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ABSTRACT
Pejman Rahimian

The role of exosomes and microRNA in Astrocyte-mediated HIV-1 Tat neurotoxicity

Human immunodeficiency virus invades the central nervous system (CNS) soon after the
initial infection, often leading to neurological complications including cognitive and motor
dysfunction, which have been collectively termed HIV/neuroAIDS. The introduction of
combination antiretroviral therapy in the mid-1990’s led to reduced viral replication,
improved immune function and increased life expectancy among HIV-infected individuals.
As a result, the incidence of the most severe form of cognitive impairment due to HIV, so
called HIV-associated dementia, reduced dramatically. However, the treatment regimen
was not successful in protecting the patients from neuroAIDS as more discrete forms of

CNS dysfunction, so-called minor cognitive motor disorders, have become more common.

HIV-1 Tat protein is an indispensable factor for successful transcription and replication of
the viral genome. Aside from nucleus-bound functions, Tat is diffusely and
unconventionally secreted outside of infected cells and contributes immensely to the
pathology of neuroAIDS as a potent neurotoxin. The presence of Tat in the CNS despite
the implementation of combination anti-retroviral therapy and the strong correlation of
pathological hallmarks of neuroAIDS with continued Tat expression in CNS cells warrant
a thorough understanding of the partially explained unconventional secretion

mechanism(s) by Tat. Exosomal secretion of cargo has been established as an extremely
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efficient pathway of glia-neuron communications and astrocytes have been shown to utilize
this delivery mechanism for the provision of neurotrophic factors and danger-associated

molecular patterns to neurons.

My dissertation research consisted of two parts. In the first part, we investigated the
possibility of exosomal association and distribution of Tat protein from astrocytes and its
delivery to neurons. We demonstrated significant presence of HIV-1 Tat in exosomes
derived from Tat-expressing primary astrocytes, astrocytoma cell lines, and HIV-infected
T cells. We further showed that exosome-associated Tat from Tat-expressing astrocytes
was capable of causing neurite shortening and neuron death, further supporting that this
new form of extracellular Tat is biologically active. Lastly, we constructed a Tat mutant
deleted of its basic domain and determined the role of the basic domain in Tat trafficking
into exosomes. Basic domain-deleted Tat exhibited no apparent effects on Tat trafficking
into exosomes, while maintained its dominant negative function in Tat-mediated LTR
transactivation. Taken together, these results show a significant fraction of Tat is secreted
and present in the form of exosomes and may contribute to the stability of extracellular Tat

and broaden the spectrum of its target cells.

In the second part, we investigated the mechanism of neurite shortening by Tat. Dendritic
pruning and synaptic loss of neurons are the most prominent pathological hallmarks of
neuroAIDS in the cART era. Although Tat has been implicated in the synaptodendritic

damage to neurons, the exact mechanisms of this injury by Tat have not yet been elucidated.
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Several important controllers of dendritic plasticity have been shown to be post-
transcriptionally regulated by a brain-enriched microRNA, miR-132, which is abundantly
expressed in the brains of the HIV-infected individuals with cognitive impairment. We
found significant induction of miR-132 in both astrocytic and neuronal cell lines following
Tat transfection. Tat expression in primary astrocytes from our doxycycline-inducible Tat
transgenic mice (iTat) and HIV-infected primary human astrocytes also led to significant
upregulation of this microRNA. We confirmed the repression of miR-132 target genes
involved in the regulation of dendritic length following Tat expression. Using a basic-
domain-deletion mutant of Tat we further demonstrated that Tat-induced miR-132
expression involved CREB phosphorylation. Lastly, we showed that following Tat
expression in astrocytes, exosome-associated miR-132 was significantly increased and
caused neurite shortening in primary mouse cortical neurons. Taken together, these results
demonstrate for the first time the role of miR-132 in Tat-induced damage of the dendritic

arbor.
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INTRODUCTION

1. The epidemioloqgy of HIV/AIDS

HIV-1, a member of the lentivirus family, is the virus that causes acquired immune
deficiency syndrome (AIDS), a continued global threat to public health [1-4]. HIV-1, the
predominant subtype of the virus, was initially called the lymphadenopathy-associated
virus (LAV) and the human T-lymphotropic virus-111 (HTLV-II1). This subtype causes the
majority of all infections globally while the HIV-2 subtype is only limited to West Africa
[5]. According to the 2015 UNAIDS report, 36.9 million people are currently living with
HIV worldwide and 2 million have been newly infected since 2014. Both new infections
and AIDS-related deaths however have fallen dramatically (35% and 42% respectively)
compared to the data from 2004. Access to combination anti-retroviral therapy (CART) has
also improved from 23% in 2010 to 41% in 2014, reflecting the reason for the rise in life

expectancy of people living with the virus [6].

Four classes of compounds have been effectively used to interfere with HIV life cycle and
replication; these include: nucleotide reverse transcriptase inhibitors, non-nucleotide
reverse transcriptase inhibitors, protease inhibitors, and integrase inhibitors. cART
incorporates at least two classes of antiretroviral drugs to successfully suppress viral
replication . Unfortunately, the success of CART in improving the length and quality of the
infected population’s life has not translated into a viable cure for this devastating disease
and the aging HIV-infected individuals experience accelerated co-morbidities of aging and

significant neurocognitive impairments associated with the HIV invasion of the CNS. Until
1



the complete identification and removal of latent reservoirs of the virus and a reliable

vaccine, HIV remains an epidemic with colossal socio-economic consequences worldwide.

2. Clinical staging of HIV/AIDS

HIV-1 infection was categorized into three stages prior to the CART era: acute, clinical
latency, and AIDS. The slow and progressive destruction of CD4+ T cells represents the
hallmark of progression in HIV-1 infection (Fig. 1) [7]. The acute phase, also termed acute
retroviral syndrome (ARS) represents following 2-4 weeks after the initial exposure as flu-
like symptoms which include fever, enlarged lymph nodes, sore throat, rash, muscle and
joint pain, and headache [8, 9]. In the acute stage, outburst of virion production in dendritic
cells and their travel to lymphoid organs leads to the infection of CD4+ T cells [10], and
reduction of CCR5+ subset of memory T cells. Consequently, the infected CD4+ T cells
disseminate the virus by entering the systemic circulation, leading to initial viremic burst
and high numbers of viral RNA. Following viremia, the CD8+ T cell response leads to

sharp reduction in viral load and increase in CD4+ T cell numbers.
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Figure 1. Clinical staging of HIV-1 infection. Clinical phases of HIV-1 infection is
plotted as changes in CD4" T cell counts per mm?® and plasma viral load (HIV RNA
copies per ml in the plasma) against the duration of time after exposure. Clinical stages
and their representative hallmarks are indicated at the bottom. Adapted from Maartens,

G et al. 2014 [9].



[11]. This brings about the next stage of the disease which is the clinical latency phase.
This period can last from 2 to over 20 years and bears minimum to no symptoms. Viral
load measurements in this stage remain low or undetectable while CD4+ T cell numbers
drop gradually [12]. cART has made it possible for patients to remain within the clinical
latency phase for decades. Once CD4+ T cell depletion reaches to counts lower than 200
cellssfmma3, the dramatic compromise in cellular immunity breaks the wall of protection
against opportunistic infection and at this stage, progression to AIDS has been established

[18].

3. Invasion of the CNS by HIV-1

3.1. HIV-1 entry into CNS

HIV-1 invades the CNS in the early phase following the systemic exposure [13]. In general,
four different mechanisms have been proposed for virus entry into the CNS environment
(Fig. 2) [14]. These include Trojan horse hypothesis, transcytosis of endothelial cells,
infection of endothelial cells, and cell-free virus entry. Trojan horse hypothesis (Fig. 2A-
1) is the most commonly accepted model which explains HIV-1 entry into the CNS through
infiltration of virus-infected immune cells such as CD4+ T cells, monocytes and
macrophages from systemic circulation [14-16]. This method of entry has been observed
in other retroviruses including feline immunodeficiency virus (FIV), simian
immunodeficiency virus (SIV) and human T cell leukemia virus type | (HTLV-I) [16].
Autopsy brain samples from AIDS patient and SIV-infected rhesus macaques has also

shown the infiltration and accumulation both CD4+ and CD8+ T cells [17, 18]. Additional

5



enforcing evidence for this hypothesis comes from the fact that viral proteins of HIV-1
induce the secretion of cytokines and chemokines, which invite even greater numbers of
immune cells into the CNS and facilitate HIV-1 traffic through the BBB [19]. The blood-
brain barrier is composed of brain microvascular endothelial cells (BMVEC) connected to
one another through tight junctions, pericytes located in the basal membrane of blood
vessels, and the surrounding astrocytes which extend their projections to endothelial cells
[20, 21]. Transcytosis is defined by endocytosis of HIV-1 into the BMVEC and its shuttling
through this layer of cells, followed by releasing of the virions on the CNS side of BBB

[14]. (Fig. 2A-2).

Direct infection of BMVEC (Fig. 2A-3) has also been proposed as a mechanism of HIV-1
entry into the CNS. This model of entry suggests that the impairment of tight junctions
between BMVEC as a result of viral protein production and the ensuing induction of pro-
inflammatory cytokines such as tumor necrosis factor-a. (TNFa) and interleukin-1 8 (IL-
1B) leads to the disruption of BBB and dissemination of the free virions (Fig. 2A-4) into
the CNS. Proteins of the virus such as Tat and gp120 are mainly responsible for the pro-
inflammatory responses and activation of BMVEC [22], and the consequent apoptosis of

BMVEC causes the impairment in tight junctions [23-25].
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Figure 2. Proposed mechanisms of HIV-1 entry into the CNS. A. Depiction of
common hypotheses of HIV-1 entry to the CNS. 1. Trojan horse hypothesis: HIV-1 is
crosses into the CNS by infiltrated HIV-infected lymphocytes, monocytes, and
macrophages. 2. Transcytosis: HIV-1 endocytosis and shuttling across endothelial cells.

3. Direct infection of endothelial cells. 4. Cell-free virus entry. B. Key



3.2 Infection of the CNS cells by HIVV-1

Following CNS entry through a combination of the described mechanisms, HIV-1 infects
microglia and astrocytes. Microglia are brain-resident macrophages which are
differentiated from monocytes and migrate from bone marrow into the brain [26, 27].
Comprising about 15% of all cells in the brain, microglia serve as scavengers and antigen
presenting cells with the potential to contribute to the pro-inflammatory response [28, 29].
Microglia are susceptible to HIV-1 infection because they express the CD4 receptor and
one of the co-receptors, CCR5 or CXCR4 [30]. Susceptibility and permissiveness of
microglia to HIV-1 has been demonstrated in vivo and in vitro, as Env and p24 are readily
detected in microglia isolated from HIV-infected patients, and primary human microglia
can be productively infected using M- and X-tropic strains of HIV-1 in culture [31].
Microglia play a crucial role in the HIV-1 invasion of the CNS since they are the main
targets which productively support the viral replication, and activate neuroinflammatory

cascades that substantially contribute to neuroAIDS pathology.

Astrocytes are the most abundant cell population in the CNS which are not only responsible
for making up the BBB from their processes, but they also maintain homeostatic balance
of other cell types. Although astrocytes do not support productive HIV-1 infection,
components of the virus including proviral DNA, RNA and viral proteins such as Tat and
Nef are readily detected in these cells [32]. In fact, about 19% of astrocytes have been
reported to contain HIV-1 RNA in brain tissue from HIV-infected individuals [33]. Unlike

microglia, astrocytes are susceptible but not permissive to HIV-1 infection. Their



susceptibility is mostly towards the T-tropic HIV-1 and is independent of chemokine
receptors. Following infection, the production of viral structural gene products has been
shown to be limited to a low or undetectable levels [34]. However, astrocytes express
copious amounts of early, non-structural gene products such as Tat, Nef and Rev [34, 35].
Even in latently infected astrocytes, a low level of transcription of the provirus is evident

since HIV-1 Tat protein is readily detected [36, 37].

The restrictive nature of infection in astrocytes has been explained in the context of viral
entry blockage and post-entry restrictions at multiple steps in HIV life cycle. Astrocytes do
not possess surface CD4 receptors and are therefore infected through the CD4-independent
receptor-mediated endocytosis pathway characterized by binding of the virus to the human
mannose receptors (hMR) [38, 39]. The efficiency of this cell-free virus infection of
astrocytes has been proven extremely low. The expression of Nef has been described as
one of the mechanisms of restricted astrocyte infection following entry. As the negative
regulator of replication, Nef reduces LTR activity in astrocytes and contributes to the
restricted virus production in astrocytes [40]. The Rev protein has been pointed out as
another culprit since an abnormal accumulation of this protein has been documented in the
cytoplasm of infected astrocytes which could lead to the blockage of viral mMRNA export
[41]. Previous studies from our laboratory indicate impairment of Rev function in
astrocytes due to low constitutive expression of Sam68, an important cellular co-factor of
Rev in these cells [42].The most convincing evidence on lack of new virion production in

HIV-1 infected astrocytes however comes from epigenetic studies of astrocytes.
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Accumulative evidence suggests that astrocytes serve as latent CNS reservoirs for HIV-1
and that reactivation of viral replication from latency is possible through stimulation of
infected astrocytes with NF-xB, TNF-a and IL-18 [14]. This reactivation is also
documented in co-culture experiments of actively infected monocytes and lymphocytes
with latently infected astrocytes [34]. Evidence from blips in CNS-compartmentalized HIV
replication also provide evidence that the source of the latent virus in the CNS is not from
myeloid or lymphoid lineage [43]. Data from epigenetic investigation of HIV-1 latency in
astrocytes has shown that class | histone deacetylases and lysine specific histone

methyltransferases are responsible for the silencing of HIV-1 replication in astrocytes [44].

Other cell types in the CNS such as neurons, neuron progenitor cells, oligodendrocytes,
and endothelial cells do not actively support HIV-1 infection. However, these cells are
substantially affected by HIV-1 infection of microglia and astrocytes and this indirect
negative impact of infection contributes significantly to the pathogenesis of neuroAIDS
[14]. The source of this indirect damage is comprised of secreted viral proteins and
cytokines produced by infected glial cells which dysregulates the functions of these

uninfected cells or leads to injury and death [24, 45].
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4. HIV/NeuroAIDS

4.1 Epidemiology of neuroAIDS

Following early HIV-1 invasion into the CNS [46], the direct and indirect consequences of
viral infection lead to neurological symptoms that range from motor and cognitive
dysfunctions and are collectively called neuroAIDS [47]. The specific neurological
disorders associated with HIV/neuroAIDS are termed HIV-associated neurocognitive
disorders (HAND), which are categorized into asymptomatic neurocognitive impairment
(ANI), mild cognitive-motor disorders (MCMD), and the most sever but rare form, HIV-
associated dementia (HAD) [48, 49]. In the pre-cART era, HAD was a common
complication of AIDS which affected approximately 25% of the infected individuals [50].
The introduction of CART in 1996 suppressed systemic viral replication and improved the
immune function. Interestingly the incidence of HAD also diminished substantially mainly
due to the decreased burden of infected peripheral cells infiltrating the CNS. As a result,
the life expectancy of infected individuals improved dramatically, to the extent that more
than half of the HIV-infected population in the U.S is over 50 years of age [49]. Despite
CART’s success in shifting the consequence of HIV-1 infection from a death sentence to a
chronic, manageable disease, HIV-associated neurological diseases, particularly MCMD
not only did not subside, but became more prevalent [13]. Currently, greater than 50% of
the individuals living with HIVV-1 show some form of the HAND. Asymptomatic and mild
cognitive impairment each comprise about 25% of cases and HAD has remained at about

2% of all cases [51, 52]. cCART has not been able to completely prevent or reverse
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neuroAIDS, and thus new approaches for the treatment of neuroAIDS and ultimately

removal of the CNS reservoir are urgently needed [5].

4.2 CNS pathology in neuroAIDS

CNS infection by HIV-1 brings about clinical neurological symptoms that include impaired
learning and memory, diminished focus, lethargy, slowing of locomotor activity,
depression, personality disorder, and behavioral/mood problems [53]. In the initial phase
of infection, pathology associated with the virus include gliosis, activation of microglia,
and mild axonal damage [54, 55]. Concomitant with progress to the symptomatic stage of
disease, the most significant pathologies include emergence of HIV encephalitis (HIVE),
opportunistic infections, widespread reactive astrocytosis, cerebral atrophy, myelin pallor,
microglial nodules, activated resident microglia, multinucleated giant cells, neuronal

damage, and loss of BBB integrity [56, 57].

In the post-CART era, the most prominent hallmark of HIV-1 pathology in the CNS is
synaptodendritic damage. Injury of the dendritic arbor strongly and positively correlates
with worsening of cognitive status in neuroAIDS [58] and with HIV-1 burden in the CNS
tissue [59]. In fact, synaptodendritic damage is considered the major source of impairment
in cognitive status of HIV-affected individuals as opposed to neuronal loss [59-61].
Synaptic loss has been described in the context of neuroinflammation associated with HIV-

1 invasion of the CNS [62, 63]. HIV-1 Tat protein alone is capable of reducing synaptic
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protein levels [64-66] and dendritic arbor [1, 67, 68]. However, the exact molecular details

of Tat’s effect on dendritic degeneration have not been elucidated.

4.3 Mechanisms of neuroAIDS pathogenesis

Neurons are most severely affected in the CNS invasion of HIV-1, yet they are not directly
infected by the virus. As discussed in previous sections, macrophages, microglia, and to a
lesser extent, astrocytes are primary cell targets for HIV infection in the CNS [39, 69-72].
Therefore, indirect mechanisms of pathogenesis have been proposed for HIVV/neuroAIDS.
These mechanisms are mainly categorized into three groups: improper immune activation
of macrophages and microglia, release of viral and host soluble factors from infected cells,
and dysfunction of astrocytes. Although all three of the proposed mechanisms may
potentially be involved in the pathogenesis of HIV/neuroAIDS, the driving force behind
the progressing of neuroAIDS is considered to be the activation of macrophages and
microglia, since it facilitates the migration of other immune cells form the periphery into
the CNS [73]. Activation of microglia induces neuronal damage due to the release of
potentially neurotoxic levels of oxidative radicals, nitric oxide and/or the cytokines, such
as TNF-a and IL-1 [74-76]. On the other hand, soluble viral proteins, such as gp120 and
Tat have been shown be able to directly damage the BBB, lead to inflammation, induce

oxidative stress, impact intracellular Ca2+ homeostasis, and cause neurotoxicity [77-80].

Dysfunction of astrocytes due to reactive astrocytosis leads to the disruption of homeostasis
in the CNS. Especially, astrocytosis leads to failure in uptake of toxic levels of glutamate,

the major excitatory neurotransmitter [81, 82]. Astrocytosis also induces a pro-
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inflammatory profile in astrocytes characterized by the expression of cytokines and
chemokines such as MCP-1, IL-13, IL-6, RANTES, and CXCL10 [83-86]. This
inflammatory phenotype in turn leads to the recruitment of more monocytes, macrophages,
and lymphocytes into the CNS. Astrocyte dysfunction also leads to the disruption of BBB

and results in vulnerability of the CNS to opportunistic infections [87, 88].

5. HIV-1 Tat protein

The HIV-1 genome is about 9.7 kb in length and its proviral DNA consists of two
regulatory regions called the long terminal repeat (LTR) flanking at both sides of the HIV-
1 coding region [89-91]. The LTR contains the U3, R and U5 regions, which are essential
for the binding of cellular transcription factors, transactivator of transcription (Tat)-
mediated transactivation, and proviral DNA integration [92-94]. The RNA genome of HIV-
1 consists of 9 open reading frames which give rise to 15 proteins. Six of these proteins are
non-structural and are called accessory proteins [95, 96] (Fig. 3) HIV-1 Tat (Trans-
Activator of Transcription) is one of the accessory proteins encoded by the tat gene, which
consists of 2 exons: the first exon encodes 72 amino acids, and the second one encodes an
additional 14 to 31 amino acids depending on the viral strain [97]. The primary function
of HIV-1 Tat is to promote HIV-1 transcription via transactivation of the HIV-1 LTR. In
HIV transcription, Tat first binds to cyclin T1 and recruits cyclin T1/CDK9 complex
termed positive transcription elongation factor b (P-TEFb) to the HIV- 1 LTR promoter

[98-100], a process that requires binding of Tat to the TAR RNA bulge and of cyclin T1 to
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the TAR loop. The cyclin T1-associated CDK9 kinase then phosphorylates the C-terminal
domain of RNA polymerase Il (Pol Il), leading to a critical transition of Pol Il from a non-
processive state to a processive state and hence transcription of HIV genome and synthesis
of full-length HIV RNA transcripts. A number of cellular factors have been identified to

interact with Tat and regulate HIV- 1 replication [101-106].

Examination of Tat primary amino acid sequence reveals five distinct domains (Fig. 4)
[107-109]: N-terminal activation domain which is also known as acidic domain (aa 1-20),
central cysteine-rich domain (aa 21-37) which contains seven cysteines that are highly
conserved between different isolates of HIVV-1. Mutations in six of the seven cysteines
abolish Tat function completely [110, 111], core domain for Tat binding to TAR RNA (aa
38-48), basic domain contains a basic RKKRRQRRR motif and is essential for nuclear
localization, TAR binding, and transactivation (aa 49-57). Mutations in the basic domain
lead to abolishment of Tat induced LTR transactivation [112-114]. C-terminal domain of
Tat contains a highly conserved tripeptide sequence Arg-Gly-Asp, known as an RDG
sequence, which has been found important for Tat binding to cell surface via integrin-
mediated cell adhesion [115, 116]. Tat, not only plays important roles in productive HIV-
1 replication, but also acts as a major pathogenic factor in HIV-1 associated pathogenesis

[117].
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Figure 3. Genomic organization of HIV-1. HIV-1 provirus is composed of
three structural genes including gag, pol, env flanked by two LTR promoters.
HIV-1 contains 6 unique accessory genes that include tat, rev, nef, vif, vpr,

vpu.
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Figure 4. Structural domains of HIV-1 Tat protein. Tat consists of five essential
domains: N-terminal domain, cysteine-rich domain, core domain, basic domain and C-
terminal domain. The ordered number of amino acids comprising each domain has been

labeled at the bottom.
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5.1 Tat protein secretion and uptake

In addition to being a transcriptional regulator of HIV-1 replication, intact and biologically
active HIV-1 Tat secretes out of HIV-infected cells [118, 119] and Tat-expressing cells
[120-127]. A substantial amount of Tat protein (0.1-10 ng/ml) is detected in the serum of
HIV positive individuals [118]. Tat’s exit from cells does not rely on cell apoptosis [118,
121]. However, Tat can be released from cells via cell death and turnover of the HIV-
infected cells [128]. Antibodies that specifically bind Tat have been found to effectively
inhibit viral replication in cultures, pointing to the functional integrity of secreted Tat
protein [129]. Several studies including ours have demonstrated that Tat protein can be
taken up by cells in culture and lead to transactivation of HIV LTR. [130-132]. Peptides of
Tat have been utilized to successfully deliver protein cargo inside cell targets [133-136]
and basic peptides have been found to enhance Tat protein internalization [131, 134, 135].
The fact that Tat is a basic protein and contains strongly basic domains could possibly
explain non-discriminative Tat uptake into cells. It is shown that the basic domain of Tat
is critical for Tat protein transportation. It not only allows Tat traffic though the plasma
membrane, but also facilitates other proteins to be delivered into cells [133, 135]. This
feature of the basic domain is explained through local invagination of the plasma
membrane, caused by ionic interactions between the side chains of Tat basic domain and
the negative charged phospholipid head of the membrane, leading to the reorganization of
lipid bilayer and the penetration of the Tat basic domain into the membrane [135, 137]. We
have previously demonstrated that Tat can enter neurons by specifically interacting with

the lipoprotein receptor (LRP) on these cells and lead to the disruption of metabolic balance

21



of LRP ligands and suggests the adverse impact of Tat in HIV-associated
neurodegenerative disease [132]. HIV-1 Tat secretion occurs through unconventional
secretory pathways since the gene encoding Tat does not contain a signal sequence [121,
122, 138]. Such alternative secretory pathways have been documented for other growth

factors, such as interleukin-1f and basic epidermal growth factor [122].

A number of functions have been proposed for extracellular Tat protein, resulting from
transactivation of either LTR or cellular genes following direct Tat uptake, or as a
consequence of intracellular signaling induced following the interaction of Tat with cell
surface receptors. These include activated production and expression of growth factors
[139] and cytokines [140-142] and of cytokine receptors [143-145], stimulation of cell
proliferation and migration [146, 147] and protease production, chemoattractant activity of
monocytes [148, 149], and angiogenic activity [150-154]. Extracellular Tat also transforms
and immortalizes keratinocytes in cultures [155]. Extracellular Tat induces apoptosis in
peripheral blood mononuclear cells [156] which indicates Tat’s involvement in the
depletion of CD4+ T cells and progression to AIDS. Extracellular Tat has also been
implicated in the initial outburst of HIV-1 replication [157], and for increased HIV-1 gene
expression in glial cells through induction of cell arrest at G1 phase [158]. Finally,
extracellular Tat represses the transcription of the MHC class | gene and negatively affects
the immune system [159, 160], human mannose receptor [161], and interleukin-12 [162].
Tat has been shown to activate expression of the murine cytomegalovirus promoter [163]

and the JC virus [164-166], suggesting that Tat can alter the replication of other viruses,
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probably through interaction with upstream enhancer elements. Thus these findings
support the important role of extracellular Tat in the progression of HIV/AIDS, and

different HIV-associated pathologies including HIV-associated neurocognitive diseases.

5.2 The role of Tat in HIVV/neuroAIDS

Tat is readily detected in the CNS of patients with HIVV-associated dementia [167] deriving
from HIV-infected-microglia and astrocytes or HIV-infected monocytes, macrophages and
infiltrated CD4+ T lymphocytes [79, 121, 168, 169]. There is a strongly positive correlation
between CNS Tat levels and HIV-associated cognitive impairments [167, 170]. Tat induces
direct toxicity to neurons [171-173]. Direct Tat exposure alters integrity, homeostasis,
neuroexcitatory property, endoplasmic reticulum calcium load, and oxidative state in
neurons [171-176]. Minute amounts of extracellular Tat, ranging from 1 uM to 0.1 mM is
sufficient to cause acute loss of neuronal integrity and excitotoxicity [177-179]. Studies
from the transgenic mouse model created in our laboratory have established that
neuropathologies associated with induction of Tat expression in the brain are identical to
those noted in the brain of AIDS patients [1]. It has also been reported that intracerebral
injection of the basic domain of Tat leads to neuronal loss, inflammation, and reactive
astrocytosis [180]. Aside from causing acute neurotoxicity, Tat is also considered to be the
major pathogenic factor in neuroAIDS due to indirect interactions with other cells in the
CNS such as astrocytes, microglia, and BMVEC which lead to their dysfunction or over-

activation [181-183].
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5.2.1 Tat effects on astrocytes

Astrocytes have crucial roles in the maintenance of CNS homeostasis and neuronal
integrity and their dysregulation has been observed in the process of several
neuropathological conditions. In the context of HIV-1 CNS invasion, astrocytes have been
shown to be significant contributors to pathology by changing the CNS environment:
astrocytosis leads to dysregulation in glutamate metabolism and uptake [184-187],
production of pro-inflammatory cytokines and chemokines and subsequent attraction of

immune cells into the CNS, and facilitation of virus spread to other CNS cells [188, 189].

Reactive astrocytosis is one of the hallmarks of neuroAIDS and defined as the increase in
the number and size of astrocytes along with amplified expression of glial fibrillary acidic
protein (GFAP) [184, 190]. GFAP is a cellular marker of astrocytes whose expression is
developmentally and pathophysiologically regulated [191, 192]. GFAP forms extensive
networks that maintain mechanical strength and shape of astrocytes and provide dynamic
platforms for the organization of the cytoplasm at a structural and functional level [193,
194]. This important structural protein is involved in astrocyte volume regulation [195],
glial scar formation [196], and anchoring glutamate transporters to the plasma membrane
to facilitate neurotransmitter recycling [197]. Besides, GFAP has important roles in glia-
neuron interactions and CNS morphogenesis [198, 199]. Recent findings suggest GFAP
involvement in the long-term maintenance of brain architecture, proper functioning of the
BBB, and modulation of neuronal functions [198, 200, 201]. Several studies including ours

have demonstrated that HIV-1 Tat alone is sufficient to lead to astrocytosis and up-
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regulation of GFAP, which result in astrocytes-mediated neurotoxicity [202-206]. We have
shown that Tat-induced GFAP upregulation plays an essential role in astrocyte-mediated
Tat neurotoxicity [206]. Our unpublished results have also shown that the accumulation
and aggregation of GFAP by Tat leads to unfolded protein response (UPR) and
endoplasmic reticulum stress (ERS), which in turn causes lysosomal exocytosis and
comprised neuronal integrity and survival. This process is abolished when GFAP is
completely knocked out. These findings support the notion that astrocytes play important

roles in Tat-induced neurotoxicity and HIV/neuroAIDS.

5.2.2 Tat effects on microglia

Microglia are brain-resident macrophages with significant roles in the pathophysiology of
HIV-1 infection. Macrophages and microglia both support viral replication and are capable
of affecting other cells in the CNS. Following infection and activation, these cells secrete
high levels of cytokines and bioactive metabolites, such as TNF-a, matrix
metalloproteinase (MMP), platelet activating factor (PAF), and arachidonic acid [207-210].
TNF-o and PAF are elevated in the central nervous system of patients with HAD and have
been shown to contribute to neuronal apoptosis in glutamate mediated excitotoxicity [211,
212]. MMP is detected in the CSF of HIV-infected individuals and its presence is
associated with increased CSF white blood cell count and elevated CSF-to-serum albumin

ratio, which is considered as the marker of BBB leakage [213, 214].
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5.2.3 Tat effects on BMVEC

BMVEC, similar to astrocytes, are a major component of BBB and therefore important for
the preservation of the BBB integrity. Treatment of BMVEC in culture with HIV-1 Tat
leads to the release of nitric oxide (NO) which in turn induces signaling for apoptosis in
thymocytes [24]. Tat protein also increases the permeability of BMVEC by decreasing the
production of occludin via MMP [215]. Tight junctions are critical structural and functional
elements that secure BMVEC layers in the BBB. Tat expression in BMVEC, both in vitro
and in vivo, alters the expression of claudin-5, one of the most important components of
tight junction, suggesting Tat’s disturbance of the BBB integrity which contributes to
increase in trafficking of immune cells and HIV into the brain [216]. In addition, Tat
increases intracellular reactive oxygen species (ROS) levels, which in turn phosphorylates

the VE-cadherin complex and increases the BMVECSs permeability [217].

5.2.4 Tat effects on cytokine and chemokine expression

Tat promotes the secretion of cytokines and chemokines from astrocytes, microglia, and
infiltrated immune cells in the CNS [218, 219]. These include: TNF-a, TGF-p, MCP-1, IL-
1B, IL-6, RANTES, and CXCL10 [83-86]. Tat induction of TNF-a causes apoptosis in
neuronal cells [220]. Another toxic effect of TNF-a is due in part to its ability to inhibit
glutamate uptake by astrocytes, leading to excitotoxicity of neurons [221]. Induction of IL-
6 by Tat increases GFAP transactivation, leading to astrocytosis [222, 223]. Tat leads to a
dramatic expression of MCP-1 which is reflected by accumulation of this chemokine in the

CSF and positively correlates with the severity of cognitive impairments in patients with
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HIV encephalitis [83]. MCP-1 also increases the permeability of the BBB and facilitates
the transmigration of monocytes across the BBB [224]. CXCL10 overexpression has been
observed in several neurodegenerative diseases including multiple sclerosis (MS),
Parkinson’s disease (PD), Alzheimer’s disease (AD), and HIV-associated dementia, and

can lead to neuronal apoptosis by elevating intracellular calcium levels [225-227].

5.2.5 Tat and oxidative stress

Oxidative stress is defined as a shift in the REDOX system towards the production of
damaging oxidative moieties which cannot be neutralized efficiently by anti-oxidant
mechanisms. This imbalance is modulated by various kinds of ROS, which lead to the
oxidation of proteins and DNA, and peroxidation of lipids [228]. Signs of oxidative stress
can be detected in the brain and the CSF of HIV patients. For instance, peroxidation
products are predominantly found in neurons, glia, and BMVEC in the brain of patients
with HIV encephalitis and macaques with SIV encephalitis [229]. Proteins of HIV-1
including gp120 and Tat are implicated in the induction of oxidative stress during infection
of the brain [230]. Tat direct interaction with neuronal receptors stimulates the production
of ROS and triggers the oxidative stress-dependent apoptotic cascades [175]. Striatal
injections of Tat have also shown to cause elevation in protein and lipid peroxidation [231].
In addition, Tat induction of free radical synthase and pro-oxidant production, such as nitric

oxide (NO), is potentially toxic to other types in the CNS [232].
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6. Exosomes and their role in HIVV-1 infection

6.1 Extracellular vesicles

Extracellular vesicles (EVs) are organelles secreted by both prokaryotic and eukaryotic
cells. They were first identified under the electron microscope (EM) in the biofluids and
cell cultures, and initially considered to be experimental artifacts from damaged
neighboring cells before their specific biogenesis mechanisms and distinct functions were
discovered [233, 234]. EVs are classified into several different types according to their size
and origin: 1) Exosomes: vesicles of 50-150 nm in diameter with endocytic-multivesicular
body (MVB) origin. 2) Ectosomes: also called shedding micro-vesicles (SMV), 50-1000
nm in diameter and directly bud from plasma membrane. 3) Apoptotic bodies: 50-5000 nm
in diameter, generated by dying cells during apoptosis [235]. Each of these vesicles has

distinct cargo profiles and carries out different functions in a given biological process.

6.2 Biogenesis and function of exosomes

Exosomes are bi-layered extracellular vesicles with a size range of 50-150 nm and
constitutively secreted by many cells and carry significant RNA and protein cargos and
serve as intercellular messengers to regulate physiological and pathophysiological
processes in target cells [236-238]. They are generated by inward budding of the MVB
membrane, formation of intraluminal vesicles, fusion of the MVB membrane with the
plasma membrane, and release of the intraluminal vesicles from MVB into the extracellular

environment [239]. The intraluminal vesicles in the MVB could be formed by endosomal
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sorting complex required for transport (ESCRT)-dependent pathway and ceramide-
dependent pathway [240]. The ESCRT-dependent pathway involves the sorting of
monoubiquitinated cargos on the MVB membrane and the packaging of cargos into the
vesicles [241]. The ceramide-dependent pathway mostly relies on lipids such as ceramide
to induce inward vesicle budding of the MVB membrane and lipid raft formation [242,
243] (Fig. 5). Thus, exosomes derived from those two pathways can by identified by
specific markers: TSG101 for exosomes from ESCRT pathway [241, 244], GM1, CD63

and Achk for lipid raft-rich exosomes from ceramide pathway [243, 245-251].

Many proteins universally found in exosomes produced by various cell types are
commonly used as exosome markers, including integrins and tetraspanins (CD9, CD63,
CD81 and CD82), heat shock proteins (HSP70), proteins involved in MVB biogenesis
(TSG101 and Alix) and proteins involved in membrane transportation and fusion (Rab
GTPases, annexins, flotillins) [252-254]. Besides the universal markers listed above,
exosomes are documented to associate with over 4400 different proteins and over 1500
MRNAs and 700 miRNAs [255]. This number is rapidly growing and these special features
of exosomes have made them potent vehicles for intercellular substance exchange and

signal transduction.
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Figure 5. Exosome biogenesis and release. Illustration of general exosome
biogenesis and release process. Sorting of cargo and internal budding of MVB
membrane occurs through two mechanisms: ESCRT-dependent and Ceramide-
dependent. The MVB membrane invagination creates ILVs. Fusion of MVB
membrane with plasma membrane will release ILV content which are now called

€X0Somes
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6.3 Exosomes in HIV-1 infection

Exosomes are involved in intercellular protein and RNA transportation. They share
similarities in size and biogenesis with many enveloped viruses which make them perfect
vehicles for virus and viral product transmission. Viral proteins and nucleic acids and intact
viruses have been shown to be present in exosomes from infected cells. In fact, several
pathogens are found to be capable of hijacking exosomes for spreading their own infectious
agents including herpes simplex virus (HSV) and hepatitis C virus (HCV) [256-261]. In
case of HIV, the intact virus, Gag protein, unspliced HIV-1 RNA, and HIV-derived
microRNA have been detected in exosomes from HIV-infected cells [262-265]. Thus,
exosomes from HIV-infected cells could contribute to transmission of the virus or work as
a mechanism of defense against the virus. Although HIV-1 was detected in purified
exosomes in many early studies, whether HIV-1 is incorporated into exosomes is still
remaining controversial due to the technology limitations in exosome purification and
exosome-virus separation [266]. Some recent studies have successfully separated HIV-1

from exosomes using new advanced methods, which remain to be further validated [267].

7. MicroRNA and HIV-1 infection

7.1 MicroRNA biogenesis

MicroRNA (miRNA) are small, non-coding RNA which function in silencing mRNA and
are involved in virtually all physiological and pathological processes of life [268]. They

are 18-22 nucleotides long and are transcribed by RNA polymerase Il in the nucleus as
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primary miRNA (Pri-miRNA). Following capping and poly-adenylation steps, they are
processed and trimmed by the RNase 111 enzyme Drosha into pre-miRNAs. These structure
are then transported to the cytoplasm by Exportin 5 and processed by another RNase 11
called Dicer to produce a double stranded miRNA duplex. The duplex becomes associated
with Argonaut (AGO) proteins, unwinds, and one of the strands gets loaded into the RNA-
induced silencing complex (RISC). Once in the RISC complex, the mature strand works as
a guide RNA to recognize the mRNA target and bind its 3’ UTR region via base-pairing
[269]. Nucleotides 2-6 (seed region) of the majority of miRNA pair with the 3> UTR
imperfectly and lead to the translational repression of target mMRNA via a complex and
incompletely understood mechanism. A perfect base-pairing between the seed region of
miRNA and 3’ UTR of mRNA will lead to degradation of the target mMRNA which is the

mechanism of siRNA silencing in plants and synthetic SIRNA methodologies (Fig. 6)
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Figure 6. MicroRNA biogenesis pathway. RNA polymerase Il transcribes primary
miRNA (pri-miRNA) which are then processed by Drosha into precursor miRNA (pre-
miRNA) hairpins. These are transported into the cytoplasm by Exportin 5 and further
processed by Dicer into miRNA duplexes. Following strand separation, the mature
miRNAs are loaded into RNA-induced silencing complexes (RISCs) to guide the

repression of protein synthesis or mRNA degradation.
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7.2 miRNA and disease

Dysregulation of miRNA in the context of disease has become increasingly evident. As
rapid responders to change in cellular environment, miRNA expression alters accordingly
and at times, these modifications in expression can fight against or contribute to pathology
[270]. This nature of rapid response to change has made miRNA extremely attractive
candidates of biomarker discovery. Extracellular miRNA can be detected in all biofluids
in association with lipoproteins, proteins of the argonaute family, or exosomes, which adds
to their value as resistant molecules capable of tolerating common problems of sample
handling without degradation. Profiling of miRNA has been performed in the context of
various CNS disorders including AD, Parkinson, Schizophrenia, ALS, and MS and have
led to identification of specific miIRNA expression patterns associated with each of the
diseases [271]. In cancer, expression of miRNA has been shown to follow identifiable
signatures during each step of cancer development, progression, and response to therapy

[272].

7.3 Dysregulated miRNA in HIV-1 infection

miRNA are master regulators of protein expression in major physiological processes and
are dysregulated in disease [273]. Viral infections in particular have been shown to disrupt
cellular miRNA profiles mainly due to the fact that they tweak the host’s replication or
transcription machinery [274]. In HIV-1 infection, downregulation of host miRNA
involved in anti-viral immunity [275] or replication [276, 277] has been observed. HIV-1

Tat itself has been shown to inhibit production of host anti-viral mMiRNA in peripheral blood
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mononuclear cells (PBMC) [278]. In the context of HAND, Tat’s disruption of neuronal
function through alterations in miRNA profile of these cells has been reported [279, 280],
adding another dimension to the toxicity of this protein to neurons. Investigating the global
expression pattern of miRNA in response to HIV infection has revealed disease-specific
miRNA signatures that could potentially be used as biomarkers of staging, progression,
and therapeutic monitoring. The initial study compared miRNA expression in peripheral
blood mononuclear cells (PBMC) between HIV patients and healthy controls [281].
Expression of 63 miRNA is altered in PBMC of HIV infected patients. Several mostly
down-regulated miRNA are T-cell specific and have the anti-HIV property. In a follow-
up study, HIV patients are divided into four groups: asymptomatic, CART naive, CART
treated, and cART resistant, significant correlation is found in miRNA expression between
plasma and PBMC. In addition, two differentially expressed miRNA in both plasma and
PBMC could potentially predict progression of disease and response to therapy [282, 283].
miRNA profile in PBMC of viremic subjects and elite controllers show the same pattern
of down-regulation of anti-HIV miRNA in both groups, but also differentially expressed
miRNA specific to patients with HIV viremia [283]. Down-regulation of the let-7 miRNA
family has been noted in HIV-infected T cells and correlated with increase in IL-10
expression and inhibition of T cell responses against HIV infection [284]. Besides those
studies, the other study also shows a general trend in down-regulation of anti-viral defenses
in T cells and PBMC following infection with HIV [285]. Overall down-regulation in
miRNA expression in HIV infection has also been associated with RNA silencing

suppressor (RSS) activity of HIV Tat [286, 287] and Vpr [288]. To date, four
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comprehensive miRNA profiling studies have been conducted to identify suitable
biomarkers for HIV/neuroAIDS. Two of these studies have been performed on archived
and post-mortem brain tissue, one on plasma, and one on CSF. Parallel analysis of mMRNA
and miRNA expression profiles in the frontal cortex of HIV patients with or without HAD
have shown 68 differentially expressed miRNA in HAD, 49 of which are down-regulated
and 19 are up-regulated [289]. Further gene ontology and clustering analysis reveals
involvement of significantly altered miRNA in axon guidance and down-stream signaling.
Five miRNA are identified as potential biomarkers of neurodegeneration based on the fact
that they are all enriched in neurons and have previously been shown to be involved in
processes related to pathology in AD, Huntington, MS, and Schizophrenia. mMiRNA
expression profiling in the brains of four HIV patients with encephalitis shows that the
majority of up-regulated miRNA are involved in the transcriptional control of gene
products important in immune response and inflammation, nucleotide metabolism, and cell
cycle control [290]. These findings are consistent with infiltration and proliferation of
immune cells in the CNS. Down-regulated miRNA are shown to be involved in cell death
and resting state of glial cells [290]. Paired miRNA profiling of the plasma in HIV patients
with or without cognitive impairment shows that 30 pairs of miRNA are differentially
expressed but only 10 of them can be used to distinguish cognitively impaired HIV patients
from unimpaired [291]. Interestingly, three of these identified miRNA targeted brain-
derived neurotrophic factor [291]. The first and only CSF miRNA profiling study
compared frontal cortex tissue and CSF of HIV patients with or without neurocognitive

impairment to healthy controls [292]. The study found 66 differentially expressed miRNA
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in CSF samples and 35 of those miRNA were also detected in frontal cortex. There were 4
miRNA with identical expression patterns between both sample sources and one miRNA
with more than 20 fold higher expression in CSF compared to brain tissue. Computer-
assisted target prediction of significantly altered miRNA indicated involvement in
cytoskeletal remodeling, cell adhesion, chemokine expression, neurogenesis, axonal

guidance, notch signaling, synaptogenesis, and nerve impulses.

7.4 Involvement of miRNA in the requlation of neurite outgrowth

Several miRNA have been shown to be involved in processes specific to the nervous
system owing to their expression patterns and control of CNS-specific targets [293].
Amongst discovered miRNA regulated processes, roles in brain development [294]
neuronal differentiation [295], fate determination of neuronal cells [296] regulation of

spine development [297], and neurite morphogenesis [298] have been very well established.

Dendritic pruning and shrinkage of neurite outgrowth remains the pathological hallmark
of HAND in the post-CART era [61]. Tat protein itself has been implicated in causing
aberrant morphology of dendrites and loss of synapse [299]. Studies on miRNA profiling
of brain tissue in cognitively impaired HIV patients have revealed differential expression
signatures of miIRNA that are involved in the regulation of dendrite formation and
branching [289, 292, 300, 301]. Interestingly, a brain-enriched microRNA, miR-132,
which regulates several proteins involved in controlling dendritic plasticity [302], was

found to be upregulated substantially in brain tissue from HIV patients with neurocognitive
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impairment [292]. This microRNA is required for the proper development, maturation, and
function of neurons by regulating neuronal outgrowth [302]; and its downregulation has
been observed in several neurological disorders such as Alzheimer’s and Taupathies [303].
Outside of CNS environment, miR-132 has been shown to be highly upregulated in HIV
infected CD4+ T cells [304]. A major target of miR-132, methyl CpG binding protein 2
(MecP2) with significant roles in neurogenesis [305], neuronal differentiation [306], and
proper development of dendritic arbor [307] has also been found to be dysregulated in
HIV/neuroAIDS cases [308]. Brain derived neurotrophic factor (BDNF), another
important regulator of dendritic growth [309-311] and synaptic function [312, 313] which
shows notable reduction in the brain and serum of HIV infected subjects [314, 315], is
directly and positively regulated by MecP2 [316]. In fact, an axis of regulation exists in the
brain involving BDNF, miR-132, and MecP2 [317], in which BDNF induces miR-132
through phosphorylation of cAMP response element binding protein (CREB), the
transcription controller locus of miR-132 [318, 319]. As a target of miR-132, MecP2 is
ultimately repressed, leading to the repression of BDNF due to the negative regulatory
feedback nature of this axis. Improper timing or duration of miR-132 expression has been
shown to be neurotoxic, indicating the delicate balance in the regulation of this axis [320].
Another target of miR-132, Rho GTPase-activating protein 32 (p250GAP/RICS) regulates

dendritic spine morphology of neurons in a negative manner [321].

HIV-1 Tat can potentially induce miR-132 because of its capability in phosphorylating

CREB through several pathways [322-325] and promoting the binding of p-CREB to CBP
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which leads to the transactivation of loci containing CREB-responsive elements (CRE)
[326]. On the other hand, Tat directly binds CBP, recruiting this histone acetyltransferase
to the CRE [327]. Both CREB phosphorylation and CBP binding activities of Tat have
been shown to be dependent on the basic domain integrity of this protein [328, 329].
Continued expression of Tat in CNS despite CART, along with pathological evidence of
reduced neurite outgrowth warrant the investigation of Tat involvement in molecular

pathways associated with miRNA-dependent control of neurite morphogenesis.

8. Doxycycline-inducible astrocyte-specific Tat-transgenic mouse model (iTat)

Rodent models of lentiviral infection and HIV disease were created soon after the discovery
of the virus [330]. These models can reflect HIV-1 pathology and are useful in therapeutic
testing and vaccine development [331]. The major advantage of these models compared to
larger animals required for lentiviral infection models is that they are easy to handle and
their genomes can be manipulated to produce specific proteins of HIV-1 that cause
significant pathology. Early models of HIV disease in rodents included transgenic rat or
mouse models that contained the provirus and were capable of expressing relevant HIV-1
proteins. Our laboratory created a mouse model that specifically expresses Tat in astrocytes
following treatment with doxycycline [1]. Inducible Tat transgenic mouse colonies (iTat)
were created by generation of two separate transgenic lines: Teton-GFAP mice, and TRE-
Tat86 mice, and then cross-breeding of these two lines of transgenic mice (See Figure 7).
Our group has conducted extensive studies on the physical and behavioral effects of Tat

expression in this model. We have also uncovered significant molecular pathways of Tat-
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induced neurotoxicity by studying the brain tissue as well as primary cultures established
from our iTat model. Our group’s initial studies of iTat mice show that following Tat
expression, these mice show behavioral and neuropathological characteristics similar to
cognitively impaired HIV patients. Physical characteristics following DOX treatment in
these mice include: failure to thrive, hunched gesture, tremor, ataxia, slow cognitive and
motor functions, seizure, and premature death. Histological examination of brain tissue
from DOX-treated iTat mice reveal complete collapse of the cerebellum, progressive loss
of the cortex, and significant vacuolation. Widespread reactive astrocytosis and infiltration
of monocytes/ macrophages was also observed identical to the brain of HIV patients. Our
data prove that our iTat mouse model reflects accurately the neuropathologies associated

with neuroAIDS [1].

Further studies by our group using this model led to the discovery of molecular pathways
in Tat-induced astrocytosis. We first showed that GFAP activation was directly involved
in neurotoxicity induced by Tat [332]. Next, we found that p300 is involved in GFAP
expression in astrocytes and that Tat positively regulates p300, leading to GFAP
upregulation [204]. These findings helped us determine the signaling pathway involved in
Tat-induced GFAP upregulation and present a model for this important effect of Tat on
astrocytes. We showed that STAT3 expression and phosphorylation by Tat happens
upstream of Egr-1 and p300 activation, leading to GFAP transactivation [205, 333].
Investigating the effects of Tat expression on growth inhibition of DOX-induced iTat

primary astrocytes, we found anti-proliferative properties of Tat due to this protein’s
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interactions with several cell cycle regulators [334]. Lastly, observing a significant increase
in the infiltration of T lymphocytes in iTat mouse brains following Tat expression, we
showed that chemokine induction by Tat is responsible for this event. In addition to
inducing CCL2, CCL3, CCL4, CCL5, CXCL2, and CXCL10, we found that Tat also
upregulates XCL1 which has significant roles in tissue-specific recruitment of T

lymphocytes [335].

Other groups have also taken advantage of our iTat mouse model and have reported similar
findings on astrogliosis, neuronal dendrite degeneration, and infiltration of immune cells
[331]. Some of these studies have made novel discoveries regarding the involvement of
Tat in neurodegenerative mechanisms. A study on the involvement of Alzheimer’s disease-
like pathology in HIV infection has found significant neuronal damage and accumulation
of phosphorylated tau in our mouse model, concluding that Tat promotes AD pathology
[336]. Investigation of neuronal autophagy functions using our mouse model has shown
that Tat induces abnormal fusion of autophagosomes and lysosomes, leading to
dysregulated clearance of neuronal components [337]. A study on disruption of neuronal
microRNA by Tat has shown that specific target genes of Tat-induced miRNA show
decreased levels in histological preparations of our iTat mouse brains, confirming Tat-

specific alterations in neuronal miRNA [279].

Behavioral studies of our iTat mice have also been performed by several groups. One study

has revealed disruption of synaptic protein distribution and near total suppression of long
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term potentiation (LTP) in the cortex and CAL regions of the iTat mouse brain [67]. This
loss in LTP coincides with the disruption of spatial memory and learning in these mice
which shows Tat expression in the brain results in deficits in memory consolidation or
retrieval. Assessment of multiple behavioral tasks using the iTat mice has also shown that
Tat expression is followed by significant induction of anxiety-like behavior in all of the
tasks performed [338] and that female iTat mice were significantly protected from Tat-
induced anxiety-like response by progesterone [339]. Tat expression has also been found
to potentiate cocaine-mediated psychostimulation and reward in male iTat mice, indicating
the potential role of Tat in psychostimulant abuse among the HIV-infected population
[340]. Collectively, these results from our own group and others reinforce the relevance of
our iTat mice as an excellent model of neurocognitive impairment associated with HIV

infection.

9. Summary of the background and our hypotheses

Although the implementation and expansion of access to CART has dramatically reduced
new infections and HIV-related deaths over the past few two decades, the prevalence of
HIV/AIDS remains high and the number of individuals living with the virus has increased
[341, 342]. Suppression of systemic viral replication and prolonged life expectancy of the
infected population under HAART come with the cost of preserving latent viral reservoirs
in both periphery and the CNS [343, 344]. In addition, our yet to achieve ability in
eradicating the integrated provirus is potentiating the development of drug resistant

mutations [341, 342, 344, 345]. Despite the dramatic response of the neurodegenerative
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process associated with HIV-1 to anti-retroviral therapy, over 50% of the infected
population demonstrate neurological disease of significant detriment to daily function with

a dangerous potential to affect attachment to therapeutic intervention.

There is substantial evidence to support Tat protein as a major culprit in the ongoing
inflammation and synaptodendritic pathology associated with HIV-1 infection of the CNS
[171-173]. Tat is produced and released from both actively infected cells and non-
permissive cells within the CNS, and applying concentrations of this protein relevant to
amounts reported in the brain and CSF to in vitro cultures demonstrates identical signs of
pruning in dendrites and retraction of neurites [177-179]. More importantly, the dendritic
injury induced by Tat is reversible [346]. These findings indicate that by completely
blocking Tat production or inhibiting its associated mechanism(s) involved in the affliction
of synaptodendritic injury, we might be able to protect neurons while other approaches in
excising the provirus are investigated. Hence, a better understanding of Tat’s
unconventional secretion mechanisms in the CNS and Tat’s effects on regulators of

synaptodendritic plasticity is warranted.

In the first part of our studies, we investigated the possibility of Tat exosomal release from
astrocytes. As the most abundant cells in the CNS with crucial roles in maintaining the
BBB, ensuring homeostatic balance, and providing nutrition for neurons, astrocytes
employ exosomal delivery of trophins and danger associated molecular patterns to neurons

[347]. Astrocytes are known to secrete Tat protein as it can be detected in the culture
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supernatants of these cells once they are infected with the virus or transfected with Tat
expression plasmids [1]. Exosomes provide a long range of molecular delivery of protein
and nucleic acid cargo without a compromise in the stability of carried material which
makes them excellent vehicles of nano delivery. Considering the established biological
activity of extracellular Tat protein, combined with its ability to interact with biological
membranes, we hypothesized that Tat could also access endosomal membranes, traffic to
the MVB, and be released in exosomal form. In order to test the possibility of Tat
incorporation into exosomes, we examined the specificity and efficiency of its secretion
into different subpopulation of exosomes using traditional ultracentrifugation, advanced
OptiPrep gradient fractionation, and HIV-1 LTR-driven luciferase reporter-based cell

system.

In the second part of our work, we characterized the mechanism for Tat shortening effect
on neurites. Tat is known to reduce the dendritic arbor in a reversible manner [346]. The
molecular details of this effect however are not clear. Several regulators of
synaptodendritic plasticity are rapidly and post-transcriptionally controlled by specific,
brain-enriched microRNA. One of these miRNA, miR-132, has been found to have
significant upregulation following HIV-1 infection in T-cells [304] and in the post-mortem
brain tissue from cognitively impaired HIV patients [292] An important target of this
miRNA in the brain, MecP2, is a positive regulator of dendrite and neurite outgrowth [307].
Interestingly, the expression of this microRNA is under the control of CREB, a molecule

which Tat is known to activate via several kinase pathways [324]. We hypothesized that

46



continuous Tat expression in the CNS is leading to phosphorylation of CREB and induction
of miR-132 which in turn leads to MecP2 repression and loss of dendritic arbor. Using
astrocyte cell lines and primary astrocytes, we studied the expression levels of this
microRNA following Tat expression and HIV-1 infection. In order to investigate the
specificity of Tat in upregulating this miRNA, we constructed a mutant Tat expression
plasmid that lacked CREB phosphorylation capacities. Finally, by incorporating synthetic
antagonizers of miR-132 expression, we determined the effect of Tat induced miR-132

overexpression on viability and neuritogenesis of primary cortical neurons.

MATERIALS AND METHODS

MATERIALS

Media and supplements

Dulbecco’s Modified Eagle’s Medium (DMEM), Ham's F12 Medium (F12) and Kaighn’s
modification of Ham’s F-12 medium (F12k) were purchased from Lonza (Walkersville,
MD). Neurobasal-A Medium and Penicillin-streptomycin-glutamine and trypsin were
purchased from Gibco (Grand Island, NY). Fetal bovine serum was purchased from
Hyclone (Logan, UT). Ampicillin sodium salt and Kanamycin sulfate were purchased from
United States Biological (Swampscott, MD). The bacterial culture media were prepared as
follows: Luria broth (LB) media were made of 10 g/L Bacto tryptone and 5 g/L Bacto yeast
extract (BD Biosciences, San Jose, CA) plus 5 g/L NaCl. Solid LB culture plates were

prepared from complete LB medium with the addition of 15 g/L Bacto agar (BD
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Biosciences). Super optimal broth with catabolite repression (SOC) was purchased from
Life technologies (Grand Island, NY). Working concentrations of antibiotics were 100
pug/ml ampicillin and 50 pg/ml kanamycin. Exosome-free media were obtained by
ultracentrifugation of the complete media (serum with antibiotic) at 100,000 g for 16 hr

and removal of the exosomes and used in all studies involving exosomes.

Antibodies

Rabbit anti-Myc (sc-789) (WB 1:1000), mouse anti-MAP2 (sc-13561) (IF 1:200), mouse
anti-Cytochrome ¢ (Cyto c) (sc-13561) (WB 1:250), mouse anti-CREB, goat anti-P-CREB
(Ser'3), rabbit anti-BDNF, goat anti-RICS, rabbit anti-MecP2, mouse anti-SYP, mouse
anti-PSD-95, and rabbit anti-CBP were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA).

Phycoerythrin (PE)-conjugated mouse-anti-p24 (KC57) was purchased from Beckman
Counter (Brea, CA). Mouse anti-His was purchased from Applied Biological materials
ABM (Richmond, BC). Rabbit anti-green fluorescence protein (GFP) (632592) (WB
1:1000) was purchased from Clontech (Mountain View, CA). Mouse anti-GFAP (WB
1:1000, IF 1:200), mouse anti-B-actin (WB 1:2000), rabbit anti-TSG101 (T5701) (WB
1:1000), normal mouse, rabbit 1gG, and mouse anti-B-actin (WB 1:2000) were purchased
from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO). Mouse anti-CD63 (WB 1:1000) was
purchased from System Biosciences (Mountain View, CA). Rabbit anti-GFAP (Dako) (IF
1:500) , Sheep anti-mouse IgG-horseradish peroxidase (HRP) and donkey anti-rabbit 1gG-

HRP (WB 1:3000) were purchased from GE Healthcare (Little Chalfont, Buckinghamshire,
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UK). Mouse anti-p24 derived from p24 hybridoma cells (#1513) was obtained from NIH
AIDS Reagent Program, and donated by Dr. Bruce Chesebro of National Institute of
Allergy and Infectious Diseases, Hamilton, Montana [348]. Donkey-anti-Rat Alexa-Fluor-
555, donkey-anti-goat Alexa-Fluor-555, goat-anti-mouse Alexa-flour-555, g goat-anti-
mouse Alexa-flour-488, and goat-anti-rabbit Alexa-Fluor 488 (IF 1: 1000) were purchased

from Molecular Probes (Eugene, Oregon, USA).

Reagents

Enhanced chemiluminesence (ECL) reagents for Western blotting detection were made in
house. Protease inhibitor cocktail set VV were purchased from Roche (Indianapolis, IN). T4
DNA polymerase, T4 DNA ligase, calf intestinal phosphatase (CIP), and all restriction
endonucleases were from New England Biolabs (Beverly, MA). Poly-L-lysine, Yeast
mannan, dextran sulfate, and 4’°,6’-diamidino-2-phenylindol (DAPI) were purchased from

Sigma. All other chemicals were from Fisher (LaGrange, KY).

Biotechnology systems

The expand high fidelity PCR system, Gel and PCR clean-up kit and firefly luciferase assay
system were purchased from Promega (Madison, WI). The Bio-Rad DC protein assay kit

was from Biorad Laboratories (Hercules, CA).
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METHODS

Cells and cell cultures

Cell lines

The human embryonic kidney cell line 293T, human astrocytoma U373.MG and
neuroblastoma cell line SH-SYS5Y were purchased from American Tissue Culture
Collection (ATCC) (Manassas, VA). Human T cell leukemia cell line MT4 was obtained
from NIH AIDS Reagent Program, and donated by Dr. Douglas Richman of University of
California, San Diego [349]. TZM-bl cells were obtained from NIH AIDS Reagent
Program (contributed by Dr. John C. Kappes, Dr. Xiaoyun Wu and Tranzyme Inc.) [350]

and maintained in DMEM.

Primary cells

Mouse primary astrocytes were isolated from 18.5-day-old embryonic brain tissue of the
Tat-inducible transgenic mice described previously [1, 203, 335]. Human primary fetal
astrocytes were isolated, similarly to mouse primary astrocytes, from aborted 16-week fetal
tissues (Advanced Biosciences Resources, Alameda, CA). Primary mouse cortex neurons,
isolated and cryopreserved from C57BL/6 embryonic day-17 mice were purchased from

GIBCO (OK).
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Competent cells for cloning
GC5TM chemically competent E. coli was purchased from GeneChoice (Frederick, MD).
XL-10 Gold Ultracompetent cells were purchased from Agilent Technologies (Santa Clara,

CA).

Cell cultures

293T and U373.MG were maintained in DMEM. SH-SY5Y were maintained in F12 and
DMEM (1:1 mix). MT4 cells were maintained in RPMI-1640. Mouse and human primary
astrocytes were maintained in F12K. All culture media were supplemented with 10% fetal
bovine serum (FBS) and 100 ug/ml Penicillin-streptomycin and 2 mM glutamine. Mouse
primary cortex neurons were maintained in Neurobasal-A supplemented with 1% B27, 20
ng/ml EGF, 20 ng/ml bFGF, 50 U/ml penicillin, and 50 pg/ml streptomycin. All cells were

cultured at 37 C with 5% CO2.

Animals and tissue

Mouse strains
Wild type C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harhor,
Maine, USA). Doxycycline (Dox)-inducible brain-specific HIV-1 Tat transgenic mouse

model (iTat) mouse model was described previously [351].
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Plasmids

cDNA3 and EGFP-N3 plasmids were purchased from Clontech (Mountain View, CA).
Tat.Myc, Tat.His and Tat.GFP plasmids were previously described [132]. ABD Tat mutant
was constructed using a QuikChange 1l XL siite-directed mutagenesis kit (Stratagene, La
Jolla, CA) with Tat.His as the template and primers 5°- GGC ATC TCC TAT GGC CCT
CCTCAAGGATCC-3 and5- GGATCC TTG AGG AGG GCC ATA GGA GAT GCC-

3". The mutant deleted of the basic domain region (aa 49-57) was verified by sequencing.

Bacterial transformation

Plasmids were transformed into GC5TM or XL-10 Gold competent cells according to the
manufacturer’s directions. Briefly, cells (25 ul) were mixed with 0.5-2 ul (50-200 ng) DNA
ligation product and incubated on ice for 30 min. The cells were then heat-shocked at 42°C
for 45-60 sec, followed by incubation on ice for another 2 min, and addition of 250 ul of
SOC medium. The cells were then incubated at 37°C for less than 1 hr with shaking at 225
RPM, and plated on LB plates containing the appropriate antibiotics. For large-scale
cultures, transformed cells were grown in LB medium at 37°C for 16 hr with shaking at

225 RPM.

Cell transfections

Transfections were carried out using the standard calcium phosphate precipitation or

lipofection method. Media were replaced 6 hr post-transfection. Transfection efficiency as
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monitored by GFP expression was 80%-90% for 293T, and 20%-40% for U373.MG,

primary mouse astrocytes, and primary human astrocytes.

miR-132 mimic and inhibitor transfection

Synthetic miR-132 mimic (Mission microRNA hsa-miR-132, Cat. HMI10190, mature
sequence  ACCGUGGCUUUCGAUUGUUACU) and miR-132 inhibitor (Mission
microRNA, hsa-miR-132, Cat. HSTUDO0191, mature sequence
UAACAGUCUACAGCCAUGGUCG) duplexes along with negative control miRNA
(Mission  microRNA  Negative Control 1, Cat.HMCO003, mature sequence
CGGUACGAUCGCGGCGGGAUAUC) were purchased from Sigma (Sigma-
Aldrich,Mo). For 24-well seeded neurons or astrocytes, 5 nM miR-132 mimic and 50 nM
miR-132 inhibitor was transfected into each well according to Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) siRNA transfection or siRNA/DNA co-transfection
protocol. Cells were assessed for target repression through Western blotting analysis 48
hours after transfection. For flow cytometric tracing of miR-132 mimic, covalent labeling
by Cy?® was carried out using Mirus LablellIT miRNA Cy® Kit as instructed by the
manufacturer. Following the transfection of labeled miR-132 mimic, cells were analyzed
for orange-red CY?3 signal detected through FL-2 red laser of a BD Accuri C6 flow

cytometer.
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Western blotting

Cells were harvested and lysed in RIPA buffer [1 mM EDTA, 0.5 mM EGTA, 1% Triton
X-100, 1% sodium deoxycholate, 140 mM NacCl, 0.1% sodium deoxycholate, 10 mM Tris
HCI, pH 8.0] with protease inhibitor and PMSF (phenylmethylsulfonyl fluoride) (Sigma)
for 20 min on ice. Lysates were sonicated on ice and cleared of cell debris by 16000 g, 15
min centrifugation and the protein concentration was determined using a Bio-Rad DC
protein assay kit with a BIO-RAD microplate reader. Equal amounts of protein were pre-
incubated with 1x SDS loading buffer at 100°C for 10 min. Each sample was loaded onto
and separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Proteins were transferred onto nitrocellulose membrane and probed with desired
primary antibodies and then with appropriate HRP or fluorescence-conjugated secondary
antibodies. Chemiluminesence visualization was performed using a homemade ECL
system. Florescence visualization was performed using a BIO-RAD Chemi Doc imaging

system (BD imager).

RNA isolation and semi-quantitative RT-PCR

Total RNA was isolated using a TRizol Reagent kit (Invitrogen, Carlsbad, CA) according
to the manufacturer’s instructions. Reverse transcription-PCR (RT-PCR) was performed
using a Titan One Tube RT-PCR kit (Boehringer Mannheim, Indianapolis, IN) on a PE
Thermocycler 9700 (PE Applied Biosystem, Foster City, CA). The primers for Tat were
5’-GTC GGG ATC CTA ATG GAG CCA GTA GAT CCT-3’ and 5°-TGC TTT GAT

AGA GAA ACT TGA TGA GTC-3’; the primers for the internal control glyceraldehyde-
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3-phosphate dehydrogenase (GAPDH) were 5’-CTC AGT GTA GCC CAG GAT GC-3’
and 5’-ACC ACC ATG GAG AAG GCT GG-3’. The expected sizes for Tat and GAPDH

amplification product were 216 and 500 bp, respectively.

Quantitative RT-PCR

For the analysis of miR-132 levels, small RNA was isolated from cells in culture or
exosomal pellets using miRvana miRNA Isolation kit (Ambion, Austin, TX) according to
the manufacturer’s protocol. A total of 1 ug RNA was used in the TagMan MicroRNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). miR-132 fold
expression change was calculated based on 2-ddCT method normalized to snRNA U-6 and
plotted in log values. For measurement of miR-132 levels in exosomes, let-7b was chosen
as normalizing control based on consistent expression patterns of this miRNA in astrocytes
and their exosomes [352]. Real time PCR primers were designed for BDNF, MecP2, IL-6,
MCP-1, and TNF-a with the following sequences. BDNF-3” CCT GGT GGA ACT TCT
TTG CGG, BDNF-5 GAA AGC GAG CCC CAG TTT GG, MecP2-3° GGA GCC TGA
CCC TTC TGA TG, MecP2-5> GGA TGT TAG GGC TCA GGG AAG, MCP1-3° CTT
CTT TGG GAC ACT TGC TGC, MCP1-5" CTC AGC CAG ATG CAA TCA ATG. All
real time PCR assays were run on a BioRad CFX system. All CT values were normalized

to CT of B-actin.

55



3-(4, 5-dimethylthiazol-2-y1)-2.,5-diphenyl tetrazolium bromide (MTT) assay

The neurotoxicity of astrocyte culture supernatants was determined by the MTT assay
using mouse primary neurons, or SH-SY5Y. The cells were plated in a 48-well plate at a
density of 1 x 105 cells/well and cultured for two days. Then, the cells were exposed to
culture supernatants (2:1 ratio) collected from astrocytes that were either transfected with
plasmids or induced with Dox and continued to culture for 3 days. MTT (5 mg/ml) was
added directly to the culture medium to the final concentration of 1 mg/ml, the cultures
were incubated at 37°C for 4 hr. The medium was then removed, and the purple crystal
precipitates were dissolved in 200 pl acid-isopropanol (44 ml isopropanol plus6 ml 0.2 N
HCI). Aliquots of the acid-isopropanol solvent were transferred into a 96-well plate, and
the optical density was taken using a microplate reader at a test wavelength of 490 nm and

a reference wavelength of 650 nm and used to represent the relative cell viability.

Lactate dehydrogenase (LDH) cytotoxicity assay

A Takara LDH Cytotoxicity Detection Kit (Takara Bio INC.) was used for this assay.
Briefly, astrocytes and neurons were seeded in a 96-well plate and transfected with Tat,
miR-132 mimic or Inhibitor. After 72 hr, Triton x-100 was added to one well as a high
positive control. The plate was centrifuged and 150 pl of each culture supernatant was
transferred to a new 96-well plate. Substrate reagent (100 ul) was then added to each well
and incubated at 37°C for 30 minutes. The plate was immediately placed in a reader and

absorbance at 490 nm was measured. Percentage of cytotoxicity was calculated based on
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the absorbance of each sample at 490 nm compared with the low and high controls. The

high positive control was confirmed to have 100% cell lysis microscopically.

Preparation of pseudotyped HIV-GFP virus and infection of human primary fetal

astrocytes

For preparation of HIV-infected T cells, 1 million MT4 were exposed to HIV-1 virus
equivalent to 10,000 cpm in 1 ml RPMI complete medium at 37°C with 5% CO2 for 4 hr
and washed with PBS twice then continued for cultured in fresh medium with cell density
of 0.3-1.0 million per ml at 37°C with 5% CO2. Percentages of infected cells were
monitored every other day by immunostaining of p24 followed by flow cytometry. For
cell-free virus infection of astrocytes, U373.MG or human primary astrocytes were seeded
at 50-70% confluency one day before infection. HIV-1 viruses (NL4-3, HIV.GFP)
equivalent to 15,000 cpm were added to astrocyte cultures and incubated for 4-16 hr at
37°C with 5% CO2. For VSV-G pseudotyped virus infection of primary astrocytes, viruses
equivalent to 30,000 cpm were added to cells in a 6 well plates in 3 ml fresh medium and
spun at 600 g in room temperature (RT) for 2 hr. Cells were washed and cultured in fresh

medium.

Reverse transcriptase (RT) assay

Viruses were pelleted and suspended in 10 pl of the dissociation buffer (50 mM Tris—HClI,
pH 7.5, 0.25% Triton X-100, 20% glycerol, 1 mM DTT, and 0.25 M KCI) followed by
three rounds of freeze—thawing. Thirty five microliters of the RT assay buffer (50 mM

Tris—-HCI, pH 7.5, 1 mM DTT, 10 mM MgCI2, and 0.25% Triton X-100), 5 ul of 1 mg/ml
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poly (A).(dT)15 (Roche, Indianapolis, IN) and 1 pl of [3H]-thymidine 5'-triphosphate
tetrasodiun salt (ICN, Irvine, CA) was added to each sample then incubated at 37°C for 1
h. The reactions were spotted onto the DE81 ion exchange chromatographic disk
(Whatman, Clifton, NJ) and then wash with 2x SSC (0.3 M NaCl and 30 mM Na citrate,
pH 7.0) three times, 5 min each, and dehydration with 100% ethanol. The disks were air
dried and counted for H3-incorporation using a scintillation counter after air dry. Reverse

transcriptase activity was expressed as cpm.

Exosome preparation

Exosome-free medium was prepared by overnight (16 hr) centrifugation of complete
medium at 100,000 g. Transfected 293T, U373.G, primary astrocytes, or HIV-infected
MT4 were cultured in the exosome-free medium for 3 days. The culture medium was then
collected and processed as follows: The first step was to remove cells and cell debris by
performing three sequential centrifugations: 300 g for 10 min, 2,000 g for 10 min
(alternatively, filtration through 0.22 pm filter), and 10,000 g for 30 min. Between each
centrifugation step, the supernatant was carefully recovered and used for the next
centrifugation. The next step was to obtain crude exosomes by subjecting the cleared
supernatant from the first step to ultracentrifugation at 100,000 g for 70 min (SW28 rotor,
Beckman, Indianapolis, IN). Following the ultracentrifugation, the supernatant was
carefully removed and discarded, while the pellet was saved and either lysed in the RIPA
buffer for Western blotting, or suspended in PBS for the next step of OptiPrep gradient

fractionation, or exosome-free medium for exosome uptake analysis.
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OptiPrep gradient fractionation

The crude exosomes in PBS (about 500 pl) from above were loaded on the top ofa 5 ml 6-
18% OptiPrep gradient that was prepared using a gradient maker Hoefer SG15 (Hoefer,
Inc., Hilliston, MA), followed by ultracentrifugation at 250,000 g for 1.5 hr (SW55Ti rotor,
Beckman). OptiPrep was diluted in 235 mM KCI, 12 mM MgCI2, 25 mM CaCl2, 30 mM
EGTA, 150 mM Hepes-NaOH, pH 7.0. A total of 12 fractions from top to bottom, 450 pl
each were collected. Trichloroacetic acid (TCA) precipitation was used to recover the
proteins from each fraction. Briefly, TCA was added to each fraction to a final
concentration of 20%, the mixture was incubated on ice for 15 min and then spun to obtain
the precipitates. The precipitates were washed with cold acetone twice, dried, and dissolved
in 1X SDS loading buffer for Western blotting. Alternatively, the fractions were diluted
with 4 ml PBS and spun at 100,000 g for 70 min to obtain crude exosomes. The pellets

were lysed in the RIPA buffer for Western blotting.

TZM-bl assay

TZM-bl assay was performed as previously described [353]. Briefly, TZM-bl cells were
plated in a 24-well plate at a density of 50,000 cells/well and cultured for 24 hr.
Supernatants, exosomes, exosome fractions (200 ul each unless otherwise stated) were
added to each well and continued to culture at 370C for 24 hr. The cells were washed with
PBS and lysed in 1X firefly luciferase lysis buffer (Promega, Madison, WI). Lysates were
briefly centrifuged, mixed with firefly luciferase substrate (Promega), and the luciferase

(Luc) activity was measured by an Opticomp Luminometer (MGM Instruments, Hamden,
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CT). The units of Luc measurement are recorded as relative light units (RLUs). RLU
readings of exosomal fractions were normalized to background reading of a preparation of

reagents identical to Optiprep but lacking exosomes.

Acetylcholinesterase (AChE) activity assay

Factions obtained from the OptiPrep gradient centrifugation (15 pl) were mixed with 85 pl
1.25 mM acetylthiocholine and 100 ul 0.1 mM 5,5'-dithiobis-(2-nitrobenzoic acid) in a 96-
well plate. The mixture was incubated at room temperature until a yellowish color was
developed. Then, the optical density (OD) at a wavelength of 450 nm was determined using

a 96-well plate reader (BioRad, Hercules, CA).

Slot Blotting for ganglioside GM1 detection

Exosome fractions (150 ul each) from OptiPrep gradient fractionation were directly blotted
onto nitrocellulose membrane using a slot blotting manifold (Schliecher and Schuell,
Keene, NH). Ganglioside GM1 in each fraction was probed with HRP-conjugated Cholera
toxin subunit B (Sigma) [354]. The GML1 level in each fraction was determined using the

ImageJ (NIH) software and calculated as a percentage of the total GML1 in all fractions.

Exosome immunodepletion

Protein-A agarose beads (Millipore, Billerica, MA) were used to capture AchE+ exosomes

as described previously [355]. Briefly, protein-A agarose beads (25 pl) were coated with
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1.6 pg anti-AchE antibody (Sigma, St. Louis, MO) or isotype control 1gG by shaking 1 hr
at room temperature. After washing with 1X PBS, the antibody-coated beads were
incubated at room temperature for 1 hr with 200 pl exosomes produced from culture
supernatants of iTat and WT primary mouse astrocytes with or without doxycycline
treatment, U373.MG transfected with pcDNA3 or pTat.MYC, and mock or NL43 infected
MT4. Following this step, the bead-exosome complexes were pelleted down by
centrifugation and the exosome-depleted supernatants were tested for Luc activity using

the TZM-bl assay as described above.

Immunofluorescence staining

To detect MAP-2, SYP, and PSD-95 in neurons or GFAP in astrocytes, cells were washed
with ice-cold PBS at room temperature for 10 min and fixed with 4% paraformldehyde for
30 min, and followed by permeabilizing with 1% Triton-X 100 in PBS for 30 min and
blocking with PBS-BB (5% BSA, 1% non-fat milk and 0.3% Triton-X 100 in PBS) for 1
hr. Cells were then incubated in appropriate primary antibodies with dilution of 1:200 in
PBS-BB at 4°C for overnight. Secondary antibodies with the dilution of 1:500 in PBS-BB
was applied to cells at room temperature for 1 hr. Nuclei were counterstained with 0.1
ug/ml 4°, 6-diamidino-2-phenylindole (DAPI). Extensive washes with PBS were
performed after each step. Omission of the primary antibody in parallel staining was

included as a control to ensure no non-specific staining.
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Data acquisition and statistical analysis

All experiment data were analyzed by one-way ANOVA and 2-tailed student’s t test as

indicated. A p<0.05 was considered to be statistically significant and marked as “*”, a p
<0.01 was considered to be statistically highly significant and marked as “**”, and a p

<0.001 was considered was considered to be statistically highly significant and marked as

Gk
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RESULTS

PART |. Exosome-associated release, uptake and neurotoxicity of HIV-1 Tat protein

1.1 Detection of Tat in exosomes derived from Tat expressing cells

1.1.1 Primary mouse astrocytes

Our previous studies have shown secretion of Tat protein in culture supernatants of DOX-
induced primary mouse astrocytes [334, 335]. To determine whether HIV-1 Tat is secreted
in the exosomes, we first took advantage of the doxycycline-inducible astrocyte-specific
Tat-transgenic mice (iTat), which was created in our laboratory [1, 203] (Fig. 7A). Mouse
primary astrocytes were isolated from iTat and WT mice and cultured in the absence or
presence of doxycycline (Dox) for 48 hr to induce Tat expression (Fig. 7B & 7C). In order
to detect extracellular Tat, we used the HIV-1 LTR promoter-driven luciferase (Luc)
reporter gene-based TZM-bl assay (Fig. 8). Culture supernatants were collected from
astrocytes and added to TZM-bl cells for 24 hr. The cells were then lysed and FLuc was
measured in the lysates (Fig. 9A). Culture supernatants from treated astrocytes were further
processed for exosome isolation using the gold standard ultracentrifugation method (Fig.
10). These exosome preparations were then added to TZM-bl cells as preciously described
and measured for FLuc. Exosomes derived from the very same Tat-expressing primary
astrocytes showed transactivation of the Luc reporter gene expression in the same assay

(Fig. 9B).

63



64



Figure 7. Doxycycline (Dox)-inducible brain-specific HIV-1 Tat transgenic mouse
model. In our bigenic mouse model, Dox regulatory element rtTA is under control of
GFAP promotor (A). In the presence of Dox, Tat is expressed under the control of GFAP
promotor (B). RT-PCR results showing Tat expression following DOX treatment of

isolated astrocytes (C) [1].
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Figure 8. Schematic of TZM-bl assay used for detection of Tat driven HIV-1 LTR
expression. TZM-bl cells are genetically engineered Hela cells that express all receptors
and co-receptors that make them susceptible to HIV-1 infection. They also contain
integrated HIV-1 LTR promoter fused with firefly luciferase (FLuc) reporter genes.
Following infection, Tat expression, or Tat treatment, FLuc will be expressed and is

detectable in lysates from TZM-bl cells.
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Figure 9. Transactivation of HIV-1 LTR promoter by exosomes derived from Tat-
expressing primary mouse astrocytes. Primary astrocytes were prepared from wild
type (WT) or Tat transgenic mice (iTat) and cultured in the absence of doxycycline (-
Dox) or presence of Dox (+ Dox) for 48 hr. The culture media were collected, cleared
of cell debris, and saved as supernatants, or further processed to isolate exosomes.
TMZ-bl were plated in a 24-well plate at a density of 50,000 cells/well, cultured for 24
hr, added 200 pl supernatants (A) or exosomes (B) prepared from primary astrocytes
above, cultured for additional 24 hr, and harvested for the luciferase reporter gene assay.
The data were mean + SD of triplicates and representative of three independent

experiments. Statistical analysis was performed using one-way ANOVA.
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Figure 10. Schematic presentation of ultracentrifugation method for exosome
isolation. Culture supernatants are first cleared of cell debris and then centrifuged at
100,000 x g. The crude exosome pellet (CEX) is collected from the bottom of the tube,

washed with PBS, and either used immediately for experiments or frozen at -80°C.
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To ascertain Tat presence in the exosomes, crude exosomes were further fractionated
through a 6-18% OptiPrep density gradient (Fig. 11). By using this method, exosome
populations can first be distinguished based on density. Equal volume fractions will then
be removed from the gradient in order to analyze each fraction for exosomal markers which
further identifies the composition and source of exosomes in each fraction. The fractions
will then be tested for Tat presence using the TZM-bl assay. Only a background level of
Luc activity was detected in all fractions of exosomes from Dox-treated WT primary
astrocytes (Fig. 12A). Exosome marker analysis confirmed that OptiPrep gradient
successfully separated the exosomes into AchE+CD63+ and TSG101+ subpopulations
(Fig. 12B). In comparison, the highest Luc activity was detected in the first fraction of
exosomes from Dox-treated iTat astrocytes, and all other fractions also showed a higher
Luc activity (Fig. 12D). There were also AChE+CD63+ and TSG101+ subpopulations of
exosomes detected in those fractions (Fig. 12E). These results together suggest that HIV-

1 Tat is associated with exosomes, particularly enriched in the AchE+CD63+ exosomes.

AchE and CD63 are often associated with lipid microdomains [356]. Thus, biogenesis of
AchE+CD63+ exosomes is likely ceramide-dependent. To further investigate Tat
association with AchE+CD63 exosomes, Dox-treated iTat astrocytes were treated with
GW4869, an inhibitor of neutral sphingomyelinase, which converts sphingomyelin to
ceramide, exosomes were then prepared and fractionated through the same OptiPrep
gradient. GW4869 treatment led to significantly lower Luc activity in the first fraction but

higher Luc activity in all other fractions (Fig. 12G).
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Figure 11. Schematic presentation of Optiprep gradient purification method
for exosome isolation. Crude exosome pellets produced by ultracentrifugation are
loaded on a 6-18% lodixanol gradient and centrifuged at 150,000 g for 90 min. Then,
11 fractions each 500 ul are pipetted off the gradient from top to bottom. These
fractions can then be further tested for exosomal marker analysis and presence of

Tat protein.
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Figure 12. Transactivation of HIV-1 LTR promoter by exosomes derived from
Tat-expressing primary mouse astrocytes followed by OptiPrep fractionation.
Exosomes derived from WT + Dox primary astrocytes (A-C) and iTat + Dox astrocytes
(D-F) in Fig.9 were further fractionated in 6-18% OptiPrep. G-l. Exosomes were
derived from iTat primary astrocytes that were treated with 10 uM GW4869 for 24 hr
between Dox treatment and collection of culture medium. All fractions were analyzed
for their transactivation activity on the LTR promoter activity as in Fig. 9 (A, D, G),
for exosome markers AchE activity (top panels in B, E, H), CD63 expression (middle
panels in B, E, H) and TSG101 expression (bottom panels in B, E, H) by Western
blotting, or for GM1 expression by slot blotting, followed by densitometry (C, F, I).
GM1 expression in each fraction was expressed as a percentage of the total GM1 in all
fractions. The data were mean = SD of triplicates and/or representative of three
independent experiments. Statistical analysis was performed using 2-talied student’s t

test and one-way ANOVA.
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In parallel, there were decreases in AchE+CD63+ exosomes (Fig. 12H). Decreases of
ganglioside GM1, a glycosphingolipid abundant in lipid microdomains in AchE+CD63+
exosome fractions supported the notion that those exosomes were rich in lipid
microdomains (Fig. 12C, F & I). These results not only further confirm Tat presence in
the exosomes with more in AchE+CD63+ exosomes, but also suggest that AcChE+CD63+

exosomes are generated in a ceramide-dependent manner.

1.1.2 Astrocyte and non-astrocyte cell lines

In order to further investigate the possibility of Tat’s access to MVB and incorporation into
exosomes, we tested exosomes from Tat expressing U373.MG astrocytoma cell line and
293T embryonic kidney cell line. Following Tat transfection, the culture supernatant of
these cells was processed as described in previous data to produce exosomes. These
exosome were then tested for Tat presence by TZM-bl assay. Similar to our findings in
primary mouse astrocytes, Tat was also detected in the exosomes from Tat-transfected
U373.MG (Fig. 13B) and in the exosomes from Tat-transfected 293T (Fig. 13D). In
addition to the Luc activity assay, Tat were detected in the exosomes from both Tat-
transfected U373.MG (Fig. 13A) and 293T (Fig. 13C) by Western blotting, in which the
exosome purity was verified by lack of cytochrome c in the exosomes. Crude exosomes
produced from previous step were further fractionated on 6-18% Optiprep gradients and
assayed for FLuc expression and exosomal markers. In U373.MG cells, compared to

primary astrocytes (Fig. 12D), higher Luc activity was detected in the first three fractions
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Figure 13. Detection of Tat in exosomes derived from Tat-transfected U373.MG
and 293T cells. U373.MG were transfected with Tat.Myc expression plasmid and
293T were transfected with Tat.GFP plasmid and cultured for 48 hr. cDNA3 and GFP
plasmids, the cloning backbones were included as controls. Supernatants (Supn) and
exosomes (Exsm) were prepared as above. Cells were harvested for whole cell lysates
(WCL). Tat expression in WCL and Exsm was detected by Western blotting against
anti-Myc and anti-GFP antibody (A & C). Cytochrome ¢ (Cyto c) was included in
Western blotting to ensure the exosome purity. The transactivation activity of Supn
and Exsm was determined as above (B & D). The data were mean £ SD of triplicates
and/or representative of three independent experiments. Statistical analysis was

performed using 2-tailed student’s t test.
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Figure 14. OptiPrep fractionation of exosomes derived from Tat-transfected
U373.MG. Exosomes derived from cDNA3-transfected U373.MG (A-C) or Tat.Myc-
transfected U373.MG (D-F) in Fig. 13 were further fractionated in 6-18% OptiPrep.
G-1. Exosomes were derived from Tat.Myc-transfected U373.MG that were treated
with 10 uM GW4869 for 24 hr between Dox treatment and collection of culture
medium. All fractions were analyzed for their transactivation activity on the LTR
promoter activity (A, D, G), for exosome markers AchE activity (top panels in B, E,
H), CD63 expression (middle panels in B, E, H) and TSG101 expression (bottom panels
in B, E, H) by Western blotting, or for GM1 expression by slot blotting, followed by
densitometry (C, F, ). GM1 expression in each fraction was expressed as a percentage
of the total GM1 in all fractions. The data were mean + SD of triplicates and/or
representative of three independent experiments. Statistical analysis was performed

using 2-talied student’s t test and one-way ANOVA.
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Figure 15. OptiPrep fractionation of exosomes derived from Tat-transfected 293T.
Exosomes derived from GFP-transfected 293T (A-C) or Tat.GFP-transfected 293T (D-
F) in Fig. 13 were further fractionated in 6-18% OptiPrep. G-I. Exosomes were derived
from Tat.GFP-transfected 293T that were treated with 10 uM GW4869 for 24 hr
between Dox treatment and collection of culture medium. All fractions were analyzed
for their transactivation activity on the LTR promoter activity (A, D, G), for exosome
markers AchE activity (top panels in B, E, H), CD63 expression (middle panels in B,
E, H) and TSG101 expression (bottom panels in B, E, H) by Western blotting, or for
GM1 expression by slot blotting, followed by densitometry (C, F, 1). GM1 expression
in each fraction was expressed as a percentage of the total GM1 in all fractions. The
data were mean + SD of triplicates and/or representative of three independent
experiments. Statistical analysis was performed using 2-talied student’s t test and one-

way ANOVA.
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(Fig. 14D), while little Luc activity above the background was detected in the first three
fractions in 293T (Fig. 15D). This difference is likely due to the different levels of AchE

and CD63 expression among those cells.

1.2 Detection of Tat in HIV-1 infected CD4+ T cells

Next, we determined whether Tat is present in the exosomes in the context of HIV infection.
For this purpose, MT4 cells which are human T cell leukemia cell lines were infected with
the NL4-3 strain of HIV-1. Culture media were collected 6 days following infection, and
exosomes were prepared. RT activity assay of the supernatants confirmed successful HIV
infection in those cells (Fig. 16A). A significant Luc activity was detected in exosomes
from NL4-3-infected cells as well (Fig. 16B). HIV-1 and exosomes are similar in size and
density, and exosome preparations have been shown to contain HIV [267]. Thus, the
significant Luc activity of exosomes derived from NL4-3-infceted cells could likely be due
to both transactivation of Tat in the exosomes on the HIV LTR promoter and HIV infection
of TZM-bl. To distinguish these two contributing factors, exosomes from Mock- and NL4-
3-infected cells were further fractionated through the same OptiPrep gradient. Compared
to the mock infection (Fig. 17A), significant Luc activity was detected in all fractions of
exosomes from NL4-3-infected MT4 (Fig. 17D). As reported previously [357], there were
no HIV, measured by Western blotting for p24 in the fractions of exosomes from mock
infection (Fig. 17B), while there were HIV detected around single fraction #9 (Fig. 17E).
Exosome markers AchE, CD63, and TSG101 showed similar fractionation patterns as
before, regardless of HIV infection (Fig. 17C & F).

84



<t

L33
T
T

Mock NL4-3

(=]

(=]

(=]

= o d

o (NTY) Apanoe on

o

-

o

HER
T
T

Mock NL4-3

o o ]
o

" (wdo) Apanoe |y

]
w

o
=r

o
[

o

85



Figure 16. Transactivation of HIV-1 LTR promoter by exosomes derived from
HIV-infected MT4. MT4 cells were inoculated with NL4-3 at 37 C for 2 hr. A mock
infection (Mock) was included as a control. After removing the input virus, the cells
were cultured for 6 days. The culture medium was collected and used to prepare
supernatants and exosomes as above. The supernatants were determined for virus
replication using the RT activity assay (A); the exosomes were assayed for the
transactivation activity of HIV-1 LTR promoter as above (B). The data were mean +
SD of triplicates and representative of three independent experiments. Statistical

analysis was performed using 2-tailed student’s t test.

86



>

P I L . ¥kEk
- 36 A 36 -
I
224 24
=
€12 - 12 - H
aoﬂﬁﬂnﬁnnnﬂnn 0 |—||_|
B
=56 kDa
=43 kDa
p24
- = 26 kDa
& 0.09 - Eog 1
o
2 0.06 - 0.06 A
=
© (.03 1 0.03 4
e LU I
< 0 ’_|. . .|_|.|_| ...... mEEE Iﬂlﬁ IIIIII
CDE3 jwm o= ~— =43 kDa
TSG101 - ST

F1234567 891011

F1234567 891011



Figure 17. Transactivation of HIV-1 LTR promoter by exosomes derived from
HIV-infected MT4 followed by OptiPrep fractionation. Exosomes derived
from mock-infected MT4 (A-C) or NL4-3-infected MT4 (D-F) in Fig. 7 were
further fractionated in 6-18% OptiPrep. All fractions were analyzed for their
transactivation activity on the LTR promoter activity (A, D), for p24 level by
Western blotting (B, E), or for exosome markers AchE activity (top panels in C,
E), CD63 expression (middle panels in C, E) and TSG101 expression (bottom
panels in C, E) by Western blotting. The data were mean £ SD of triplicates and/or

representative of three independent experiments.
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Clear separation of HIV from exosomes by the OptiPrep gradient [357] and a significant
Luc activity detected in fractions without HIV indicates that Tat was also present in

exosomes derived HIV-1 infected CD4+ T cells.

1.3 Significant levels of Tat in AcChE+CD63+ exosomes

AchE is a GPI-anchored protein located at the surface of exosomes [248], and anti-AchE
antibodies have successfully been used to immunodeplete AchE+ exosome population
[355]. Thus, to determine the relative contribution of AchE+CD63+ exosomes to Tat
association with exosomes, we immunodepleted AchE+CD63+ exosomes using anti-
AchE-coated agarose beads and performed the Luc activity assay. Exosomes from Tat-
expressing primary astrocytes, Tat-transfected U73.MG, and HIV-infected MT4 were used.
Compared to IgG control, anti-AchE antibody depletion decreased the Luc activity of
exosomes from Tat-expressing astrocytes by 43% (Fig. 18A), exosomes from Tat-
transfected U373.MG by 40% (Fig. 18B), and exosomes from HIV-infected MT4 by 70%
(Fig. 18C). These results provide additional evidence to support Tat presence in exosomes,

particularly in AchE+CD63+ exosomes from astrocytes and CD4+ T cells.

1.4 Shortened neurites and decreased neuron survival by Tat-containing exosomes

from Tat-expressing astrocytes

HIV-1 Tat expression in astrocytes causes neurite shortening and neuron death [1, 36, 132,
332, 334, 358]. To further characterize the biological activity of exosome-associated Tat,
we cultured differentiated SHSY-5Y in the presence of exosomes from Tat-expressing

primary
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Figure 18. Tat level in the AchE+ exosomes. Exosomes derived from iTat-Dox
and iTat+Dox primary mouse astrocytes (A), cDNA3- and Tat.Myc-transfected
U373.MG (B), or Mock- and NL4-3-infected MT4 (C) were incubated with anti-
AchE antibody-coated protein A agarose beads (AchE Ab), or a matched 1gG-coated
protein A agarose beads. After removing the beads, the remaining exosomes were
determined for the transactivation activity of HIV-1 LTR promoter as above. The
data were mean = SD of triplicates and representative of three independent

experiments. Statistical analysis was performed using one-way ANOVA.
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astrocytes and determined the effects of exosomes on neurites and neuron survival.
Exosomes were first tested for their transactivation activity on HIV-1 LTR promoter as
before. Compared to mock and exosomes from primary astrocytes without Tat expression,
more exosomes from Tat-expressing astrocytes gave rise to a higher Luc activity (Fig.
19A), meanwhile more neurons with shorter or no visible neurites (Fig. 19B) and more
neuron death (Fig. 19C). Next, we used anti-AchE antibody-coated agarose beads to
immunodeplete AchE+ exosomes from supernatants, and determined effects of AchE+
exosome depletion on neurites and neuron survival. As shown before (Fig. 19B & C),
only supernatants and exosomes from Tat-expressing primary astrocytes showed shortened
neurites (Fig. 20A) and neuron death (Fig. 20B). Depletion of AchE+ exosomes from
supernatants from Tat-expressing primary astrocytes significantly improved neurite
morphology (Fig. 20A) and neuron survival (Fig. 20B) and as expected, resulted in lower
Luc activity (Fig. 20C). These results together provide further evidence to support that

exosome-associated Tat is biologically active.

1.5 Role of Tat basic domain in Tat trafficking into exosomes

Tat basic domain has been shown to be responsible for binding to the endolysosomal
membranes [359], which likely provides Tat access to the multivesicular bodies in exosome
biogenesis. To address this possibility and to understand the molecular mechanisms of Tat
association with exosomes, we constructed a Tat mutant ABD deleted of the basic domain
(aa 48-57). U373.MG were transfected with Tat or ABD. Supernatants and exosomes from

Tat- and ABD transfected cells were prepared and tested for LTR transactivation.
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Figure 19. Effects of Tat-containing exosomes on neurite growth and neuron
survival. Exosomes (1X: 10 pl; 20X: 200 pl) from iTat-Dox and iTat+Dox primary
mouse astrocytes in Fig. 1 were determined for the transactivation activity of HIV-
1 LTR promoter as above (A), or added into differentiated SHSY-5Y, cultured for
24 hr, and imaged for neurite growth (B), or cultured for 48 hr, and determined for
neuron survival using MTT assay (C). A regular medium was included as a mock
control (Mock). Neuron survival was calculated using Mock as a reference, which
was set at 100%. The data were mean + SD of triplicates and representative of three
independent experiments. Statistical analysis was performed using one-way

ANOVA.

94



@ Exsm
@Supn

O O T O N~ O
Aanoe o

Supn DOExsm BSupn* 4«

100 {°

B 120

8 ¢ &

) |BAIAING UOINSN

DOX+

DOX-

Mock

+ Dox
95

- Dox

Mock




Figure 20. Effects of AchE+ exosomes on neurite growth and neuron survival.
Supernatants (Supn) and exosomes (Exsm) from iTat-Dox and iTat+Dox primary
mouse astrocytes in Fig. 9 and AchE+Ab-depleted exosomes (Supn*) were added into
differentiated SHSY-5Y, cultured for 24 hr, and imaged for neurite growth (A), or
cultured for 48 hr, and determined for neuron survival using MTT assay (B), or
determined for the transactivation activity of HIV-1 LTR promoter as above (C). A
regular medium was included as a mock control (Mock). Neuron survival was
calculated using Mock as a reference, which was set at 100%. The data were mean +
SD of triplicates and representative of three independent experiments. Statistical

analysis was performed using one-way ANOVA.
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As expected [360], both supernatants and exosomes from ABD-transfected cells showed
little Luc activity (Fig. 21A). However, ABD and Tat were detected in the exosomes at a
comparable level (Fig. 21B). ABD functions as a dominant negative for Tat in the LTR
transactivation [361-363]. Consistent with these findings, co-transfection of Tat and ABD
into TZM-bl showed significantly lower Luc activity than Tat transfection alone, by 70%
(Fig. 21C). Interestingly, exosomes from Tat and ABD co-transfected cells showed a lower
Luc activity than those of Tat transfection alone, but to a much lesser extent, only by 16%
(Fig. 21D). These results do not support any significant roles of the basic domain in Tat
trafficking to exosomes and cannot completely rule out roles of the basic domain in
regulation of Tat release from exosomes. Based on the presented data, a schematic model
of Tat incorporation into exosomes is provided (Fig. 22). Tat’s access to endolysosomal
membranes and MVB, leads to the incorporation of Tat into ILVs of both ceramide and
ESCRT origin and its consequent release inside exosomes to the extracellular environment.
Exosomal Tat, similar to non-exosomal soluble Tat, is biologically active and more stable
due to protection inside exosomal membranes. Following uptake in neurons, Tat induces

neurotoxicity and shortening of neurites.
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Figure 21. Role of Tat basic domain in Tat sorting into exosomes. A & B.
U373.MG were transfected with Tat.His (Tat) or its basic domain deletion (ABD).
Supernatants (Supn), exosomes (Exsm), and whole cell lysates (WCL) were
prepared as above and determined for transactivation activity of HIV-1 LTR
promoter (A), Tat expression by Western blotting against anti-His antibody (B).
C. TZM-bl were transfected with Tat, ABD, or Tat/ABD and assayed for the Luc
activity. D. 293T were transfected with Tat, ABD, or Tat/ABD. Exosomes were
assayed for transactivation activity of HIV-1 LTR promoter. The data were mean
+ SD of triplicates and representative of three independent experiments. Statistical

analysis was performed using one-way ANOVA.
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Figure 22. Schematic model of Tat exosomal secretion. Tat binds MVB
membrane, leading to its incorporation into ILVs of both ceramide and ESCRT
origin. Fusion of MVB membrane with plasma membrane then releases Tat in
exosomes which are biologically active and can induce shortening of neurites and

toxicity following uptake in neurons.
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Part 1l. HIVV-1 Tat induces miR-132 leading to neurite shortening and neurotoxicity

2.1 Levels of miR-132 in Tat-transfected astrocytoma and neuroblastoma cell lines

Dendritic pruning and shrinkage of neurite outgrowth are prominent pathological
hallmarks of HIV-1 associated neurocognitive disorders in the post-cCART era [61]. As
shown in our data from Part | along with other groups, Tat protein causes neurite shortening
[299]. Although chronic neuroinflammation associated with neuroAIDS is blamed for the
aberrant morphology of neurons, the direct role of Tat in this process is evident despite
lack of detailed molecular explanation of events. Regulation of dendritic morphology has
been shown to be controlled heavily by microRNA, and small RNA array data from brain
tissue of HIV patients is indicative of dysregulation in miRNA with potential involvement
in this process [335]. A brain-enriched microRNA, miR-132, which regulates several
proteins involved in controlling dendritic plasticity [302] has been found to be upregulated
substantially in brain tissue from HIV patients with neurocognitive impairment [292].
Outside of CNS environment, miR-132 has also been shown to be highly upregulated in
HIV infected CD4+ T cells [304]. Considering CREB-dependent expression of this
mMiRNA [364] and the fact that Tat activates CREB via several pathways [324], we decided
to investigate whether Tat can induce this microRNA and lead to the morphological
abnormalities observed in HIV CNS and in vitro with Tat treatment of neurons. To
determine the effects of Tat on miR-132 expression, we first expressed Tat in human
astrocytoma cells U373.MG and human neuroblastoma SYH-SY5Y and determined miR-

132 expression in those cells. Tat expression significantly induced miR-132 level in U373
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Figure 23. miR-132 induction following Tat expression. U373.MG (A) and SH-
SY5Y (B) were transfected with Tat.Myc plasmid (Tat) or the cloning vehicle
pcDNAS3 (C3), and cultured for 48 hr, and harvested for RNA extraction, followed by
gRT-PCR for miR-132 level (upper panels), or cell lysates, followed by Western
blotting for Tat expression using an anti-C-MY C antibody (lower panels). B-actin was
including as a loading control for Western blotting. Statistical analysis was performed

using 2-tailed student’s t test.
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(Fig. 23A) and SH-SY5Y (Fig. 23B).

2.2 miR-132 levels in iTat primary mouse astrocytes following DOX induction

To ascertain Tat-induced miR-132 expression, we took advantage of the doxycycline
(Dox)-inducible astrocyte-specific Tat-transgenic mice (iTat) [1, 203], in which Tat
expression level and resulting neuropathologies following doxycycline treatment are
comparable to those in the brain of HIV-infected subjects. Primary mouse astrocytes from
wild-type (WT) and iTat mice were isolated and cultured to induce Tat expression by Dox.
miR-132 was significantly induced in Dox-treated astrocytes derived from iTat mice but
not in other astrocytes (Fig. 24). Tat expression was confirmed by semi-quantitative RT-

PCR.

2.3 miR-132 levels in HIV-infected astrocytes

Next, we determined whether miR-132 was induced in astrocytes in the context of HIV
infection. U373.MG were infected with VSV-G-pseudotyped HIV. Compared to the mock
infection control (HIV containing no envelope), miR-132 was significantly induced in cells
infected with VSV-G pseudotyped HIV (Fig. 25A). Similar results were obtained in human
primary astrocytes (PHA) infected with VSV-G pseudotyped HIV-1 (Fig. 25B). HIV
infection was confirmed by Western blotting for p24. These results show that miR-132 was

significantly induced in Tat-expressing astrocytes and neurons and HIV-infected astrocytes.
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Figure 24. miR-132 induction following Tat induction in primary mouse
astrocytes. Primary astrocytes were isolated from wild type (WT) mice and
doxycycline (Dox)-inducible and astrocyte-specific HIV Tat transgenic mice (iTat),
cultured in the presence of 5 mg/ml Dox (+), or in the absence of Dox (-) for 48 hr,
and harvested for RNA isolation, followed by gqRT-PCR for miR-132 level (upper
panel), or semi-quantitative RT-PCR for Tat (lower panel). GAPDH was included
as a loading control for Tat RT-PCR. Statistical analysis was performed using one-

way ANOVA.
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Figure 25. miR-132 induction following HIV-1 infection of astrocytes. U373.MG
(A) and primary human astrocytes (PHA) (B) were infected with VSV-G pseudotyped
HIV (+), cultured for 3 days, and harvested for RNA extraction, followed by qRT-
PCR for miR-132 level, or cell lysates, followed by Western blotting for p24
expression using an anti-p24 antibody. Pseudotyped HIV containing no envelope (-)
was included as an infection control (Mock). snRNA U6 level was also determined
by gRT-PCR. miR-132 level was normalized to snRNA U6 level and expressed as
fold changes compared to the control. The data were mean + SD of triplicates and/or
representative of three independent experiments. Statistical analysis was performed

using one-tailed student’s T test between control and Tat transfected cells.
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Figure 26. Effects of Tat expression on miR-132 targets in primary
human astrocytes. Primary human astrocytes were transfected with Tat.Myc,
miR-132 mimic (miR-132m), and/or miR-132 inhibitor (miR-132i), cultured
for 48 hr, and harvested for cell lysates, followed by Western blotting (A), or
RNA isolation, followed by gRT-PCR for MecP2 (B) and BDNF (C).

Statistical analysis was performed using one-way ANOVA.
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2.4 Tat expression down-modulated expression of miR-132 target genes

2.4.1 miR-132 target repression in Tat-transfected primary human astrocytes

The mRNA targets of miR-132 within the CNS include MecP2 and p250GAP. BDNF
transcription is directly controlled by MecP2 and therefore BDNF is an indirect target of

miR-132. Thus, we determined whether Tat expression altered expression of those miR-
132 target genes. Human primary astrocytes were first used. miR-132 mimic (miR-132m)
was included as a control. Both Tat and miR-132 expression led to a lower level of MecP2
and BDNF protein expression in human primary astrocytes (Fig. 26A). To further
determine whether Tat-induced down-modulation of MecP2 and BDNF was mediated
through miR-132, we included miR-132 inhibitor (miR-132i) in the experiments. miR-132i
expression alone did not significantly affect constitutive MecP2 and BDNF expression but
considerably abrogated the down-modulation of MecP2 and BDNF expression by Tat. In
addition, MecP2 and BDNF mRNA levels were determined. There were no changes of
MecP2 mRNA by Tat, miR-132m, and/or miR-132i (Fig. 26B), while BDNF mRNA

exhibited a pattern of changes similar to its protein (Fig. 26C).

2.4.2 miR-132 target repression in DOX-induced primary mouse astrocytes

Next, we determined the relationship between Tat expression and miR-132 target gene
expression in mouse primary astrocytes from WT or iTat mice. Compared to WT primary

astrocytes (Fig. 27A-C), Dox treatment of iTat primary astrocytes led to a lower level of
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Figure 27. Effects of Tat expression on miR-132 targets in primary mouse
astrocytes. Primary astrocytes were isolated from WT (A-C) and iTat mice (D-F),
cultured in the presence (+) or absence (-) of 5 mg/ml Dox for 48 hr, transfected
with miR-132i, cultured for additional 24 hr, harvested for cell lysates, followed by
Western blotting (A & D), or RNA isolation, followed by gRT-PCR for MecP2 (B
& E) and BDNF (C & F). A control miRNA and pcDNA3 were included to equalize
the input DNA or miRNA. The qPCR data were mean + SD of triplicates and
representative of three independent experiments. Western blots were quantitated
using Image J software and were representative of three independent experiments.
Statistical analysis was performed using one-way ANOVA between control, Tat,

miR-132m, miR-132i, and combined Tat+miR-132i transfected samples.
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MecP2 and BDNF protein expression, no changes in MecP2 mRNA, and a low level of
BDNF mRNA, and miR-132i decreased the down-modulation of MecP2 and BDNF

protein and BDNF mRNA (Fig. 27D-F).

2.4.3 miR-132 target repression in Tat-transfected neurons

We also assessed the protein levels of miR-132 targets in relation to Tat, miR-132m, and
miR-132i expression in SH-SY5Y. In addition to MecP2 and BDNF, the protein level of
p250GAP, a neuron specific target of miR-132, was analyzed. Similar to the findings in
astrocytes, there were considerably lower levels of MecP2 and BDNF protein and slightly
lower levels of p250GAP protein in Tat- and miR-132m-transfected cells (Fig. 28). miR-
132i rescued MecP2 protein expression from Tat-induced down-modulation, but had no
apparent effects on BDNF and p250GAP expression. Taken together, these results indicate
that Tat expression resulted in down-modulation of miR-132 target genes through miR-

132 induction.

2.5 Involvement of CREB phosphorylation and Tat basic domain in Tat-induced miR-

132 expression

HIV-1 Tat has been shown to regulate transcription of a number of host genes and miRNA
through a number of transcriptional factors including CREB [101, 204, 205, 322, 327, 333,

365-367]. miRNA expression is mainly regulated at the transcriptional level (see review
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[368]). The primary sequence, the seed region, and the gene structure of miR-132 are well
conserved between human and mouse [369]. A total of five transcriptional binding sites
have been characterized within the miR-132 promoter [364, 370, 371]: four sites for CREB,
one site for repressor element 1 silencing transcription factor/neuron-restrictive factor
(REST/NRSF). Thus, we determined the possibility of the involvement of CREB
phosphorylation in Tat-induced miR-132 expression. U373.MG were first used. Tat
expression led to phosphorylation of CREB (Fig. 29A) and miR-132 induction (Fig. 29B).
Deletion of Tat basic domain (ABD) completely abrogated Tat-induced CREB

phosphorylation and miR-132 expression. Then, human primary astrocytes and SH-SY5Y
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Figure 28. Effects of Tat expression on miR-132 targets in neurons. SH-SY5Y
were transfected with Tat.Myc, miR-132 mimic (miR-132m), and/or miR-132
inhibitor (miR-132i), cultured for 48 hr, and harvested for cell lysates, followed by
Western blotting. A control miRNA and pcDNA3 were included to equalize the
input DNA or miRNA. Western blots were quantitated using Image J software and

were representative of three independent experiments.
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Figure 29. CREB phosphorylation by Tat and its requirement for Tat basic
domain. A & B. U373.MG were transfected with Tat.His or basic domain-deleted Tat
(ABD.His) plasmid, cultured for 48 hr, and harvested for cell lysates, followed by
Western blotting (A), or RNA isolation, followed by gRT-PCR for miR-132 level (B).
C3 was used as the control, ShRNA U6 was used to normalize miR-132 level. C & D.
Primary human astrocytes (C) and SH-SY5Y (D) were transfected with Tat, miR-
132m, and/or miR-132i, cultured for 48 hr, and harvested for cell lysates, followed by
Western blotting. A control miRNA and pcDNA3 were included to equalize the input
DNA or miRNA. E & F. Primary astrocytes were isolated from WT and iTat mice,
cultured in the presence (+) or absence (-) of 5 mg/ml Dox for 48 hr, transfected with
miR-132i, cultured for additional 24 hr, harvested for cell lysates, followed by
Western blotting. A control miRNA was included to equalize the input miRNA. The
gPCR data were mean = SD of triplicates and representative of three independent
experiments. Western blots were quantitated using Image J software and were
representative of three independent experiments. Statistical analysis for B was

performed using one-way ANOV A between c3, Tat, and ABD transfected samples.
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were used along with miR-132m and miR-132i. In human primary astrocytes, Tat
expression induced CREB phosphorylation (Fig. 29C). Although miR-132m and miR-132i
expression did not lead to significant changes in constitutive CREB phosphorylation, co-
expression of Tat and miR-132i resulted in a much higher level of CREB phosphorylation.
In SH-SY5Y, Tat expression induced CREB phosphorylation (Fig. 29D) although both
miR-132m and miR-132i showed no effects on the constitutive level of CREB
phosphorylation. Furthermore, primary astrocytes from WT and iTat mice were also used
to assess the relationship between Tat expression and CREB phosphorylation. Compared
to the WT astrocytes (Fig. 29E), iTat astrocytes treated with Dox led to CREB
phosphorylation (Fig. 29F), which was not affected by miR-132i expression. These results
suggest that CREB phosphorylation and Tat basic domain are likely involved in Tat-

induced miR-132 expression.

2.6 miR-132 induction did not contribute to Tat-induced astrocyte activation

Tat expression in astrocytes induces a highly inflammatory profile and leads to the
dysregulation of astrocyte functions, termed astrocyte activation, or astrocytosis [205, 206],
characterized by increased GFAP expression [206, 372] and expression of pro-
Inflammatory cytokines such as IL-6 and TNF-a, and chemokines such as CCL2 [373-375].
Next, we determined whether miR-132 induction was involved in Tat-induced GFAP,
CCL-2, IL-6, and TNF-a expression. As shown previously [203] Tat expression induced
GFAP expression in human primary astrocytes when compared to the C3 control (Fig. 30A
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Figure 30. Effects of miR-132 induction on GFAP expression,
cytokine/chemokine expression, and astrocyte survival. Primary human astrocytes
were transfected with Tat.His (Tat), ABDTat.His (ABD), and miR-132i (miR-132i),
cultured for 48 hr, and harvested for immunofluorescence staining for GFAP (A),
Western blotting (B), or gRT-PCR (D). The mean fluorescence intensity (MFI) of
GFAP expression was determined using ImageJ software (C). Meanwhile, the cell
culture supernatants were collected and assayed for the LDH release (E). The data
were mean + SD of triplicates and representative of three independent experiments.

Statistical analysis for B, D, and E was performed using one-way ANOVA.
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& B). ABD Tat mutant also induced GFAP expression albeit to a lesser extent; and miR-
132i did not show any effect on GFAP expression induced by Tat or ABD. Tat and ABD
expression was confirmed by Western blotting (Fig. 30C). Similarly, Tat induced CCL-2,
IL-6, and TNF-a expression when compared to the C3 control (Fig. 30D). But miR-132i
had little effects on constitutive and Tat-induced expression of those molecules. In addition,
we also determined effects of Tat on the LDH release, an indicator of cell viability.
Compared to the C3 control, Tat or ABD expression showed little effects on the LDH
release. Taken together, these results suggest that miR-132 induction is unlikely involved
in Tat-induced astrocyte activation and that Tat expression itself does not affect astrocyte

survival.

2.7 Tat-induced miR-132 expression contributed to Tat direct neurotoxicity

To determine whether Tat-induced miR-132 contributed to Tat direct neurotoxicity, SH-
SY5Y were transfected with Tat and miR-132i and assayed for the LDH release from those
cells. Compared to the C3 control, Tat expression increased the LDH release from those
cells (Fig. 31). Meanwhile, miR-132i expression significantly diminished Tat-induced
LDH release from those cells. These results confirm that Tat has direct neurotoxic activity

and suggest that miR-132 induction could contribute to Tat neurotoxicity.
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Figure 31. Role of miR-132 induction in Tat neurotoxicity. SH-SY5Y were
transfected with Tat.Myc (Tat), miR-132i, or both and cultured for 48 hr. The cell
culture supernatants were collected and assayed for the LDH release. C3 and a control
miRNA (miR-ctrl) were used to equalize the input amount of DNA and miRNA. The
data were mean + SD of triplicates and representative of three independent

experiments. Statistical analysis was performed using one-way ANOVA.
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2.8 Tat expression led to increased miR-132 in astrocyte-derived exosomes

Virtually all eukaryotic cells including astrocytes produce exosomes, which serve as a
major extracellular vehicle to transport miRNA and proteins among cells [273, 352]. Thus,
we first determined whether Tat-induced miR-132 expression would lead to increased miR-
132 in astrocyte-derived exosomes. Compared to the C3 control, increased miR-132 was
detected in exosomes derived from Tat-expressing cells (Fig. 32A). miR-132i expression
significantly decreased Tat-induced miR-132 packaging into the exosomes from astrocytes,
further supporting the notion that miR-132 is sorted into the exosomes. The exosome purity
was confirmed by lack of cytochrome C and presence of TSG-101 in the exosomes using

Western blotting (Fig. 32B). Consistent with our previous studies [376], Tat was also
detected in the exosomes. In addition, we labeled miR-132m with Cy3 and transfected it
into U373.MG, and further confirmed Cy3-labled miR-132m transfection by flow
cytometry (Fig. 32C). Furthermore, we obtained exosomes from Cy3-labled miR-132m-
transfected astrocytes and exposed them to SH-SY5Y and determined whether those cells
would take up the labeled miRNA by flow cytometry. Cy3-labled miR-132m were detected
in those cells (Fig. 32D). These results show that Tat-induced miR-132 is packaged into

astrocyte-derived exosomes, which can be taken up by neurons.

2.9 Astrocyte-derived miR-132 shortened neurites

We next sought to determine whether transfer of exosome-associated miR-132 from
astrocytes to neurons could affect the morphology of neuron dendrites and formation of
synapse. To this end, WT and iTat primary astrocytes were prepared, cultured in the
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Figure 32. Exosomal miR-132 and its transfer to neurons. A & B. U373.MG were
transfected with Tat, miR-132i, or both, and cultured for 48 hr. The cell culture
supernatants were collected and used to isolate exosomes. RNA was isolated from
exosomes and analyzed for gqRT-PCR for miRNA-132 level (A). Exosomal miR-132
was normalized to let-7b. Lysates were prepared from the cells (WCL) and exosomes
(EXO) and analyzed by Western blotting (B). C & D. U373.MG were transfected with
Cy? dye miR-132m (Cy3-miR-132m) or unlabeled miR-132m as a control, cultured for
12 hr, and harvested for Cy?3 signal using flow cytometry (C). The cell culture
supernatants were collected and used to isolate exosomes. SH-SY5Y were cultured in
the presence of the exosomes for 6 hr and assayed for Cy?3 signal using flow cytometry
(D). The gqRT-PCR data were mean + SD of triplicates and representative of three
independent experiments. The Western blots and the flow cytometry histograms were
representative of three independent experiments. Statistical analysis for A was

performed using one-way ANOVA.
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Figure 33. Effects of Tat expression and exosomal miR-132 induction on neurite
morphogenesis. Primary mouse astrocytes were isolated from WT (A) and iTat (B),
cultured in the presence (+Dox) or absence of (-Dox) of 5 mg/ml for 48 hr,
transfected with miR-132i (+miR-132i) or a control miRNA (-miR-132i) and
continued to culture for 48 hr. The cell culture supernatants were collected and used
to isolate exosomes. Primary mouse cortical neurons were plated and cultured on
poly-lysine coated coverslips in a 24-well plate at the density of 85,000 cells/well
for and continued to culture in the presence of the exosomes isolated above for 48
hr. Then, the cells were harvested for immunofluorescence staining for MAP-2 and
counterstained with DAPI (A & B). The average length of neurites was determined
using ImageJ Neurite Tracer and calculated based on the occupied pixel areas and
three randomly selected images of each treatment group (C). The cell culture
supernatants were collected and assayed for LDH release (D). The images and data
were representative of three independent experiments. Statistical analysis was

performed using one-way ANOVA.
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presence or absence of Dox, and transfected with miR-132i, exosomes were prepared from
those samples and exposed to primary mouse cortical neurons. The primary cortical
neurons were stained for MAP-2, and the neurite length of the primary cortical neurons
that were exposed to exosomes from WT astrocytes (Fig. 33A) and exosomes from iTat
astrocytes (Fig. 33B) was quantitated using the neurite trace analysis. Compared to the WT
controls, exosomes from Dox-treated iTat astrocytes showed significantly shorter neurites
(Fig. 33C), which was significantly reversed by miR-132i expression. In parallel,
exosomes from Dox-treated iTat astrocytes increased the LDH release from the neurons,

which was significantly diminished by miR-132i expression (Fig. 33D).

2.10 Tat induced miR-132 did not affect synaptic formation

The exosome-treated primary cortical neurons were also stained for synaptophysin (SYP),
a pre-synaptic marker, or post-synaptic density protein (PSD-95), a post-synaptic marker.
The density of SYP and PSD-95 of the primary cortical neurons that were exposed to
exosomes from WT astrocytes (Fig. 34A) and exosomes from iTat astrocytes (Fig. 34B)
was similarly quantitated. Compared to the WT controls, exosomes from Dox-treated iTat
astrocytes significantly decreased the density of both SYP and PSD-95 in those cells (Fig.
34C), which was not rescued by miR-132i expression. Similar results were obtained by
Western blotting (Fig. 34D). These results showed that Tat-induced miR-132 in astrocytes
adversely affects neurite morphogenesis and contributes to astrocyte-mediated Tat

neurotoxicity.
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2.11 Schematic model for Tat induced miR-132 expression in astrocytes and its effects

on neurons
In summary, the findings from the current study support a new model of Tat-impaired
neurite outgrowth and neuron survival (Fig. 35). Tat-impaired neurite outgrowth could be
direct and astrocyte-mediated. Tat uptake into neurons induces miR-132 expression
through CREB phosphorylation, down-regulates MecP2 and BDNF expression in neurons,
and impairs neurite outgrowth and neuron survival; Alternatively, Tat expression in
astrocytes resulting from HIV-1 infection or Tat uptake into astrocytes induces miR-132
expression through CREB phosphorylation and down-regulates BDNF expression. miR-
132 induction in astrocytes leads to increased miR-132 release into exosomes from
astrocytes, uptake of exosome-associated miR-132 into neurons, down-regulation of
MecP2 and BDNF expression in neurons, and impairs neurite outgrowth and neuron
survival. In addition, BDNF down-regulation in astrocytes results in less BDNF available

for neurons and adversely affects neurite outgrowth and neuron survival.
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Figure 34. Effects of Tat expression and exosomal miR-132 induction on synaptic
formation. Primary mouse astrocytes were isolated from WT (A) and iTat (B), cultured
in the presence (+Dox) or absence of (-Dox) of 5 mg/ml for 48 hr, transfected with miR-
132i (+miR-132i) or a control miRNA (-miR-132i) and continued to culture for 48 hr.
The cell culture supernatants were collected and used to isolate exosomes. Primary
mouse cortical neurons were plated and cultured on poly-lysine coated coverslips in a
24-well plate at the density of 85,000 cells/well for and continued to culture in the
presence of the exosomes isolated above for 48 hr. Then, the cells were harvested for
immunofluorescence staining for synaptophysin (SYP) for presynapse formation and for
PSD-95 for postsynapse formation and counterstained with DAPI (A & B). SYP and
PSD-95 immunostaining along with skeleton conversion of fluorescent images was
performed, the density of synaptic protein staining was determined using Imagel
software and based on the occupied pixel areas and three randomly selected images of
each treatment group (C). The cells were harvested for cell lysates, followed by Western

blotting (D). The images and data were representative of three independent experiments.
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Figure 35. A new model for Tat-impaired neurite outgrowth. Tat impairs neurite
outgrowth through its uptake into neurons, CREB phosphorylation, miR-132
induction and MecP2 and BDNF down-regulation; Alternatively, Tat-impaired
neurite outgrowth results from HIV-1 infection and Tat expression in astrocytes,
CREB phosphorylation, miR-132 induction, and BDNF down-regulation. miR-132
induction in astrocytes increases exosome-associated miR-132 release from
astrocytes, uptake of exosome-associated miR-132 into neurons, MecP2 and BDNF
down-regulation of MecP2 in neurons. In addition, BDNF down-regulation in
astrocytes deprives neurons of BDNF, which impairs neurite outgrowth and neuron

survival.
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DISCUSSION

Summary of the results

In the first part of the study, we demonstrated Tat association with exosomes derived from
Tat-expressing primary mouse astrocytes (Fig. 9), Tat-transfected U373.MG (Fig. 13A,
13B), Tat-transfected 293T (Fig. 13C, 13D), and HIV-infected MT4 (Fig. 16). Tat
association with exosomes, particularly AchE+CD63+ exosomes was further confirmed by
OptiPrep gradient fractionation (Fig. 12, 14, 15 & 17) and AchE antibody-based
immunodepletion of exosomes (Fig. 18). In addition to the HIV-1 LTR promoter-based
cell assay, Tat in the form of exosomes was shown to be biologically active, demonstrated
by exosome-associated Tat-induced neurotoxicity such as shortened neurites and decreased
neuron survival (Fig. 19 & 20). Lastly, we showed that deletion of the basic domain from
Tat exhibited no apparent effects on Tat trafficking into exosomes, despite its dominant
negative function remained (Fig. 21). Taken together, these results provide strong evidence
to support exosome-associated Tat release and uptake, a previously unrecognized pathway

for Tat.

In the second part, we first determined the potential of Tat in the induction of miR-132, a
brain-enriched microRNA with substantial roles in the regulation of synaptodendritic
plasticity. We found that Tat expression significantly induces this miRNA in astrocytoma
(Fig. 23A), and neuroblastoma cell lines (Fig. 23B), and primary mouse astrocytes (Fig.
24). HIV infection of astrocytoma cells (Fig. 25A) and primary human astrocytes (Fig.

25B) also led to significant miR-132 upregulation. Next, we showed repression of miR-

138



132 targets following Tat expression in primary human astrocytes (Fig. 26), primary mouse
astrocytes (Fig. 27) and in neurons (Fig. 28). We then demonstrated the mechanism of Tat
induction of miR-132 through the phosphorylation of CREB by Tat (Fig. 29) and ruled out
the possibility of miR-132 involvement in Tat’s activation of astrocytes (Fig. 30). Using
miR-132 antagomir, we showed that miR-132 overexpression leads to neurotoxicity (Fig.
31). Considering the significance of exosomal glia-neuron communications [377] and the
direct link between the miRNA processing pathway and exosomal biogenesis [378], we
determined the miR-132 content of Tat-expressing astrocyte exosomes. We found
significant levels of miR-132 in exosomes from these astrocytes which were taken up by
neurons (Fig. 32), and resulted in neurite shortening (Fig. 33). We did not find miR-132
involvement in reduction of synaptic protein levels by Tat (Fig. 34). These data provide
new mechanistic insights of Tat’s injury to dendritic arbor and identify novel pathways that

potentially contribute to Tat neurotoxicity.

Presence of Tat in both ESCRT and Ceramide generated exosomes

Exosomes are bi-layered extracellular vesicles with a size range of 50-150 nm and
constitutively secreted by many cells and carry significant RNA and protein cargos and
serve as intercellular messengers to regulate physiological and pathophysiological
processes in target cells [236-238]. They are generated by inward budding of the
multivesicular body (MVB) membrane, formation of intraluminal vesicles, fusion of the

MVB membrane with the plasma membrane, and release of the intraluminal vesicles from
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MVB into the extracellular environment [239]. The intraluminal vesicles in the MVB could
be formed by endosomal sorting complex required for transport (ESCRT)-dependent
pathway and ceramide-dependent pathway [240]. The ESCRT-dependent pathway
involves the sorting of monoubiquitinated cargos on the MVB membrane and the
packaging of cargos into the vesicles [241]. The ceramide-dependent pathway mostly relies
on lipids such as ceramide to induce inward vesicle budding of the MVB membrane and
lipid raft formation [242, 243]. Thus, exosomes derived from those two pathways can by
identified by specific markers: TSG101 for exosomes from ESCRT pathway [241, 244],
GM1, CD63 and AchE for lipid raft-rich exosomes from ceramide pathway [243, 245-251].
Our results demonstrated the presence of Tat in exosomes derived from both ESCRT and
ceramide pathways. More Tat was detected in exosomes from ceramide pathway than those
from ESCRT pathway in astrocytes and HIV-infected CD4 T cells, while Tat was
exclusively detected in ESCRT exosomes in 293T. These results are in agreement with
the significant demand of astrocytes for major lipid raft components such as ceramide in
their metabolism [379] and production of ceramide-rich exosomes in astrocytes [380].
Subsequent studies showed that disruption of ceramide synthesis by GW4869 abrogated
Tat activity in ceramide-derived exosomes in astrocytes but did not have any effects on
ESCRT-derived exosomes in 293T and that anti-AchE antibody depletion of
AchE+/CD63+ exosomes significantly decreased Tat activity and astrocyte-mediated Tat
neurotoxicity. These results further support Tat presence in both ceramide- and ESCRT-

derived exosomes.
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Involvement of the basic domain of Tat in membrane binding and trafficking

Unconventional secretion of Tat protein outside the cell has been attributed to Tat
interaction with phosphatidylinositoal 4, 5-bisphosphate head groups in the phospholipid
membranes and with negatively charged lipid groups in the membranes such as
dioleoylphosphocholine head groups and lipid raft domains through its positively charged
basic domain [381-385]. Tat has recently been shown to bind endolysosomal membranes
resulting in enlarged and dysfunctional lysosomes [359]. Thus, it is conceivable that
following exit from the nucleus or being taken up into the cell, Tat binds lipid raft domains
on endocytic membranes that mature into late endosomes and MVB, leading to sorting of
Tat into intraluminal vesicles and finally its release through exosomes. To directly
determine if the basic domain of Tat is necessary for binding to endocytic membranes and
gaining access to the exosome biogenesis machinery, we created a basic domain-deleted
Tat mutant and studied its exosomal secretion. Although the basic domain deletion of Tat
maintained dominant negative effects over Tat in Tat-mediated LTR transactivation, this
mutant was detected in the exosomes (Fig. 21A-C). However, compared to direct
inhibition of Tat-mediated LTR transactivation by the mutant (Fig. 21C), exosomes from
cells expressing both Tat and the mutant showed much less inhibitory effects on Tat-
mediated LTR transactivation (Fig. 21D). These results indicate that Tat interaction with
biological membranes may not be involved in Tat trafficking to the endocytic system and
exosome biogenesis apparatus. On the other hand, studies have shown that neutralizing
the positive charges of Tat basic domain do not abolish the interaction of Tat with

membranes [386] and that hydrophobic domains of Tat (aa 36-47) are capable of forming
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bonds with lipid bilayers [284]. It is clear that additional studies are needed to determine

the role of other Tat domains such as the hydrophobic domain in Tat traffic to the MVB.

Lack of detection of exosomal Tat in proteomics studies

It is interesting to note that two recent proteomic studies on exosomes from HIV-1 infected
T cells have failed to detect Tat protein but have detected either known Tat-interacting
cellular proteins such as CD38 and ANAXADS, and other viral components such as Gag,
Env, and TAR miRNA in exosomes using the highly sensitive liquid chromatography-
linked tandem mass spectrometry (LC-MS/MS) [264, 387]. However, lack of detection of
Tat in exosomes from the infected cells in these two studies cannot simply be interpreted
as absence of the protein. LC-MS/MS has not detected Tat protein in HIV-producing CD4
T cells [388-390] and in sera of HIV-infected patients [391]. Only one study has detected
Tat protein in purified HIV using LC-MS/MS in combination with micro-capillary reversed
phase liquid chromatography (LRPLC) [392], which has been shown to improve detection
of low-abundant proteins such as Tat [393]. These findings suggest that LC-MS/MS alone
is not sufficiently sensitive to detect trace amount of highly basic proteins such as Tat [394].
In addition, since Tat is not packaged into HIV, the Tat protein detected in the purified
virus preparation above is likely derived from exosomes that were co-fractionated with

HIV.
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Advantages of Tat exosomal incorporation for viral pathogenesis

Viral proteins and nucleic acids and intact viruses have been shown to be present in
exosomes from infected cells. In case of HIV, intact HIV, Gag protein, unspliced HIV-1
RNA, and HIV-derived microRNA have been detected in exosomes from HIV-infected
cells [262-265]. Thus, exosomes from HIV-infected cells could contribute to transmission
of the virus or work as a mechanism of defense against the virus. In this study, we showed
that a fraction of HIV-1 Tat protein is released in the form of exosomes and is biologically
active. Incorporation of Tat into exosomes can be considered advantageous for HIV-1
pathogenicity. The majority of Tat protein has been shown to secrete outside the infected
cell while a trace amount of the protein remains in the nucleus to ensure efficient
transcription of the viral genome [395]. Therefore, exosomal secretion of Tat will not
negatively affect the life cycle of HIV-1. On the other hand, the non-discriminative nature
of exosome uptake could afford access of exosome-associated Tat to diverse cell types and
therefore enhance the adverse effects of HIV-1 infection. In the CNS, exosomes produced
from HIV-infected microglia/macrophages and astrocytes can potentially improve the
stability of Tat by protecting the protein from degradation, and expand the efficient
delivery of Tat to other cells in the CNS including neurons. A recent study has shown that
Tat is persistently expressed in the CNS in the era of combination antiretroviral therapy
[37]. Thus, additional studies on therapeutic interventions targeted at exosome-associated

Tat protein are warranted and may help mitigate the symptoms of HIVV/neuroAIDS.
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Tat phosphorylation of CREB

HIV-1 Tat damages the dendritic arbor, shortens neurites and reduces synaptic protein
levels [64, 65, 68]. Widespread expression and secretion of this protein in the CNS of the
HIV-infected population despite HAART [37] is strongly correlated with synaptodendritic
damage, the hallmark of pathology in HAND [61, 396]. The reversible nature [346] of
Tat’s deleterious effects on dendritic integrity warrant a deeper understanding of the

potential molecular events that connect Tat to the regulation of synaptodendritic plasticity.

We demonstrated that miR-132 induction was likely due to Tat’s ability to induce
phosphorylation of CREB (Fig. 29) and subsequent binding of phosphorylated CREB to
CREB-responsive elements within the transcriptional control locus of miR-132 [364].
CREB phosphorylation also promotes the binding of phosphorylated CREB to CBP, which
leads to the transactivation of the miR-132 loci containing CREB-responsive elements
[326]. Tat expression leads to phosphorylation of CREB at Ser'33 through several pathways
[322-325]. Alternatively, Tat directly binds CBP, recruiting the histone acetyltransferase
to the CRE [327]. Both CREB phosphorylation and CBP binding activities of Tat have
been shown to be dependent on the basic domain of this protein [328, 329]. Our data
showed complete abrogation of CREB phosphorylation and lack of miR-132 induction
following transfection with basic-domain deleted Tat (Fig. 29A & B), further supporting
Tat effects on CREB phosphorylation and the requirement of Tat basic domain for this
effect. Despite a comparable level of Tat-induced CREB phosphorylation in both

astrocytes (Fig. 29C) and neurons (Fig. 29D), the basal levels of total CREB and
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phosphorylated CREB in neurons were higher than those in astrocytes. Greater
involvement of CREB in neuronal responses has been noted in multiple processes related
to development, survival, and synapse formation [397]. On the other hand, astrocytes
employ fewer pathways of CREB activation in comparison to neurons. For instance, unlike
neurons, astrocytes do not utilize calcium signaling pathways for CREB activation [398]
and they lack B-raf kinase which mediates MAPK-dependent phosphorylation of CREB

[399].

Basal expression levels of miR-132

We showed that HIV-1 Tat protein significantly upregulated miR-132 in astrocytes and
neurons (Fig. 23). Unlike an early report [400], our data did not show a difference in the
basal expression levels of this microRNA between the two cell types. Following Tat
expression, however, astrocytes showed significantly higher fold changes in miR-132
compared to neurons. This might in part be due to the well documented activity-dependent
nature of miR-132 expression in neurons which happens rapidly and in a transient fashion
[401]. On the other hand, Tat transfection of neuronal cells was less efficient compared
with astrocytes as supported by our immunoblotting results which showed a lower level of

Tat expression in neurons.

Different outcomes of miR-132 target repression

miR-132 plays a crucial role in the development of neurons by regulating two targets in

charge of controlling neurite outgrowth; MecP2, which is a potentiating factor of neurite
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growth, and p250GAP which inhibits the outgrowth of neurites [321, 369]. The question
is then which direction miR-132 expression takes the neurons in regards to neurite growth
while this microRNA represses both an enhancer and an inhibitor of neurite outgrowth.
The different temporal expression of p250GAP and MecP2 in development may likely
provide the key. p250GAP is involved in neuronal differentiation and is expressed prior to
MecP2 [402]. In fact, the studies that discovered p250GAP as a target of miR-132, only
found repression of this target in immature neurons [364] and showed that miR-132
overexpression led to the enhancement of neurite outgrowth due to the repression of
p250GAP. Studies performed on adult neurons however, showed the complete opposite;
overexpressing miR-132 in adult neurons leads to a significant decrease in dendritic growth
[403], which is due to MecP2 repression. MecP2 is expressed starting at the 10th
gestational week and is required for the maintenance of adult neurons [404]. Our data are
in agreement with these findings indicating the repression of MecP2 in fully differentiated
neuronal cells while p250GAP levels are unchanged (Fig. 28). p250GAP expression in
adult neurons has been found to be activity dependent and controlled by NMDA receptor

signaling events [402].

Reqgulatory axis between miR-132, MecP2, and BDNF

MecP2 has significant roles in neurogenesis, neuronal differentiation, and proper
development of dendritic arbor [305, 307]. This major target of miR-132 in the CNS has

been found to be dysregulated in HAND [308]. BDNF, another important regulator of
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dendritic growth [309, 310] and synaptic function [312, 313] which shows notable
reduction in the brain and serum of HIV-infected subjects [314, 315], is directly and
positively regulated by MecP2 [405]. In fact, an axis of regulation exists in the brain
involving BDNF, miR-132, and MecP2 [317], in which BDNF induces miR-132 through
phosphorylation of CREB [318, 319]. As a target of miR-132, MecP2 is ultimately
repressed, leading to the repression of BDNF due to the negative regulatory feedback
nature of this axis. Improper timing or duration of miR-132 expression has been shown to
be neurotoxic, indicating the delicate balance in the regulation of this axis [320]. Rett
syndrome, an autism spectrum disorder resulting from genetic mutation in the MecP2 gene
[406], shares striking similarities in neuropathology with HAND. MecP2 is essential for
the proper outgrowth of dendrites and formation of synapses [307]. The activity-dependent
expression of this protein starts prior to synaptogenesis in development and is tightly
controlled in most adult neurons [407]. Reduced size and branching of dendrites inflicted
by the lack of MecP2 expression in the developing brain result in microcephaly and mental
retardation. Interestingly, RNA levels of MecP2 do not differ in fetal and adult brains while
its expression is not similar in different neuronal populations [408]. This is indicative of
post-transcriptional control of MecP2 by miRNA and is in agreement with our data that
failed to find changes in MecP2 mRNA but showed significant reduction in MecP2 protein

and consequently BDNF, the transcription of which depends on MecP2 (Fig. 26 & 27).
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Differentiating the effects of exosomal Tat from miR-132

To discern the direct detrimental effects of Tat on neurons from miR-132 overexpression,
we employed synthetic miR-132 inhibitor in our experiments. We confirmed that miR-132
inhibitor transfection efficiently antagonized miR-132 (data not shown). Next, we showed
that miR-132 overexpression was at least in part responsible for Tat neurotoxicity (Fig. 31).
Antagonizing miR-132 expression also led to reduced exosomal levels of miR-132 (Fig.
32). In our previous study, we reported exosome-associated Tat release from Tat-
expressing and HIV-1 infected cells [376]. With miR-132 inhibitor expression, we were
able to conclude that overexpression of miR-132 was responsible for neurite shortening in
neurons treated with exosomes from Tat-expressing astrocytes (Fig. 33), as antagonizing
miR-132 improved neurite lengths even in presence of Tat-containing exosomes. Similarly,
we also showed that exosomal miR-132 contributes to neurotoxicity (Fig. 33D). Although
miR-132 inhibitor expression consistently negated the Tat-induced down-modulation of
MecP2 in astrocytes (Fig. 26 & 27) and neurons (Fig. 28), its effects on rescuing BDNF
levels were not consistent across cell types. Only primary human astrocytes (Fig. 26)
showed improved BDNF levels with miR-132i transfection, while primary mouse
astrocytes (Fig. 27) and neurons (Fig. 28) did not show such an effect. This might be due
to the temporal difference that exists in MecP2-induced BDNF expression. Antagonizing
miR-132 in presence of Tat rescues MecP2 levels as the direct target of miR-132. This
process rapidly improves BDNF mRNA levels, while this improvement is not reflected in

protein levels of BDNF as rapidly.
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The role of miR-132 in synapse formation and functionality

miR-132 has been shown to increase the width of dendritic spines, which are storage sites
for post synaptic density, contain glutamate receptors, and increase the contact points
between neurons [403]. These protrusions also establish contact with synaptic terminals
containing synaptophysin [409]. Therefore, it has been suggested that miR-132 may affect
the strength of excitatory synapses [410]. Our analysis of synaptic protein levels in cortical
neurons treated with exosomes derived from Tat-expressing astrocytes (+DOX-miR-
132i/+DOX+miR-132i) reduced both SYP and PSD-95. Moreover, reducing miR-132
levels in exosomes did not change the significant loss of these proteins (Fig. 34A-C).
Western blotting data from these neurons also showed consistent reduction in both SYP
and PSD-95 and although there was no change in PSD-95 with miR-132i, SYP levels
showed improvement with reduced exosomal miR-132 (Fig. 34D). However, lack of
consistency between the effects of miR-132 inhibition on the two proteins and reduction in
protein levels of neurons treated with WT exosomes prevent us from concluding that miR-
132 affected synaptic protein levels or synapse formation. MAP-2 protein levels were
consistent with the miR-132-dependent reduction in neurite lengths by Tat and increase in
neurite lengths by miR-132 inhibition despite of Tat expression. These results are in
agreement with Tat’s direct involvement in the reduction of post-Synaptic proteins

followed by negative feedback [64, 66] on pre-synaptic proteins.
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PERSPECTIVES
Neurodegenerative processes that trail HIV-1 infection in the CNS can lead to dementia
and other cognitive and motor disorders [411-415]. Although currently greater than 50
percent of HIV patients suffer neurological consequences of the infection, anti-retroviral
therapy’s success in controlling the replication of the virus in the periphery has reduced the
viral burden in the CNS and led to dramatic reduction in severity of neurocognitive
disorders that accompany the infection. This is evident by the reversion of the most severe

symptoms of HIV associated dementia within weeks of starting CART [45, 49, 416].

Presence of the virus in glia and infiltrating immune cells but not neurons is indicative of
indirect mechanisms of neuronal injury which have been attributed to the production of
soluble viral proteins and pro-inflammatory mediators by glial cells. Other than microglia
which fully support the replication of HIV-1 and production of its components, astrocytes
are implicated as major contributors to injury in the CNS; they do not support replication
of the virus but are restrictively and latently infected and produce soluble neurotoxic
proteins such as Tat and inflammatory cytokines and chemokines. On the other hand,
astrocytosis as a result of virus presence in astrocytes leads to the dysfunction of these
significant regulators of homeostasis in the CNS, further intoxicating the delicate balance

of this environment [222, 417-422].

Tat is a soluble protein of HIV-1 and a potent neurotoxin [299]. As an early protein of the

virus which is not affected by the protease inhibitors in CART, it is produced and released
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from infected cells in CNS and elicits both direct and indirect damage to neuronal cells.
This is evident by the detection of Tat in CSF and brain of patients who receive cCART and
have undetectable virus RNA [37]. Chronic presence of Tat protein in the CNS is strongly
correlated with one of the prominent pathological hallmarks of neuroAIDS, widespread
synaptodendritic injury [61] and in vitro treatment of neuronal cells with Tat and in vivo
injection of the protein into rodent brains both demonstrate the damaging effect of Tat on
neurites and dendritic processes [1, 423]. The molecular mechanisms of Tat release in the
CNS and its neurite shortening effect however have not been yet elucidated. Uncovering
these mechanisms is crucial for better understanding HIV pathogenesis in the brain and for
seeking potentially novel therapies for controlling the negative impacts of the virus on the

affected population.

This work contributes to the much needed knowledge on the molecular basis of Tat’s direct
and indirect toxicity to neurons and other CNS cells and introduces mechanisms that
explain the amplified detrimental effects of Tat on the nervous system through astrocytes,
exosomes and microRNA. Until complete removal of the provirus is possible from
astrocyte reservoirs, interventions that minimize Tat secretion in exosomes and at the same
time inhibit miR-132 overexpression can provide neuroprotection and potentially reduce

HIV-associated neurological symptoms.

151



Identification of other domains of Tat with potential involvement in exosomal sorting

In the first part of my dissertation, we provide evidence for a previously unrecognized
mechanism of Tat secretion, exosomal release. Incorporation of Tat inside exosomes
released from infected cells, including astrocytes, is consistent with the widespread
presence, reach, and persistence of this protein within the CNS [299]. Protection inside
exosomal membranes makes extracellular Tat more stable and more efficient in inducing
damage to by stander cells. Considering the significance of exosomes in intercellular
communications within the CNS [347], and the proven role of exosomes in spreading
pathological components of infectious agents [424], therapeutic interventions targeted at
exosome-associated Tat protein are warranted and may help mitigate the symptoms of
HIV/neuroAIDS. Further studies in uncovering the specific domain (s) of Tat which offer
this protein access to the endocytic membranes and ultimately MVB are needed. We
rejected our hypothesis that the basic domain of Tat could be responsible for this access by
detecting basic-domain deleted Tat mutant in exosomal fractions. Investigating domains
with hydrophobic nature are important since they might provide a better explanation of
Tat’s interaction with endocytic membranes. For this purpose, mutants of Tat that have
deficient or modified hydrophobic domains need to be constructed and analyzed for
presence or lack of presence in exosomal compartments. Considering the importance of
exosomes in glia-neuron communications and the proven exploitation of this pathway by
viruses, inhibition of exosomal production by astrocytes as a means of reducing toxic

insults of exosome-incorporated viral proteins should also be investigated. Our results
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indicate that ceramide inhibition is an efficient method of reducing exosome production

and its effects need to be further investigated.

Demonstrating the direct role of CREB phosphorylation in Tat-induced miR-132

expression

In the second part of my dissertation, we provide evidence of Tat’s induction of miR-132,
a brain enriched microRNA which regulates dendritic plasticity. The crucial roles of this
miRNA in neuronal differentiation and continued maintenance of these cells have been
identified in the context of Rett syndrome, at autism spectrum disorder with mutations in
an important target of miR-132, MecP2 [404]. There are significant similarities between
brain pathologies in Rett and neuroAIDS in terms of dendritic pruning and brain volume.
We show that Tat can upregulate this microRNA by activating CREB and probably
stabilizing the interaction of p-CREB with CREB-binding protein. In normal situations,
miR-132 expression is activity dependent and short term and it works in an important
regulatory access with bidirectional control on BDNF expression [425]. Consistent
expression of Tat in the CNS however, extends the expression of miR-132, leading to
neurite shortening and neurotoxicity, an effect that has been previously observed by
introducing exogenous miR-132 into neurons [403]. These data provide new mechanistic
insights of Tat’s injury to dendritic arbor and identify novel pathways that potentially
contribute to Tat neurotoxicity. Further studies in the future are required to determine
directly the CREB dependent mechanism of miR-132 expression by Tat since our
conclusions are based on the dependence of miR-132 induction on CREB phosphorylation
and the established role of Tat in CREB activation. A more direct approach would employ

153



the use of genetic miR-132 constructs with mutations in CREB responsive elements within

the transcriptional control loci of this microRNA.

Investigating other target genes of miR-132 in the brain

Each miRNA has the potential to bind several mRNA targets. In the case of miR-132, a
total of 17 validated targets have been identified [369]. Our work on Tat-induced neurite
shortening only focuses on relevant regulators of neuronal dendritic plasticity that are
controlled by miR-132, a microRNA with established and significant roles in altering the
dendritic arbor throughout development and adult life [320], which has also been shown to
be upregulated in the context of HIV infection in the brain [292]. However, there are other
targets of miR-132 that have important functions in the CNS and need to be further
investigated in the context of Tat induction; these include acetylcholinesterase (AChE) and
matrix metalloproteinase 9 (MMP9). AChE inhibition leads to impediments in
neurotransmission at the neuromuscular junction especially in the motor neurons [426]. It
is important to investigate whether Tat’s induction of miR-132 leads to the suppression of
AChE, and if this process is involved in the motor dysfunction associated with
HIV/neuroAIDS. MMP9 has been shown to be induced by HIV-1 and contributes to the
disruption of BBB [427]. Repression of MMP9 by miR-132 has been shown to be involved
in the regulation of dendritic spine structure [428]. Characterizing the effect of Tat and
miR-132 on this important tissue remodeling protein is further needed. Future experiments
need to be considered in order to measure RNA and protein levels of both AChE and

MMP9 in neurons and astrocytes following Tat expression or exposure in these cells.
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Studying the potential benefits of BDNF replacement in HIVV/neuroAIDS

BDNF is a required factor in survival, growth, and synaptogenesis of neurons [429] and its
deficit has been documented in several diseases including Rett syndrome [430] and in HIV
patients with cognitive impairment [431]. Our findings on Tat-induced miR-132
expression in neurons and astrocytes show that BDNF is significantly reduced following
Tat expression. We confirmed Tat and miR-132 specific nature of this reduction by
showing that inhibiting miR-132 induction abolishes BDNF loss. We also argued that loss
of BDNF is secondary to MecP2 loss since MecP2 directly and positively regulates BDNF
transcription. These results indicate the potential of HIVV-1 Tat protein in reducing BDNF
levels in the context of HIV infection. The next important step for future experiments
would then be to measure plasma and CSF levels of BDNF by ELISA in our iTat mouse
model following Tat expression. If our assumptions are correct, we should expect to see
reduced levels of BDNF similar to HIV patients because of the established relevance of
our mouse model to the molecular pathology of HIV-associated neurocognitive disorders.
After confirming reduced BDNF levels, we need to study the effects of BDNF replacement
therapy in our mouse model. This is because in mouse models of Rett which show
incredible similarities in neuropathology to rodent models of HIV, providing exogenous
BDNF has virtually reversed the shortening of dendrites and loss of synapses and has led
to the rescue of behavioral phenotypes [306]. Having discovered the novel exosomal
secretion of Tat in CNS, we can conduct studies that combine simultaneous inhibition of
exosome production with exogenous BDNF replacement therapy. Reducing exosome

biogenesis in mice can be done safely and specifically in astrocytes by feeding the mice a
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statin regimen. Statins have been shown to induce the autophagy pathway in primary
mouse astrocytes [432]. Because of the delicate and opposite balance of autophagy and
exosome biogenesis in cells [433], inducing autophagy will result in the reduction of
exosomes and exosomal Tat burden in the CNS. Delivery of BDNF is challenging due to
the short half-life of recombinant BDNF and the fact that BDNF has very low BBB
permeability. Several studies have attempted various methods of BDNF delivery in mouse
models of Huntington with partial success. These include direct rBDNF administration
through indwelling osmotic mini-pumps in the brain [434], and adenoviral delivery of
BDNF gene [435]. Nanoparticle delivery of BDNF has been shown to be the most efficient
method since it eliminates the risk of BDNF expiry before reaching the target tissue while
ensuring facilitated crossing of BBB through receptor mediated transcytosis [436].

The plastic nature of neuronal viability and synaptodendritic integrity warrant the
investigation of the effects of BDNF replacement therapy in our iTat mouse model and can
lead to the establishment of significant and novel interventions that reduce Tat-mediated

assaults in the CNS.
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