, a study of
mouse primary microglial cells exposed to extracellular Tat
101 had impaired mitochondrial membrane function, and
upregulation of the mitophagy markers, PINK1, PRKN, and
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DNMIL, which indicated that Tat exposure to these cells
induced mitophagy [72]. These Tat-induced alterations may
lead to expansion of the viral reservoir and contribute to
the development of HAND, and in a study of macrophages
exposed to Tat (unknown subtype) for 72 h, there was
increased levels of quinolinic acid [73]. This may indicate
Tat was able to dysregulate the Kynureinine pathway, where
tryptophan has been shown to be catabolized to quinolinic
acid and increased quinolinic acid levels have been related
to neuropathological damage in vitro, indicating a possible
mechanism in the development of HAND [73].

While microglia have been shown to be capable of sup-
porting HIV-1 replication in the CNS, the effects observed
after microglial exposure to extracellular Tat have also sug-
gested that infection was not required to elicit microglial
activation and neurotoxic activities [74, 75]. Microglial acti-
vation was typically characterized by cytokine production
and synthesis of ROS (Fig. 3) [76, 77]. Post-mortem brain
tissue from HIV-1-infected patients showed high levels of
pro-inflammatory IL-1p and IL-10 cytokine and superox-
ide dismutase (SOD) mRNA expression, which have been
shown to be signs of microglial activation [78]. Similarly,
treatment with recombinant Tat 86 on primary rat microglia
cultures elicits TNFa and IL-1 production, as well as NO
production [79]. Primary rat microglia stimulated with extra-
cellular Tat 86 significantly upregulated iNOS activity and
expression, resulting in a marked increase of NO, and moreo-
ver, pretreatment with IFNy and extracellular Tat 86 resulted
in a synergistic effect where NO accumulation in microglia
was increased threefold, and this effect was blocked by addi-
tion of an anti-Tat antibody [79, 80]. While microglial cells
represent the predominate immune presence in the CNS, and
peripheral cells of the monocyte—macrophage lineage are
the primary route of HIV-1 transmission into the CNS, they
are not the only cells affected by extracellular Tat [81]. The
comprehensive mechanisms of action operative during the
development of all forms of HAND have yet to be defined;
inflammatory chemokines and cytokines released by other
cells, such as astrocytes, likely contribute integrally to the
development of these forms of HIV-associated neurologic
disease.

Astrocytes

Astrocytes represent an important cell type in the brain that
exhibits a diverse array of functional properties including a
contribution to the formation of the BBB, as well as signal-
ing to nearby neuronal cells [15, 82]. Due to their proxim-
ity to neurons and endothelial cells, astrocytes have been
shown to regulate BBB physiology through gap junctions
and soluble factors [82]. In the CNS, HIV-1 has been shown
to replicate primarily in microglia. In contrast, only a small
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percentage (5%) of astrocytes are infected, which occurs
either by cell-to-cell interactions with T cells, where viro-
logical synapses formed by filopodia binding transfer the
virion, or by virion interactions with CCR5 and CXCR4 on
astrocytes, though it has not been elucidated which mecha-
nism may be more operative in the intact brain [12, 14, 15].
Viral replication in astrocytes has been restricted due to
impaired production of HIV structural proteins [12, 15, 82].
Although astrocytes are not productively infected by HIV-1,
they have been shown to produce the non-structural proteins,
Tat, the regulator of expression of viral proteins (Rev), and
negative factor (Nef) [12, 83].

Tat can be secreted from astrocytes, and extracellular Tat
is toxic to neurons, CD4 + T cells and astrocytes [12, 32,
84, 85]. Once intracellular, Tat has skewed astrocytes to a
more aggressive, pro-inflammatory profile in both in vitro
and in vivo models and has induced the expression of mul-
tiple cytokines. In primary astrocytes treated with extra-
cellular Tat 86, there was an observed increase in TNF«;
while in human SVG astrocytes exposed to Tat 101, there
was an increase in CCL5/RANTES, CXCL10, IL-1p, and
IL-6, and IL-8 [12, 85-91]. Tat 86 (plasmid) was shown
to mediate ROS generation and activate MAPK-NF-«xB/

Tat binds NMDAR, LRP
or CXCR4 on neurons

~—
-

Leads to
neurodegeneration,
neuronal excitotoxicity
and apoptosis

Caveolin-mediated
endocytosis of Tat

Microglia produce NO, glutamate
and have activated NADPH oxidase
in response to Tat

indicate the relationship the Tat has on and between each cell type
leading to neurotoxicity

AP-1 signaling cascades leading to the upregulation of the
chemokines CCL2, CXCLS, and CXCL10 and upregula-
tion of HDACG6 expression in the human astroglial cell line,
CRT-MG [92]. In this astrocyte cell line, treatment with
Hindsiipropane B, a 1,3-diarylpropane (an anti-inflamma-
tory drug), significantly suppressed the production of these
pro-inflammatory cytokines, by inhibiting the activation of
HDAC6 and MAPK-NF-kB/AP-1 signaling axes [92]. An
additional study of primary human fetal astrocytes exposed
to extracellular Tat 86 also exhibited enhanced secretion of
IL-6, TNFa, and MCP-1 (Fig. 2) [15, 84, 85, 93-95].

As discussed previously, MCP-1 can induce the transmi-
gration of inflammatory cells across the BBB. In a study of
extracellular subtype B Tat 86, there was enhanced MCP-1
secretion in primary human astrocytes, an effect that was
not observed with subtype C Tat [96]. Exposure of rat and
human astrocytes to Tat in vitro resulted in induction of
platelet-derived growth factor (PDGF) mRNA and protein
levels, which led to increased expression of the pro-inflam-
matory cytokines MCP-1 and IL-1f [15, 83]. The upregula-
tion of PDGF mRNA was due to activation of the ERK1/2
and JNK signal pathways, which have been shown to be
downstream of the Erg-1 transcription factor, and both Erg-1
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and PDGF were upregulated as early as 3 h after Tat expo-
sure [15, 83, 97]. Additionally, Tat 72, Tat 86 and Tat 101,
have all been shown to induce PDGF in primary astrocytes;
while, heat-inactivated Tat had no effect on expression level
[83]. In the nucleus, Tat interacted with and activated the
transcription factor C/EBP, which stimulated MCP-1 tran-
scription [98]. The release of MCP-1 can be mediated by
the purinergic receptor P2X7R, which has been shown to be
highly expressed on astrocytes [84]. When astrocytes were
exposed to Tat in vitro, there was a significant increase in
P2X7R expression on astrocytes; while inhibitors specific
for P2X7R reduced MCP-1 release [84]. It has addition-
ally been shown that P2X7R induced the ERK1/2 pathway,
which also enhanced the expression of MCP-1 [15, 83, 84].
In addition, an increase in mRNA transcript expression of a
number of apoptotic genes and pro-inflammatory cytokines,
including DAXX (death-domain associated protein), Fas,
FasL, TNFa, TNFa convertase, and Traf6 was also observed
in Tat 86-transfected primary human astrocytes [87].

Astrocytes have been shown to utilize gap junctions for
the transfer of ions and second messengers to neighboring
cells, and during inflammatory conditions, gap junction
communication was inhibited in an effort to control infec-
tion [16, 82]. In HIV-1 infection, however, astrocytes main-
tain gap junction communication, by upregulating Connexin
43 (Cx43), thus enhancing the spread of Tat to uninfected
cells [16, 82]. Furthermore, in vitro and in vivo, both Tat
72 and Tat 101 mediated this effect by binding to the Cx43
promoter, which upregulated the expression of Cx43 [16].
Exposure of human CRT-MG astrocytes to recombinant Tat
86 stimulated the enriched expression of intercellular adhe-
sion molecule-1 (ICAM-1) and vascular cell adhesion mol-
ecule-1 (VCAM-1) mRNA and protein levels, mediated firm
adhesion of THP-1 human monocytes to the CRT-MG astro-
cytes, and induced oxidative stress in exposed cells, in both
time- and concentration-dependent manners [99]. Addition-
ally, astrocytes exposed to Tat had activated NADPH oxi-
dase, which resulted in the generation of ROS and activation
NF-xB, and led to upregulated surface VCAM-1 and ICAM-
1, as well as upregulated CXCL10 (IFN-y inducible protein
10) (Fig. 2) [15, 27, 100]. Histone deacetylase 6 (HDAC6)
has been located in the cytoplasm and shown to be a master
regulator of the expression of pro-inflammatory mediators,
and has regulated Nox2-based NADPH oxidase to mediate
NADPH oxidation and ROS production, therefore Tat expo-
sure resulted in increased HDACG6 and stimulated NADPH
oxidase expression [100]. Additionally, in a study of U373
MG cells exposed to the pcDNA3 Tat 101-expressing plas-
mid, there was an induction in histone 3 tri-methylation at
lysine 27 (H3K27me3), which has been shown to promote
HIV latency [101].

Tat also repressed f-catenin, an adherens junction com-
ponent, which has lead to neuro-inflammation (Fig. 2) [102].
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Transfection of the human U87MG astrocyte cell line, as
well as primary human progenitor-derived astrocytes with
subtype B Tat 101 and Tat 72 plasmids resulted in suppres-
sion of B-catenin expression and signaling [103, 104]. This
function of Tat was originally shown to be due to its core
domain and cysteine-rich domain, located within the first
exon, and more recently has been mapped to the lysine resi-
dues at positions 41 and 51, which are necessary for the sup-
pression of B-catenin [102, 104]. Mechanistically, depletion
of p-catenin by siRNA resulted in enhanced binding of Tat
to the TAR element in U87MG astrocytes co-transfected
with subtype B Tat and LTR constructs demonstrating a viral
strategy for optimizing transactivation of the HIV-1 promo-
tor in the CNS [104].

Astrocytes exposed to Tat that have altered functional-
ity and a pro-inflammatory composition have been shown
to lead to neuronal toxicity. Looking at primary rat astro-
cytes exposed to extracellular Tat 101, there was increased
expression and secretion of miR-7, which when taken up
by hippocampal neurons resulted in loss of both inhibitory
and excitatory synapses [105]. Increased expression of glial
fibrillary acidic protein (GFAP), a filament protein located in
the cytosol of astrocytes, resulted in its aggregation, which
induced the unfolded protein response (UPR), and leads to
ER stress, astrocyte dysfunction, and neurotoxicity [27, 85,
97, 106]. Tat 86-transfected U373MG astrocytes and Tat 86
in Tat-transgenic mice have been shown to upregulate the
mRNA and protein levels of GFAP, further demonstrating
Tat’s role in the aberrant activation of astrocytes (Fig. 2) [97,
107, 108]. Tat influenced GFAP expression in astrocytes by
activating the transcription factor STAT3, which initiated a
transactivation cascade in the nucleus that included Erg-1
and p300, and resulted in upregulated expression of GFAP
[97, 107, 108].

Astrocytes exposed to Tat also have metabolic changes
and in primary murine astrocytes exposed to subtype B Tat
86, there was a reduced capacity for buffering glutamate,
which was not observed with subtype C Tat 101 exposure,
which has indicated exclusive subtype B Tat-mediated
effects on glutamate uptake [107, 109]. Glutamate intake
was also significantly impaired in subtype B Tat 86-trans-
fected U373MG astrocytes, as well as in primary astrocytes
from HIV-1HXB?2 Tat 86 transgenic mice, demonstrating
further negative consequences of intracellular Tat on astro-
cyte metabolism (Fig. 2) [107]. Overall, the many effects of
Tat on astrocytes can result in dysfunction that negatively
impairs the function of other major cells of the CNS.

In summary, a small percentage of astrocytes have been
shown to be infected by HIV-1 and may be producers of
Tat in the CNS. This is important because astrocytes sup-
port BMECs as well as neurons, and production of viral
proteins and pro-inflammatory cytokines will contribute to
CNS dysfunction. Astrocytes exposed to Tat can become
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dysfunctional and will have reduced processes leading to
reduced BBB integrity. Additionally, astrocytes exposed to
Tat can become activated leading to a pro-inflammatory phe-
notype that is directly damaging to neurons.

Neurons and neurotoxicity

It is generally accepted that HIV-1 does not infect neurons;
therefore, injury and excitotoxicity on CNS neurons are
believed to originate from HIV-1 infection of other CNS
cell types, such as astrocytes and microglia, which can
produce and secrete viral proteins, such as Tat, as well as
pro-inflammatory cytokines that can affect neurons, even
in the absence of actively replicating HIV-1 [89, 110-114].
Indirect consequences of Tat on neurons in the CNS have
been shown by a study of primary rat neurons exposed to
conditioned media from Tat 72-transfected astrocytes that
resulted in augmented neurotoxicity [115]. Additionally, a
co-culture model of Tat 86-transfected astrocytic cell lines
with non-transfected primary human fetal neurons resulted
in increased neurotoxicity, and manifested as hyperpolariza-
tion of the mitochondrial membrane, which led to increased
release of calcium stores into the cytoplasm, MAP2 break-
down, diminished neurite length, and ultimately neuronal
cell death (Fig. 3) [87, 116, 117]. When Tat 86-express-
ing C6 astrocytic cells were exposed to neuronal cultures in
transwells, it resulted in significant neuronal death, show-
ing that conditioned medium from Tat 86-expressing cells
was sufficient to elicit neurotoxicity [87]. Furthermore, the
addition of supernatant from Tat 72-treated microglial cell
cultures to primary hippocampal neuron cultures resulted in
observed neurotoxicity that could be blocked by the addi-
tion of NADPH oxidase inhibitors, where NADPH oxidase
along with microglial activation has been found to cause hip-
pocampal dysfunction in other neurodegenerative diseases
and may account for some aspects of HAND [113, 118].
Additionally, primary microglia treated for 24 h with recom-
binant Tat 72 showed increased, dose-dependent glutamate
release that could be abrogated by cysteine—glutamate anti-
porter inhibitors or NADPH oxidase inhibitors, indicating
that glutamate release from primary mouse microglia due
to Tat 72 exposure may induce neuronal excitotoxicity in an
N-methyl-D-aspartate (NMDA) receptor manner, leading to
neurotoxicity and cell death [119, 120].

A potential mechanism of Tat-induced toxic ROS produc-
tion in neurons may originate from the induction of sper-
mine oxidase (SMO) activity (Fig. 3). Spermine, a substrate
for SMO, has been previously noted as a driving factor for
NMDA receptor-dependent neuronal injury in a human neu-
roblastoma SH-SYS5Y cell line (Fig. 2) [121]. One of the
metabolic products of SMO has been shown to be H,O,,
which may accumulate in neurons and drive apoptosis [121].

SH-SYSY cells treated with either extracellular Tat 101 or
supernatant from Tat 86-expressing U373MG astrocytic
cells showed oxidative stress characterized by decreased
intracellular glutathione, increased ROS in the form of H,0O,,
and decreased cell viability as well as increased SMO activ-
ity [121]. However, when SH-SYSY cells were pretreated
with the NMDA receptor antagonist MK801, the increased
SMO activity could be completely prevented, indicating a
mechanistic link between NMDA receptor activation and
induction of ROS [121]. Additionally, H,O, produced by
SMO activity in response to extracellular Tat 101 treatment
increased the expression of antioxidant related elements
through translocation of the Nrf2 transcription factor to the
nucleus, which indicated a potential role for cellular anti-
oxidants to mitigate the downstream consequences of ROS
toxicity triggered by Tat—-NMDA receptor interactions [121,
122].

NMDA receptors have been shown to be a subclass of
postsynaptic neuronal glutamate receptors that mediate cel-
lular calcium entry, and are thought to be the main recep-
tor that Tat interacts with to induce neuronal dysfunction,
which can lead to excitotoxicity and cell death (Fig. 3) [123].
Subtype B Tat 72 has been shown to potentiate glutamate-
dependent excitotoxicity via stimulation of NMDA recep-
tors in vitro, which leads to increased apoptosis of neurons
(Fig. 2) [124]. This effect has been shown to be depend-
ent on pre-exposure to Tat 72 and has been shown to be
caused by increased calcium flux from intracellular stores
within neurons, and has been enhanced by the addition of
glutamate [124]. In an in vitro model utilizing primary rat
cortical neurons treated with extracellular Tat 72, the under-
lying cause of NMDA receptor stimulation was increased
phosphorylation of NMDA receptor subunits, which potenti-
ated excitotoxicity and was shown to be counteracted by the
tyrosine kinase inhibitor genestein [124]. Tat 72 has been
shown to bind directly to NMDA receptors via its arginine-
rich domain and is immunoprecipitated with both the NR1
and NR2A subunits of the NMDA receptor as observed in a
cell line model where HEK293 cells were transfected with
and subsequently expressed with both subunits [115]. The
addition of extracellular Tat 72 to the HEK-NMDAR cells
resulted in cell death comparable to that caused by NMDA,
which is a known excitotoxin and is capable of killing neu-
ronal cells upon binding NMDA receptors [115, 125]. This
binding was correlated with, and sufficient for, neurotoxicity
in vitro, where HEK-NMDAR cell death induced by sub-
type B Tat 72 was more robust than subtype C Tat 72, and
was abrogated by the deletion of the arginine-rich region
of Tat [115]. The difference in neurotoxicity exhibited by
HIV-1 Tat subtypes on in vitro models using HEK-NMDAR
and primary fetal neuron models has been partially attrib-
uted to the di-cysteine motif normally present in subtype B
Tat, but absent from subtype C Tat [115, 126]. Mutation of
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subtype C Tat 72 to include the di-cysteine motif resulted
in increased neurotoxic potential of subtype C Tat 72 on
primary fetal neurons in culture [126].

Neuronal cell death may be partly due to downstream
caspase-3 activation in neurons exposed to extracellular
Tat. Studies of striatal neuronal cultures from embryonic
day 15 ICR mice showed activation of caspase-3 in neu-
rons upon exposure to extracellular Tat protein [127-129].
In addition to caspase-3 activation and significant neuronal
cell death, increased p38 and JNK-MAPK phosphoryla-
tion was observed with extracellular Tat 72 treatment of
primary mouse neurons, suggesting that extracellular Tat
interaction with neurons triggers apoptotic signaling path-
ways [128, 130]. Caspase-3 inhibitors and JNK inhibitors
have been shown to prevent caspase-3-mediated apoptosis
in primary rat and mouse neurons, respectively [128, 129].
Furthermore, treatment of primary mouse neurons with
non-toxic deletion mutant Tat that lacks amino acids 31-61
targeting exon 1 of Tat, has not resulted in apoptosis, p38 or
JNK-MAPK phosphorylation, or caspase-3 activation [128].
Amino acids 31-61 have been shown to be necessary for
Tat functions associated with toxicity, which has implied
that these residues are essential for extracellular Tat to trig-
ger caspase-3-dependent apoptosis in neuronal cells (Fig. 2)
[131]. In addition, a study of SH-SYSY cells, a neuroblas-
toma cell line, exposed to the plasmid pcDNA3.1-Tat-flag,
encoding Tat 101, for 48 h, indicated that there was acti-
vation of FOXO3, a regulator of apoptosis-related genes,
through the JNK signaling pathway, resulting in increased
neuronal apoptosis [132].

Dendritic spine size and morphology are major contribu-
tors to synapse integrity and detrimental changes to dendritic
spine morphology and density are correlated with neurocog-
nitive decline where dendritic loss is a predictive indicator
of HAND [133-137]. Although extracellular Tat treatment
of neurons can cause apoptosis, Tat at concentrations that
are not sufficient to cause neuronal apoptosis may cause
morphological changes to dendrites on affected neurons
[138]. Morphological changes of dendrites upon exposure
to extracellular Tat includes the development of abnormal,
“spoke-like” dendritic processes, though dendritic spine
shortening or loss has been more widely observed (Fig. 2)
[87, 128, 139-141]. Exposure of primary neuronal cells to
Tat 72 resulted in a significant decrease in the total length
and number of dendrites per cell [142]. This was shown to
be mediated by Tat inhibition of BDNF transcription, which
has been shown to induce F-actin changes that are involved
in dendrite and spine injury, leading to the development of
neurotoxicity [142]. Extracellular full-length recombinant
Tat 101 protein exposure also caused decreased presynaptic
density, as measured by the amount of synaptophysin, a neu-
rotransmitter release machinery protein, present in dendritic
spines [143, 144].
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Persistent stimulation of the NMDA receptor may also
impact dendritic spine morphology and synaptic integrity,
as NMDA receptor activation has been shown to potentially
inhibit actin dynamics of dendritic spines, where a blockage
in actin motility would cause spines to round resulting in
increased spine stability [145]. The exact mechanisms have
not been shown in vivo, though Tat-induced changes in den-
drite physiology have been corroborated in premortem and
postmortem imaging analyses of brains of HIV-1-infected
patients both in the absence or presence of HIV encephalitis
and have also been linked to learning and memory impair-
ment in Tat 86-transgenic animals [146, 147]. The PSD-95
scaffold protein and associated signaling proteins present in
postsynaptic dendritic spines help to determine the size and
strength of dendritic spines [143]. LRP is required for nor-
mal motor function and intracellular signaling and binds to
PSD-95, to connect the LRP signaling pathway with NMDA
receptors via the NR2B subunit [148, 149]. Exposure of rat
hippocampal neurons to extracellular Tat 86 caused a sig-
nificant loss of PSD-95 in dendritic spines and the overall
area of postsynaptic sites was decreased [141, 143]. This
likely occurs through a mechanism mediated by LRP, where
LRP antagonists that prevented Tat 86 association with LRP
also blocked subsequent LRP association with PSD-95 and
internalization of Tat 86 [141, 143]. The Tat core domain,
which spans residues 37-48, has been shown to bind LRP
to mediate rapid uptake of Tat into neurons grown in a
human fetal neuron—astrocyte co-culture system [150]. The
Tat 72-LRP interaction has been made more efficient by
additional associations with heparan sulfate proteoglycans
and leads to translocation of Tat 72 into the nucleus once
internalized [150]. Extracellular Tat binding to LRP on the
surface of neurons has been shown to trigger the formation
of an LRP-PSD-95-NMDAR-nNOS macromolecular com-
plex, which was shown to be inhibited by pretreatment with
CCL2 chemokine, which was previously shown to protect
neurons from Tat-mediated apoptosis [151]. The formation
of this complex in response to Tat exposure ultimately has
been shown to lead to apoptosis in neurons, though block-
ing LRP-mediated uptake, NMDA receptor activation, or
neuronal nNOS activity significantly reduced apoptosis in
neurons treated with extracellular Tat 72 [152]. Additionally,
pretreatment with LRP antagonist, receptor-associated pro-
tein (RAP), has been shown to disrupt LRP-Tat binding and
uptake of Tat 86 by its tight binding to surface LRP which
directly inhibits LRP-Tat 86 interactions, and also reversed
synapse loss that occurred post-Tat exposure, indicating that
RAP was a potent modulator of synaptic stability [141, 144].

In summary, although neurons cannot be infected by
HIV-1, they are subject to damage and excitotoxicity from
exposure to HIV-1 viral proteins such as Tat as well as
exposure to pro-inflammatory cytokines and other metabo-
lites secreted from other cells of the CNS. Excitotoxicity
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mediated through Tat stimulation of NMDAR can lead to
apoptosis as well-altered dendritic spine morphology which
has been shown to be correlated with neurocognitive decline.

Brain microvascular endothelial cells
(BMECs)

Tight junctions have been shown to be essential for main-
taining the integrity of the BBB and are necessary to link
brain microvascular endothelial cells (BMECs) together
[14]. The major tight junction proteins (TJP) at the BBB
are claudin-5, occludin, and zonula occludens-1 (ZO-
1), where the impairment of any of these TJP resulted in
increased BBB permeability [14]. When the endothelial
cell line hCMEC/D3 was exposed to extracellular Tat, there
was an activation of the RhoA/ROCK signaling pathway,
which has been shown to be involved in regulating the cell
cytoskeleton and the amount of actin filaments [14]. When
the RhoA/ROCK pathway was activated in the presence of
Tat, there was an observed decline in mRNA and protein
levels of Occludin, ZO-1 and junctional adhesion molecule-
A (JAM-A), resulting in increased BBB permeability [14,
15]. JAM-A was expressed at the lateral borders between
adjacent endothelial cells and functions to help maintain bar-
rier integrity by stabilizing cell junctions and reducing any
paracellular permeability [5]. Exposure to subtype B Tat
86, but not subtype C Tat 86, also resulted in upregulated
mRNA expression of JAM-2 in a time- and dose-dependent
manner in primary human BMECs [153]. Extracellular Tat
exposure of primary humans BMECs also increased the
expression of E-selectin, a cell adhesion molecule involved
in immune cell transmigration across the BBB [154]. When
primary human BMECs were exposed to subtype B Tat 86,
there was an overall downregulation of ZO-1 expression
(Fig. 2) [153]. However, the nuclear localization of ZO-1
increased with subtype B Tat 72 [155]. Furthermore, rat
BMEC exposure to subtype B Tat 72 led to a decline in
Z0-2, claudin-1, claudin-5, and occludin mRNA and protein
levels [156—158]. Mechanistically, the deregulated expres-
sion of tight junction complex components by Tat was found
to be due to alterations in several pathways, including the
previously discussed RhoA/ROCK pathway as well as the
Ras/caveolin-1 pathway, responsible for changes in ZO-1,
Z0-2, and occludin, and the VEGFR2/Ras/ERK1/2, PI3K/
AKT pathway which modulates claudin-5 [155, 156, 158,
159]. Additionally, extracellular Tat 86 exposure to human
cerebral microvascular endothelial cells resulted in down-
regulation of occludin and LRP-1 and upregulation of RhoA,
which contributed to accumulation of amyloid beta in the
brain [160]. The alteration of all these pathways highlights
the multi-faceted downstream effects of Tat exposure on the
BBB.

In addition to TJP, there are many other factors that can
affect BMEC integrity and functionality. Matrix metallopro-
teinases (MMPs) are a class of enzymes that belong to the
zinc metalloproteinases family that degrade components of
the extracellular matrix and are commonly expressed dur-
ing inflammatory conditions, where their activity is required
for inflammatory cells to traverse the extracellular matrix
[161]. Because Tat is known to produce a pro-inflammatory
environment, studies have specifically examined changes
in MMPs during Tat exposure to determine if elevated
MMP levels contribute to breakdown of BMEC integrity.
When primary human BMECs were exposed to Tat, there
was increased expression of MMP-9, a major MMP, which
cleaved occludin, to degrade it, resulting in reduced occludin
levels and increased permeability of the BBB [14, 15, 54,
162]. Interestingly in another study, primary human BMECs
exposed to subtype B Tat 86 exhibited transcriptional
upregulation of MMP-3, MMP-10 and MMP-12, as well as
upregulation of other proteases and peptidases involved in
extracellular matrix processing and cleavage. However, these
effects were not observed with Tat.AG, a Tat variant derived
from HIV-1 subtypes A and G [43]. Importantly, this study
did not find an increase in MMP-9, but this may have been
due to variations in experimental approach, where this study
used Tat at 100 ng/ml for 48 h, while the previous experi-
ment that saw an MMP-9 increase used Tat at 200 ng/ml for
24 h [43].

We have observed that in multiple cell types, Tat exposure
can increase the secretion of pro-inflammatory cytokines,
and this effect has been repeated in BMECs. Exposure of
primary human BMECs to subtype B Tat 86 enhanced the
secretion of the pro-inflammatory cytokines TNFa, IL-6,
and IL-8 [154, 163, 164]. In addition, conditioned media
from Tat-exposed primary human BMECs stimulated the
enhanced migration of PBMCs across a BBB model as a
result of increased IL-8 [164]. BMECs exposed to Tat also
increased MCP-1 secretion, which has previously been
shown to induce the transmigration of immune cells across
the BBB, and results in disrupted barrier integrity, and has
been shown to contribute to neuro-inflammation [5, 165].

In multiple cell types, Tat exposure triggers cell stress
and apoptosis; if the cell is damaged as a result of cell
stress, it can trigger the activation of the unfolded protein
response (UPR) and endoplasmic reticulum-associated
degradation (ERAD), to mitigate ER stressors. However,
if the stress continues, the cell will switch from a pro-
survival to a pro-apoptotic phenotype via upregulation
of C/EBP homologous protein (CHOP) [165]. Exposure
of primary human BMECs to Tat 101 resulted in ER
stress and induction of the ER stress sensors activating
transcription factor (ATF) 6, and PKR-like ER kinase
(p-PERK), as well as the downstream mediators; phos-
phorylated eukaryotic initiation factor 2 (p-elF2a) and
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activating transcription factor (ATF) 4 (Fig. 2) [73, 165].
The ER stress induced by extracellular Tat resulted in a
decline in BMEC viability and an increase in apoptosis,
where Tat mediated the activation of PERK and ATF6
pathways, resulting in activation of the pro-apoptotic
CHOP pathway [165]. ER stress in human BMECs may
also play a role in amyloid beta pathology, as ER stress
has been associated with inhibition of nuclear amyloid
beta uptake [166]. Increased amyloid beta deposition has
been observed in the brain of HIV-1-positive patients and
has been shown to accumulate in the cytoplasm of HIV-
I-infected hCMEC/D3 cells [166]. Furthermore, exposure
to Tat increased the aggregation of amyloid beta fibrils
in the brain, resulting in increased neurotoxicity both
in vitro with Sprague Dawley rat hippocampal neuronal
cell cultures free of mycoplasma and in six-month-old
transgenic C57BL-6 mice expressing mutations in human
amyloid precursor protein and human presenilin [167].

Although Tat can trigger cell stress leading to the UPR
in BMEQC:s, it can also trigger other stress-induced path-
ways and has been shown to increase the level of apop-
tosis in BMEC:s, resulting in increased BBB impairment
[165]. Tat 101 exposure to primary human BMECS stimu-
lated upregulation of the pro-apoptotic protein Bax, and
decreased expression of the anti-apoptotic protein Bcl-2,
resulting in the loss of mitochondrial membrane potential,
and the release of cytochrome c, resulting in increased
apoptosis [165].

Furthermore, Tat 86 elevated cytosolic Ca™? levels in
primary human BMECs, in vitro, and exposure of porcine
BMEC:s to subtype B Tat 72 resulted in increased oxida-
tive stress, coupled with a concomitant decrease in the
glutathione concentration, in a concentration-dependent
manner [168, 169]. Extracellular Tat exposure also medi-
ated increases in both oxidative and nitrosative stress
in primary human BMECs, which were linked to Tat-
induced systematic apoptosis and increased permeabil-
ity of exposed cells [170]. In primary human BMECs,
subtype C Tat 86 upregulated the activity of NADPH
oxidases (NOX2 and NOX4), which increased ROS and
activated proline rich kinase 2 (PYK-2), which phospho-
rylated VE-cadherin and B-catenin, to result in disrupted
adherens junctions and increased permeability [171].

Overall, these observations demonstrate that HIV-1 Tat
was capable of modulating a variety of cellular genes,
resulting in cascades of downstream effects that tend to
be pro-inflammatory and pro-apoptotic in BMECs cells,
leading to breaks in the BBB, which along with downreg-
ulated tight junction complexes, and upregulated adhesion
molecules, enabled activated immune cells and various
proteins, such as Tat, to more easily cross the BBB.
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Blood-brain barrier

The BBB is composed primarily of BMECs and secondar-
ily of astrocytes, pericytes and other cells, as well as other
molecular components, such as tight junctions, adhesion
molecules, and extracellular matrix components, which
all combine to form a selective, semi-permeable barrier
designed to protect the brain and maintain CNS homeo-
stasis (Fig. 4) [5, 15, 82, 172]. This functionally selective
barrier formed by astrocytes and BMECs still results in
gaps about 20 nm wide, which would allow many sol-
utes to easily pass through [173]. Therefore, tight junction
complexes formed between the BMECs are essential to
further restrict solute movement across the BBB [14]. The
integrity of the BBB is essential to normal functioning
in vivo, as immune surveillance in the brain occurs at a
rate that is 100-fold less than in other organs (such as the
spleen), exemplifying the importance of the BBB in regu-
lating entry of immune cells and proteins into the CNS [5].

There are two main possibilities for how cells (such
as monocytes), or proteins (such as Tat) cross the BBB.
The first is paracellular diapedesis, which involves extrava-
sation between tight junctions on adjacent cells, while
the second possibility is transcellular diapedesis, which
requires uptake into the BMECs and passage through the
cytosol of the BMECs, with egress on the opposite side of
the BBB [5, 14, 173]. BMECs express the HIV-1 co-recep-
tors CCR5 and CXCR4, providing a potential mechanism
for the virus to enter endothelial cells and gain access to
the brain; however, productive infection of these cells by
HIV-1 has not been reported [14]. Tat has been shown to
be able to enter BMEC:sS, likely by absorptive endocytosis,
after interaction with surface receptors [14]. Notably, the
predominant pathway of transmigration across the BBB
and the effect that HIV-1 or Tat may have on the preva-
lence of each pathway remains to be elucidated [5].

Tat has been shown to impair BBB integrity by inhibit-
ing essential tight junction protein expression, resulting in
increased leukocyte transmigration across the BBB, which
may contribute to the development of HAND (Fig. 4) [14,
165]. Throughout this review, we have discussed how Tat
affects the cells of the CNS, but when combined Tat expo-
sure to astrocytes and BMECs forming the BBB will alter
tight junction proteins, increase apoptosis and increase
secretion of pro-inflammatory cytokines. These effects
together will result in increased transmigration of immune
cells into the CNS, which creates a chronic feedback loop
of inflammation and damage in the CNS, resulting in the
development of neurocognitive decline.
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Fig.4 BBB under normal and Tat-impaired conditions. a BBB under
normal homeostatic conditions: there is low entry of PBMCs into the
brain, BMEC tight junctions and adherens junctions are intact, and
astrocyte gap junctions and adherens junctions (1) are also intact, per-
icytes are also present, and provide additional support for BMECS.
b BBB with Tat exposure: BMECs exposed to Tat have increased
expression of cell adhesion molecules (2), and downregulation of
tight junction and adherens junction complexes (3), which enhances
PBMC migration across the BBB. Tat exposure also results in an
increase in MMP-9 (4), which can cleave and inactivate occludin.

Conclusion

This review has primarily focused on Tat and its effect on
cells of the CNS; however, there are other HIV-1 proteins
that have been shown to be involved in CNS dysfunction.
Neuronal toxicity and activation-induced cell death has
also been caused by the viral protein Nef which has shown
to be released from HIV-1-infected cells via exosomes [12,
174]. Nef has also been shown to activate MMPs which
can then contribute to BBB damage [175]. In a rat model
recombinant Nef protein has also been shown to increase
leukocyte recruitment to the CNS via increased levels of
IL-6, TNF-alpha, and IFN-gamma [176]. Additionally,
gp120, Vpr, and Nef can initiate apoptosis in BMECs at
the BBB, indicating the ability of these proteins to alter
BBB integrity [9]. At the BBB, gp120 has been shown to
increase permeability by reducing the expression of ZO-1
in BMECs [177]. Gp120 binds to CCRS5 and CXCR4 to
mediate cellular entry, however, gp120 has been shown
to be neurotoxic in endothelial cells and can contribute to
decreased BBB integrity, resulting in increased permeabil-
ity and transmigration of monocytes into the CNS [178].
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Tat exposure enhances the secretion of MCP-1/CCL2 (5) from both
BMECs and astrocytes, creating a chemokine gradient that enhances
the migration of PBMCs across the BBB. In astrocytes, Tat exposure
results in the upregulation of the gap junction component Connexin
43 (6), and cell adhesion molecules and while suppressing the expres-
sion of B-catenin (7), Additionally, pericytes become dysfunctional
under Tat exposure where they do not provide BMEC support and
instead support low-level HIV-1 infection, and contribute to BBB
dysfunction

At the BBB, gp120 has also been shown to reduce the
Z0-1 and ZO-2 expression levels, as gp120 targets these
proteins for degradation by the proteasome [177]. Finally,
similar to Tat, gp120 has also been shown to activate astro-
cytes, and stimulates the production of pro-inflammatory
cytokines, chemokines, and nitric oxide, and together
these mediators can cause neuronal damage [179]. Extra-
cellular Vpr has also been shown to increase ROS as well
as the concentrations of IL-6, IL-8 and MCP-1 in astro-
cytes and this effect may be damaging to other cells of the
CNS [180, 181]. Although other HIV-1 proteins have been
shown to mediate effects similar to Tat, it is important to
note that Tat remains the one protein still measurable in
the CNS during ART.

It is strongly supported that Tat is a mediator of the
development of HAND, and that Tat in the CNS can modu-
late gene regulation and skew the microenvironment of the
brain to be more pro-inflammatory, thus enhancing HIV-1
pathogenesis. Despite ART, Tat is continually secreted from
latently infected cells, indicating that current ART regimens
are not adequate to inhibit the development of HAND, and
more targeted therapies are required [5, 12, 15, 16, 31].
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To fully understand the impact of Tat in the develop-
ment of HAND, it will be necessary to compare all three
Tat lengths in functional studies. Because Tat 86 and 101
can bind integrin receptors, it will be important to have stud-
ies incorporate BBB models to determine if Tat 86 and Tat
101 cross into the CNS at an accelerated rate as compared
to Tat 72. These studies would also ideally determine if Tat
86 and Tat 101 are able to cross the BBB at an accelerated
rate, if neurocognitive disorders are more likely to develop in
animals exposed to these Tat lengths as compared to Tat 72.
Additionally, because Tat 101 is involved in NF-kB activity
via the ESKKKVE motif, it will be important to determine
if there is increased NF-kB activity in the CNS as a result
of Tat 101 exposure, and if this activity results in increased
pro-inflammatory cytokines and increased transmigration
of immune cells into the CNS [37]. An animal model of
Tat is essential to study these effects further, where Tat 72,
Tat 86 and Tat 101 can be separately introduced in the CNS
at physiologically relevant concentrations and compared to
determine if there is a difference in the ability of Tat 72,
86, and 101 to affect progression and severity of neurologic
deficits. This study will be especially important because Tat
101 is the consensus length found in HIV-1-positive patients
with subtype B [10, 34, 37]. Furthermore, Tat 101 has the
combined effects of Tat 72 and Tat 86 plus the additional
ability to interact with NF-kB [37]. A study such as this will
definitively identify which Tat length is the most relevant for
studying Tat in the CNS and determine the importance of
Tat length in impacting the development of HAND.

A thorough understanding of the disparities in subtype-
mediated effects of HIV-1 and Tat remains to be elucidated.
At the present time, there are multiple crucial questions that
remain to be answered. What are the areas of high conser-
vation in Tat between subtypes? Does Tat genetic varia-
tion across the same subtype link to disease progression?
Although ART does not inhibit the production of Tat, does it
affect the toxicity of Tat? Are there differences in the amount
of Tat in the CSF of well-suppressed patients versus patients
with high viral burden? How can the establishment of viral
reservoirs in the brain be inhibited? These questions high-
light some of the current gaps of knowledge in the field and
indicate that more research is necessary to fully understand
the implications of Tat involvement in the CNS and its con-
tribution to the development of HAND.
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