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ABSTRACT

Chronic oxidative stress plays an important roléhin pathogenesis of HIV-
associated dementia (HAD). Like many viruses, HIVfitiates oxidative
stress in infected cells. However, HIV-1-deriveatpins can also induce
oxidative stress in uninfected cell types (e.g.uroas, endothelia and
astrocytes), through the release of cytotoxic f&ctmcluding nitric oxide
(NO) and reactive oxygen species (ROS) (Mattsbal, 2005). These two
molecules generates peroxinitrite, the main caude ao chronic
oxidative/nitrosative stress often observed in gahogenesis of many
neurodegenerative diseases, including HAD (Allarit&tield et al., 2006;
Steineret al., 2006). Moreover, HIV proteins such as gp120 and ara
able to activate cell surface receptors such asN#methyl-D-aspartate
receptor (NMDAR) leading to excitotoxicity (Mattsoat al, 2005).
Literature data indicated that HIV-Tat is an impmitt neurotoxic effector
(Eliseoet al, 2007) being able to activate NMDAR and inducepptic
neuronal death. In particular, the stimulation bé tpolyamine-sensitive
type of NMDAR is associated with the neurotoxiceett induced by HIV-
Tat (Li et al, 2008). It should be reminded that Tat-induced DNAR
activation stimulate NO production in astrocytesd ameuronal cultures
(Eliseoet al, 2007). Polyamines are known to be essentiahéwmal cell
growth and differentiation, but their oxidative grcts may act as negative
regulators of cell growth and survival. Indeed, snavidences link the
products of polyamine degradation to excitotoxi¢ifyoodet al.,2006) and
neurodegeneration (Wooet al, 2007). We hypothesize that HIV-1-Tat
may induce oxidative stress and cell death thraighproduction of both
NO and HO, the latter by a mechanism involving polyamine axioin.

A chronic oxidative/nitrosative stress occurs ilscethen the production of
oxidants exceeds the intracellular antioxidant deés. In the cell, a
fundamental antioxidant defence system is repredelpy the induction of
cytoprotective (phase-2) enzymes, such as Glutahicansferases (GST),
Glutamate cysteine lygase (GCL), and Heme oxygeha@¢O-1). Under
basal conditions, these enzymes are present asc#ofr of their full
capacity, but the transcription of their cognat@eegecan be co-ordinately
upregulated by exposure to a variety of stimuljuding oxidants, through
the activation of @is-acting enhancer termed antioxidant response elemen
(ARE). ARE-mediated gene activation is coordinatbg the Nrf-2
transcription factor, which is considered a majtaypr orchestrating the
antioxidant defence response in the cell. It haanhbecently reported that
Nrf2 can interfere with the activity of Tat in incdng HIV-1 LTR
transactivation (Hong-Shengt al, 2009). Thus, we hypothesize that Tat



may directly affect Nrf2-dependent gene expressliée]y preventing the
neuronal antioxidant cell response (Jeffegyal, 2007; de Vriest al,
2008).

This project was aimed at clarifying the molecutachanisms of HIV-Tat-
induced neuronal toxicity, focusing on the role mdlyamine metabolism in
Tat-induced oxidative stress and on the activatgdnthe antioxidant
response induced by HIV-Tat in astroglial and neatocells. The
experiments were performed on human astrocytoma 73WaG),
neuroblastoma (SH-SY5Y) and mouse neuroblastom&a-(NB) cell lines.
In the first step of the study we carried out ekpents to evaluate the role
of polyamine oxidases as mediators of oxidativesstin cells treated with
HIV-Tat recombinant proteinWe found that Tat was able to induce ROS
production mainly in neuroblastoma rather than ifionga cells.
Accordingly, Tat affected cell viability of only neonal cells. Astrocytoma
cells, indeed appeared completely resistant taytatoxic effect of Tat. To
evaluate the involvement of polyamine metabolismthia neurotoxicity
elicited by Tat we measured ROS content and cealbility in Tat-
stimulated cells in absence or presence of theapalye oxidases inhibitors
Chlorhexidine (CHX), astructural spermine analogueffecting the
enzymatic activity of SMO gpermine oxidageand APAO N1l-acetyl
polyamine oxidage The results showed that CHX inhibited ROS foiiorat
and restored cell viability, suggesting that polyrmendegradation products
such as KO, may be involved in neuronal cell death induced lay. Tn
addition, by RT-PCR we evaluated the gene exprassfothe enzymes
involved in polyamine catabolism (SMO, APAO, ODCda8SAT), after
treating SH-SY5Y with Tat. We found that mMRNA levelf enzymes SMO,
APAO and SSAT were up-regulated and tBMO activity was higher in
HIV-Tat stimulated SH-SY5Y cells, respect to thdraated cells. Next, to
assess whether the activation of NMDA receptor miglay a role in
triggering the up-regulation of polyamine metabmliswe performed
experiments with the NMDA receptor antagonist MKE8BWe observed
that MK-801 pre-treatment of Tat-stimulated cellseyented ROS
generation and restored cell viability. Moreovdre tNMDA-dependent
ROS generation was abolished by CHX pretreatmeSBHfSY5Y cells. As
the neurotoxic effect of HIV-Tat is likely due the overstimulation of
NMDA receptor and concomitant nitric oxide increesi we tested the
effect of the NOS (Nitric Oxidase Sinthase) intobitL.-NAME on the
survival of SH-SY5Y cells treated with Tat, demaashg that L-NAME
pre-treatment restored the viability of Tat-treatedls. Qur results strongly
suggest that the origin of ROS generation could tetated to



spermine/spermidine metabolism. We provided alearty evidence of the
involvement of polyamine-derived hydrogen peroxighe Tat induced
neuronal cell death since the specific inhibitidrS®MO/APAO completely
restored cell viability. In regard to the involvemieof the NMDA receptor
in this pathway we demonstrated that inhibitingypaline metabolism by
specific inhibitor completely prevented NMDA-induteell death as well
as ROS production.

HIV is known to progressively deplete GSH contenpatients. In our cell
culture models we found that Tat treatment causgidraficant decrease of
GSH levels only in neuroblastoma celwidencing an increase of oxidative
stress in neurons. Thus in the second step of rihieqt, we analyzed the
activation of the antioxidant Nrf2/ARE pathway. particular TransAM
assays (DNA-binding ELISA) has been performed taleate Nrf2
transcription factor activation. In this respedte ttreatment with Tat was
able to activate Nrf2 in both cell lines. Further analyzedthe mRNA
expressiorof the ARE-genes coding for HO-1 and GCL after ffeatment,
by RT-PCR. The results underlined the up-regulatibhlO-1 and GCL-C
MRNA levels in U373-MG, indicating that the actiwait of the antioxidant
response occurred in astrocytes, but not in neurdfigally, co-
immunoprecipitation experiments indicated a physiateraction between
Nrf2 and Tat proteins occurred almost exclusivelgH-SY5Y.

Our findings clearly show the inability of neurostama cells to activate an
efficient antioxidant response even in the presefeetivated Nrf2.
Moreover, our preliminary data indicate a differability of astroglial and
neuronal cell lines in releasing Tat. This coulsutein the accumulation of
the viral protein within neuronal cells thus incig its toxic effect, likely
interfering with the cell antioxidant response niaehy.

On the contrary astrocytebeing able to release the viral protein into the
extracellular space, can activate the antioxidaotspirvival responseln
conclusion, the obtained results suggest a meaiabis which Tat could
modulate the antioxidant response in neurons gmading to cell death
However, additional studies will be required to aibt a detailed
understanding of the specific proteins involved riggulation of this
pathway.



SINTESI

Lo stress ossidativo cronico riveste un ruolo inigaote nella patogenesi
della demenza associata all'infezione da HIV (HAQuesta patologia
neurodegenerativa colpisce circa il 30% dei pakzigrtopositivi adulti. Il
virus HIV-1 pud causare stress ossidativo, anclie oellule non infettate
(neuroni, cellule endoteliali e astrociti), attrese il rilascio di diversi
fattori neurotossici quali l'ossido di azoto (NO) specie reattive
dell'ossigeno (ROS) (Mattson et al., 2005). Quekte molecole generano
perossinitrito, la principale causa di stress a@d8id/nitrosativo cronico
spesso osservata nella patogenesi di molte matestismdegenerative, tra le
quali la HAD (Allan Butterfield et al., 2006; Steinet al., 2006). Inoltre, le
proteine del’HIV-1 gpl20 e Tat possono attivareetéori di membrana
come I'NMDA (recettore del glutammato di tipo N-rikdd-aspartato) e
causare eccito-tossicita (Mattson et al., 2005). phrticolare e stato
evidenziato in letteratura che la proteina Tat poav i suoi effetti
neurotossici interagendo con un sito specifico [eerpoliammine sul
recettore NMDA (Li et al., 2008). Va inoltre ricatb che l'ipersimolazione
del recettore NMDA da parte di Tat stimola la proidue di NO in colture
cellulari di astrociti e neuroni (Eliseo et al., 0.

Le poliammine sono note per essere necessarie cacita e al
differenziamento cellulare, ma i loro prodotti disadazione possono invece
agire come regolatori negativi di queste funzibmiatti, numerose evidenze
sperimentali (Wood et al., 2007), attribuiscongeidotti del catabolismo
delle poliammine una funzione neurotossica (Woodl.et2006). La nostra
ipotesi & che Tat possa indurre stress ossidatimorée cellulare attraverso
la produzione di NO e perossido di idrogeno, quésno generato
attraverso un meccanismo che coinvolge l'ossidazidelle poliammine.
Lo stress ossidativo/nitrosativo cronico si vedfiguando nelle cellule la
produzione di specie ossidanti prevale sui mesecainidi difesa della
risposta antiossidante. Nella cellula un sistemadémentale di difesa
antiossidante & rappresentato dall'induzione direinzitoprotettivi detti
“enzimi di fase-2”, come glutathione S-transferd&sST), la glutammato
cisteina ligasi (GCL) e I'eme-ossigenasi-1 (HO-I). condizioni basali
questi enzimi sono espressi solo in minima parte)arrascrizione dei loro
geni pud essere immediatamente incrementata dadlemone ad una
varieta di stimoli, primi tra tutti quelli di natarpro-ossidantegrazie alla
presenza di uelemento di rispostantiossidante (ARE)L’attivazione dei
geni mediata dalla sequenze ARE & coordinata diréadi trascrizione
Nrf2, considerato forse il piu importante effettoréella risposta
antiossidante nella cellula. E stato riportatodtidratura che lattivazione
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della via di segnalazione mediata da Nrf2 neglroadi e sufficiente a
conferire protezione contro lo stress ossidativtale effetto si estende
anche alla maggior parte dei neuroni corticali (Krat al., 2004).
Recentemente é stato dimostrato che Nrf2 puo ariesf con lattivita
trans-attivante di Tat (Hong-Sheng et al., 2008) nbstra ipotesi € che Tat
possa interagire direttamente con Nrf2 interferendo I'espressione dei
geni da esso regolati, prevenendo in tal modcsfaosta cellulare neuronale
allo stress ossidativo (Jeffrey et al., 2007; die¥/et al., 2008.

Questo progetto di ricerca ha dunque lo scopo @irich i meccanismi
molecolari che sono alla base della neurotossicitiotta da Tat, con
particolare interesse rivolto al ruolo del metatwld delle poliammine
nellinduzione dello stress ossidativo da partelad@roteina virale. Un
ulteriore obiettivo della ricerca € I'approfondinterdelle conoscenze sui
meccanismi di attivazione della risposta antiosdielanelle cellule
astrogliali e neuronali. Gli esperimenti sono statndotti su linee cellulari
umane, di origine astrogliale (U373-MG), neurong@&l-SY5Y) e su una
linea di neuroblastoma murino (NIE-115).

Nella prima fase del nostro studio abbiamo valutdtoruolo delle
poliammino-ossidasi come mediatori di stress ossidlanelle cellule
trattate con la proteina ricombinante Tat. | rigtiltottenuti hanno
dimostrato che Tat pu® incrementare la produziorRQfS soprattutto nelle
cellule di neuroblastoma, piuttosto che negli astroConseguentemente, &
stata osservata la riduzione della vitalita cetlkilaindotta da Tat
esclusivamente nelle cellule neuronali. Infatticédlule di astrocitoma sono
risultate resistenti agli effetti citotossici defleoteina virale.

Per valutare il coinvolgimento del metabolismo eéelpoliammine
nell'induzione della neurotossicita, abbiamo misaiacontenuto di ROS e
la vitalita delle cellule esposte a Tat in preserah in assenza di
Clorexidina (CHX), un inibitore specifico delle minmino-ossidasi,
analogo strutturale della spermina, che influerativita enzimatica di
SMO (spermine oxidase) e APAO (N1-acetyl polyanoriEase). | risultati
ottenuti hanno evidenziato che la CHX ¢ in gradmitiire la formazione di
ROS e di ripristinare la vitalita delle cellulerstlate con Tat, suggerendo
che i prodotti di degradazione delle poliamminemeoil perossido di
idrogeno, potrebbero essere coinvolti nella mogaronale. Inoltre, nelle
cellule SH-SY5Y trattate con Tat abbiamo studiateediante RT-PCR,
'espressione genica degli enzimi coinvolti nel atetlismo delle
poliammine (SMO, APAO, ODC e SSATAbbiamo dimostrato che nelle
cellule SH-SY5Y trattate con Tat i livelli degli nfNA degli enzimiSMO e
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APAO (coinvolti nella regolazione del metabolismo deltenina/spermi
dina) risultavano aumentati come anche I'attieiizimatica di SMO.
Successivamente, € stato verificato il coinvolgitoestel recettore NMDA
in questo meccanismo attraverso I'uso dell'antagfanspecifico MK-801.
In particolare, & stato osservato che il pre-tnagtato con I'MK-801
previene la formazione dei ROS e ripristina lalitéiadelle cellule stimolate
con Tat. Inoltre, la produzione di ROS indotta dsIDNA veniva inibita
dalla CHX indicando il coinvolgimento del metabaiis delle poliammide
in questo meccanismo. L'effetto neurotossico di Batanche legato
allaumento dei livelli di NO, infatti I'inibitoredelle NOS (Sintetasi
dell’'Ossido Nitrico), L-NAME, riduce la mortalita delle cellule di
neuroblastoma. | nostri risultati suggeriscono fayma che la produzione di
ROS puo avere origine dal metabolismo della spafspermidina.
Abbiamo anche fornito una chiara dimostrazione a®hvolgimento del
perossido di idrogeno derivato dalle poliamminelanehorte neuronale
indotta da Tat, dato che l'inibizione specificaSWMO e APAO era in grado
di ripristinare completamente la vitalita cellulare

Lo stress ossidativo viene anche definito come woadizione di
shilanciamento, tra i meccanismi cellulari antitdasti (es. la regolazione
del GSH intracellulare e della cisteina) a favorguklli pro-ossidanti (es.
la produzione di ROS). E’' noto dalla letteraturae ctla pazienti con
infezione da HIV vanno incontro ad una gradualeizidne dei livelli di
GSH. Abbiamo riscontrato che nei nostri modelliwati il trattamento con
Tat & associato ad una significativa riduzionelideili di GSH solo nelle
cellule di neuroblastoma, evidenziando I'aumentcstdéss ossidativo nei
neuroni.

Nella seconda fase del progetto & stata valutattivhzione del pathway
anti-ossidante Nrf2/ARE. In particolare, sono statendotte analisi
mediante saggio TransAM, per analizzare lo statattiiazione del fattore
di trascrizione Nrf2. E stato osservato che iltéiaento con Tat ha indotto
un aumento dell’attivita di Nrf2, con la conseg@emigrazione nucleare
del fattore in entrambe le linee cellulari. Med&arRT-PCR sono stati
analizzati nelle cellule trattate con Tat, i livell espressione dei geni ARE-
dipendenti codificanti per gli enzimi di “fase-2"Q4le GCL. | risultati
hanno evidenziato l'innalzamento dei livelli dei seaggeri dellHO-1 e
della subunita catalitica di GCL esclusivamentelenekllule U373-MG,
indicando che [l'attivazione della risposta antiidaste avveniva negli
astrociti, ma non nei neuroni. Infine, gli espenttie di co-
immunoprecipitazione hanno rivelato una probabiterazione fisica tra le
due proteine Tat e Nrf2, pressoché esclusivamemie rcellule di
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neuroblastoma. | nostri risultati mostrano chiarateel'incapacita delle
cellule di neuroblastoma di attivare una efficacgpasta antiossidante,
nonostante il fattore di trascrizione Nrf2 siaatto anche in queste cellule.
Inoltre, i nostri dati preliminari indicano una féifente capacita delle cellule
astro gliali rispetto a quelle neuronali di riles@ Tat nel sopranatante di
coltura. Questo porterebbe all'accumulo della pnatevirale all'interno
delle cellule neuronali con il conseguente aumelaifieffetto citotossico,
dovuto anche alla compromissione dei meccanismirepelano la risposta
anti-ossidante. Al contrario, gli astrociti, esserid grado di rilasciare la
proteina virale nello spazio extra-cellulare, possattivare la risposta anti-
ossidante per la sopravvivenza. In conclusione,isultati ottenuti
suggeriscono un meccanismo mediante il quale Ta¢lpme compromettere
la risposta anti-ossidante dei neuroni inducendsi ¢® morte cellulare.
Tuttavia sono necessari ulteriori studi per arevad una comprensione piu
approfondita dei meccanismi e delle proteine cdievio questi processi.
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1. INTRODUCTION

1.1. Oxidative stress and Neurodegenerative Disorders

Oxidative stress can be defined as an imbalanageket the production of
free radicals and the antioxidant cell systemsh whie shift towards free
radicals generation. Reactive Oxygen/Nitrogen Sm@ROS/RNS}uch as

hydroxyl radical, peroxyl radical, superoxide anibgdrogen peroxide and
peroxynitrite are highly reactive, toxic oxygen miiés (fig.1). The half-life

of ROS or RNS species varies from nanosecond$iéhydroxyl radical to

seconds for peroxyl radicals. Collectively, ROS/R&h lead to oxidation
of proteins and DNA, peroxidation of lipids and imlately cell death

(Butterfield et al, 2001). Oxidation of proteins can induce changes
secondary and tertiary structure, protein aggregadind loss of function,
susceptibility to proteolysis and fragmentatiorpidliperoxidation produces
large amounts of aldehydes, such as 4-Hydroxyndneraondialdehyde,

and acrolein, and leads to isoprostane formatiattéBfield et al, 2002).

SOoD Catalase

lCu(u) l Fe (Il)
c)zT"= 02.' _— ___-‘ H20 + 02

NADH/NADPH oxidase

Xanthine oxidase

Lipoxygenase NO Fenton reaction
Cycloxygenase

P-450 monooxygenase

Mitochondrial oxidative-

Phosphorylation

'ONOO -

*OH|

Fig.1: Reactive Oxygen Species formatiorSources of ROS generated endogenously by key
metabolic pathways for these species. Multiple eresy may induce ROS generation:
NADH/NADPH oxidase, xanthine oxidase, lipoxygenaseyclooxygenase, P-450
monooxygenase, and the enzymes of mitochondrialative phosphorylation (O -,
superoxide anion radical; ,8,, hydrogen peroxide; -OH, hydroxyl radical; ONOO-,
peroxynitrite; SOD, superoxide dismutaséMed Invest (2001)

The production of ROS is associated with manymirof apoptosis
(Suzuki et al, 1997), as well as with cell death occurring inolse,
ischemia, and many neurodegenerative diseasesgfTaln 1998). Within



the central nervous system, glutamate toxicity ima@or contributor to
pathological cell death and appears to be medtateRIOS.

Among causes of ROS production it should be renintlee excessive
activation of the glutamate receptors N-methyl-pPaatate (NMDA), hence
the abnormal G influx through the receptor-associated cation aehthat
largely contribute to glutamate-mediated neuronedtid (Lynchet al,
2002). The increase in intracellular calcium triggeobust activation of
calcium-dependent-enzymes, including nitric oxit®] synthases (NOS),
subsequent mitochondrial calcium overload and rhitadrial dysfunction,
finally leading to ROS and peroxynitrite generatishich initiate neuronal
cell demise (Moncadat al, 2006; Corasanitet al, 1992; Dawsoret al.,
1991; Dugaret al, 1995) (fig.2).

NMDA-Rc 4

Fig.2: Current model of NMDA receptor-associated neronal injury. Schematic
illustration of the NMDAR-related signaling pathveathat lead to neuronal apoptosis and may
contribute to neurodegenerative diseduroAids(2000)

In particular, the influx of C& through the NMDA receptor-gated cation
channel activates the neutral cysteine proteaggaicall that has been
reported to have a role in excitotoxic neuronaltildsothin vitro andin
vivo (Corasanitet al, 1992).

Oxidative glutamate toxicity has been observed rimary neuronal cell
cultures and neuronal cell lines. High concentregioof extracellular
glutamate prevent cystine uptake into the celladiley to depletion of
intracellular cysteine and loss of glutathione (G®Hurphyet al, 1989).
The tripeptide glutathione (g-glutamate—cysteingeigke, GSH), present in
millimolar concentration in the brain, functions astioxidant acting as
ROS scavenger thus maintaining sulfhydryl groupspofteins in the
2



reduced form. Glutathione protects neurons aga@@itive oxygen species
directly and indirectly, and binds to lipid peroattbn products, thereby
providing neuroprotection (Pocerniehal, 2001).

A decreased GSH supply, corresponds to ROS acctionuknd ultimately
to chronic oxidative stress and cell death. Oxidatistress and the
production of ROS are involved in the pathogenes$ia wide variety of
chronic neurodegenerative diseases such as Alzhisiméease (AD),
Parkinson disease (PD) and HIV-associated deménf®) (Chavaet al,
2005, de Vriest al, 2008). Alterations in tissue redox balance, eissed
with microglial activation, and abnormal proteinpdeition, are common
pathological features dhese diseases (So#b al, 2003; Halliwellet al,
2006; Blocket al, 2007; Linet al, 2006; Lansburyet al, 2006). The
deposition of amyloid, synuclein, huntingtin, and superoxide dismutase
(sometimes connected with other proteins) has lséewn in the brain of
patients suffering from AD, PD, Huntington’s diseagHD), and
amyotrophic lateral sclerosis (ALS), respectivdliie evidence for a role of
oxidative stress in protein aggregates depositionpiovided by the
immunoreactivity of the pathological deposits withtibodies recognizing
modified protein side-chains. Certainly free ratiwaygen chemistry plays
a pathogenetic role in all these neurodegeneratweitions, though it is as
yet undetermined what types of oxidative damageumocearly in
pathogenesis, and what types are secondary maatifest of dying neurons
(Sayreet al.,2001).

Since oxidative stress has been implicated in ththgnenesis of several
neurodegenerative disorders, therapies based ogee®uos antioxidants
administration have been developed. In this respettas been reported
that high amounts of antioxidants are needed t@welprotective effects in
the central nervous system (CNS), as most exogeaotisxidants do not
efficiently cross the blood—brain barrier owingtteeir hydrophilic nature.
Furthermore, administration of antioxidants is tedi owing to their
toxicity at high doses, resulting in a small thenatic window of these
agents (Moosmanat al, 2002). This emphasizes the need for alternative
strategies to therapeutically counteract the deniad effects of ROS and
restore the cellular redox balance. A promisingdidate to limit ROS-
mediated damage is the activation of endogenoumxidnt enzymes
present in the CNS (Agrawadt al, 2011), such as heme-oxigenase,
catalase, glutamate cystein ligase, superoxideu&s®n, and peroxiredoxins
(Van Muiswinkelet al.,, 2005; Schreibekt al, 2007).



1.2. Involvement of oxidative stress in HIV-Associated BPmentia
(HAD)

HIV-1 infection of the central nervous system (CN@h lead to a variety
of neurological problems, including motor disturbas, cognitive
impairments and behavioural changes (McArthatral, 2004). These
neurological symptoms can occur in various degoéegverity, and in their
severest forms are termed HIV-Associated Demehtial)) (Navia et al,
1986). It is estimated that one-third of adultseaiéd with human
immunodeficiency virus (HIV-1) develop dementiarnSsenet al,1992).
HAD is now the leading cause of dementia in pegplenger than 60 years
of age (McArthur et al.1993). HIV-associated cognitive impairment
correlates with the increased presence in the CiN&tivated, though not
necessarily HIV-1 infected, microglia and CNS matrages. This suggests
that indirect mechanisms of neuronal injury andsideath occur in
HIV/AIDS as a basis for dementia since neurons aoé themselves
productively infected by HIV-1 (Ghafougt al, 2006). Many factors can
contribute to the neuropathology of AIDS, particlyaopportunistic brain
infections (Almeideet al, 2005). In the absence of opportunistic infectjon
major clinical symptoms include impaired short temmamory coupled with
reduced ability of mental concentration, leg weasneslowness of hand
movement and gait as well as depression (Jaretsah 1992;Rackstraw,
2011). The HIV-1 associated neuropathology is nsicopically
characterized by the infiltration of macrophagée the CNS; the formation
of microglial nodules; the presence of multinugehtgiant cells which
result possibly from virus-induced fusion of micliagand/or macrophages
in central white and deep gray matter; reactiveogibsis (Huanget al,
2011); neuronal loss particularly in hippocampuessdb ganglia and caudate
nucleus. In addition, a variable degree of whitettemapathology with
evidence of broad range of myelin and axonal damage the presence of
HIV-1 in the cerebral spinal fluid (CSF) has beeparted. (Lawrencet
al., 2002; Gonzalezt al, 2005; Gendelmart al, 1994). The human
immunodeficiency virus-1 (HIV-1) is a member of thiamily of
Retroviridaeand carries a single-stranded RNA genome whicliwverted
into DNA within the host cell. HIV-1 belongs to th@imate lentivirus
group in thelLentivirus genus. Several genomic clades (i.e. subtypes) of
HIV-1 are recognized (A-G, K, 0) with different ggaphical distributions
(Wainberg, 2004). Like all lentiviruses, HIV- 1 iades the central nervous
system (Power et al., 2004), penetrating very safber initial systemic
infection, presumably persisting in the CNS for ates. According to the
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“Trojan Horse hypothesis” (fig.5), HIV-1 enters tlNS, by migration of
infected monocytes or of infected CD4+ T cells. ®nbke virus is in the
brain, it can infect productively macrophages androglia, whereas the
infection of astrocytes is known to be restrict€de infection of neurons is
yet questionable. As the prevalence of HIV-assediaheurocognitive
disorders (HAND) increases (Sackttr al, 2002; McArthuret al, 2004;

Josepket al, 2005), studies of the mechanisms mediating #ikqgenesis
of Neuro-AIDS become even more important (Nettkal, 1998; Albrightet

al., 2003).
Wt @O o 3
\___ o m
:-lc-m :x-lcm
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HIV-1 viron %= Neuron ‘T Microvascular endothelial cell

Fig.5: HIV-1 neuroinvasion. 1) According to the "Trojan Horse hypothesis"rgrdf HIV-1
into the brain takes place by the migration of atdel monocytes which differentiate into
perivascular macrophage. 2) The passage of infeCi2t+ T cells can be another source of
infection in the brain. Other probable causes ofSGiection might be: 3) the direct entrance
of the virus or 4) entrance of HIV-1 by transcysosf brain microvascular endothelial cells.
Once the virus is in the brain it infects produelivmacrophages and microglia. Astrocyte
infection is known to be restricted. The infectiminoligodendrocytes and specially neurons is
questionableRetrovirology (2006)

The absence of significant neuronal infection byHlI contrasts with the
extensive neuropathological damage observed in HAExefore different
mechanisms involving the HIV-1 infection of perieatar macrophages,
microglia and possibly astrocytes might play thmgpal role in neuronal
injury and the disruption of normal neurologicahftion. The damage of
neurons can result from their direct interactiothwiiral proteins, such as
gpl20, Tat (Transcriptional transactivator) and Mpiral protein R)
produced by infected cells (Table 1.), or from adiriect effect due to the
inflammatory process involving activated/infectedrmcytes, macrophages
and astrocytes



Newens Astrocytes Macrophages micoglia BMVECs

120 Activation of chemokine receptors; Global changes in gene expression;  TNFoc and IL-1 4" arachidomic acid  Apopiosis
diminished gltama upmke wetabolites +, B-chemokines

Tar Depelarization of newrons; inmaceliular Improvement of cell TNF-n {t. chemoattraction of Apoptosis; MCP-14
[Ca®"]j: preventiation of long-term MCP-1 §; INOSH: v,m 14: monocytes
potensiation in the hippocampus, TCAM-14
apaptosiz

Maf Cell death: modularion of [K*] channsl Complement factor C3 4. Increased symthesis of various Disruption of BEB
activities pro-inflammatory factors

Vpr  Apopwsis ot found Induction of RANTES/CCLS Apaptosis

* For further details and references see fxt.
#: upregulation.

= BMVEC: brain microvascular endothelial cell
4 BEE: blood-brain barier call

Table 1. Selected effects of HIV-1 proteins on brain cellich may contribute to CNS injury
Virus Research (2005).

The currently prevailing concept for damage of oesr during HIV-1
infection evokes the complex interplay of numereokible factors released
by activated and infected cells. In particularetted and/or activated glial
cells release numerous factors of viral or celldagin that directly or
indirectly contribute to the injury into the CNS. mdng these,
chemoattractants promote infiltration of infectechdér activated
monocytes and T-lymphocytes, then, other factorshsas cytokines
amplify the activation of glial cells that in tunelease neurotoxic factors
leading to neuronal injury and death. Neuronal lezn be triggered by
both excitotoxic and apoptosis-inducing factorscitotoxic factors cause
overactivation of NMDAR-coupled channels, leadingekcessive influx of
Ca'. The excess of glutamate is an excitotoxic conditiue to the release
of glutamate from injured neurons and to the ingxhiglutamate uptake of
infected astrocytes (Fig.6).

Tcalls  Monocytes
infected ! uninfected

[
Chemotactic |
Activating factors. < o
Infection et |

Fig. 6. Model for HIV-1 related injury to the central nervous system.Infected and/or
activated glial cells release numerous factorsrad wr cellular origin that directly or indirectly
contribute to injury in the CNS. Among these, chattractants promote infiltration of infected
and/or activated monocytes and T-lymphocytes, atitig factors amplify activation of glial
cells, and neurotoxic factors lead to neuronalringnd death. Neuronal injury and death are
caused by excitotoxic and apoptosis-inducing factBxcitotoxic factors cause overactivation

6



of NMDAR-coupled channels, leading to excessivéuinbf Ca" and neuronal injury. Excess
glutamate is excitotoxic and caused by releaselatignate from injured neurons and by
impaired glutamate uptake of infected astrocytdsis Tnodel is highly simplifiedVirus
Research (2005).

Oxidative stress is thought to play a role in thesed of HIV-associated
dementia as suggested by increased protein ardl pioxidation in the
brain and cerebrospinal fluid of HAD patients congghto seropositive
non-demented patients. Moreover nitrated tyrosesidues, evidence of
peroxinitrite reaction with proteins, is increaseadHAD brains (Boveret
al.,1999), indicating the presence of chronic oxigastress.

It has been shown that the concentrations of GStH @ther sulfhydryl
compounds are decreased in the blood, liver, amntratenervous system
(CNS) of HIV-infected patients (Castagatal, 1995; Choiet al, 2000),
and low GSH is associated with poor survival of Hiiected patients,
whereas the administration of GSH to the patiergsrehses mortality
(Herzenberget al, 1997). The ROS scavenger N-Acetyl-I-cysteine QYA
acts as an indirect precursor of glutathione bsimgiintracellular levels of
cysteine, a precursor of glutathione (Pocermichl, 2000; Pocernichkt al.,
2001), furthermore, NAC also has antioxidant prtiperof its own due to
the sulfhydryl group. Interestingly, the adminisivza of NAC to HIV-
infected patients has been shown to decrease impitderzenberget al,
1997). Recently, various antioxidants as NAC amgldgcluding N-(N-
acetyl-l-cysteinyl)-S-acetylcysteamine, or selegilidrug (Merinoet al,
2011) have been shown to increase glutathione dgplagt anti-HIV
activity making them possible therapeutic candiglater HIV infection
(Drakeet al, 2002; Drakeet al, 2003). Different factors of both viral and
cellular origin have been reported to induce diyeat indirectly oxidative
stress in different type of cells, such as astesytheurons and brain
endothelial cells(cytokines, chemokines, virotoxin: gpl20, Tat, Nefla
Vpr). Among these, the viral protein Tat is a neuratottiat after being
secreted from HIV-infected cells, can interact witceptors of cells and/or
taken up by infected and uninfected cells thusriaeteng with normal
cellular functions (Liu et al., 2000; Ensoli et, 4893; Sabatier et al., 1991).



1.3. Neurotoxicity induced by HIV-1 Tat

HIV-1 is the etiologic agent of acquired immunodg&fncy syndrome
(AIDS) (fig.7).

Blood

Brain

Fig.7: Models for invasion of the brain by HIV-1 at the blood-brain barrier. Three
pathways have been proposed for HIV-1 entry int® lthain at the blood—brain barrier. The
most favoured hypothesis is (1) migration of inéectcells, primarily monocytes, from the
blood into the brain (“Trojan horse” hypothesisth€&r pathways proposed for entry of HIV-1
are (2) passage of free virus into the brain eilyemigrating between or transcytosis through
brain microvascular endothelial cells (BMVECS); (8)ease of virus into the brain by infected
BMVECs. Virus released by infected perivascular ropbages contributes to productive
infection of microglia and promotes spread of viushe parenchyma of the brain. Restricted
infection of astrocytes can occur at the blood+biaarrier or in the brain parenchyma by
contact with free virus or with virus-infected eelinfection of neurons and oligodendrocytes
is controversially discussed (indicated in figuyequestion mark (?Yirus Researcii11: 194—
213.

HIV-1 gene expression and transcription are crusigps in the viral
replication cycle, which is considered to be a ptité target for inhibition
of HIV-1 (Nekhaiet al, 2006; Richteet al, 2006). Replication of HIV-1 is
controlled by a variety of viral and host proteinghe transcriptional
regulation of the virus is a complex event thatuiegs the cooperative
action of both viral (e.g., Tat) and cellular (¢.G/EBR, NF«B) factors.
The HIV-1 viral genome encodes for three structgeies (gag, pol, and
env), three regulatory genes (tat, nef, and rem), three accessory genes
(vpr, vpu, and vif), all in overlapping frames. Beegenes are flanked by 5
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and 3 long terminal repeats (LTRs) that contain enharara promoter
elements essential for proviral transcription aeglication (Karnet al.,
1999) (Fig.8).

The HIV-1 Trans-Activator of Transcription (Tat) isn RNA-binding
protein that contributes to transactivation of aad cellular genes (Jet
al., 2009; Mahlknechet al, 2008; Nekhaiet al, 2007). Tat is an early
regulatory protein that facilitates HIV-1 transdigm and replication and
has a variable length of 86—-104 aa, encoded byekoos (fig.8).

I [rer]
[CTRI[gag ] Wisd e &)
A TS
= R nn/
'
'
' ~
] T
[l S
' ~ao
\ -~
] o
:
' s
\ Negative regulatory S
% elements ~a.
I'f_H NF-xB spt tatAa *1 TAR el
CHeCHet-oEooo-0—L ==
1
L | |
us R us

Fig. 8: Structure of the HIV-1 genome.Tat is encoded by two exons (in red). The firsirex
codes for the first 72 aa, which are sufficientTat transactivation. The second exon codes for
amino acids 73-104. The detailed structure of fhR is shown at the bottom of the picture.
The HIV-1 LTR contains many protein-binding sit€&ame of the protein-binding sites, such
as negative regulatory elements, downregulate ¢rgotion of the HIV-1 genome through
binding to regulatory proteins. The HIV-I LTR alsontains a TATA box, two direct repeats of
NF-kB-binding site and three tandem repeats of Mipdling site. Tat recruits transcription

factors on the LTR to upregulate the transcriptiérihe HIV-1 genomeJournal of General
Virology (2010), 91, 1-12

The first exon encodes the first 72 aa. Due tovdriable length of Tat, its
molecular weight varies from 14 to 16 kDa (Pugliesal, 2005).
Incomplete forms of this viral protein (from 5878 aa) may also be able to
induce the biological effects of the full lengthotein. A double splicing
mechanism occurs after the transcription of tat rARNhis is a post —
transcriptional modification that consists of cuftiof the tat mRNA and
removal of unnecessary sequences. The procesHowdd by the joining
together of nucleic acid sequences (Puglesa., 2005).

The extracellular form of Tat, which is releaseanfr productively infected
cells, is also able to enter target cells and inditg effects (Ferrart al,
2003; Zhenget al, 2005). Mutational analysis of HIV-1 Tat has itiéed
two important functional domains: an activation demthat mediates its
interactions with cellular machinery and an argiich region that is
9



required for binding to the transactivation respem&lement (TAR) RNA
(Hwanget al, 2003). Tat acts in concert with host cellulattées, such as
the human positive transcription elongation fad®TEFb, consisting of
cdk9 and cyclin T1, to stimulate transcriptionabredation from the viral
LTR through a specific interaction with the TAR mlent, a 59-residue
stem—loop RNA (Karmet al, 1999).

Oxidative stress is thought to play a role in theeat of HIV-dementia and it
has been recently demonstrated to be associated Wét-induced
neurotoxicity (Chavaet al, 2005; Butleret al., 201]). Tat was found to
induce oxidative stress directly and indirectly zAlBnet al, 2010). Tat is
actively secreted into the extracellular environhmaainly from astrocytes,
microglia, and macrophages, and is taken up byhbeigng uninfected
cells such as neurons (Chagigal, 1997; Ensolet al, 1993; McArthuret
al.,, 1993). The HIV-1 protein Tat released from asttesyreportedly
produces trimming of neurites, mitochondrial dysfiion, and cell death in
neurons (Chauhaet al.,2003).

A single injection of full-length Tat (1-86), Tat{72), or the short basic
domain of Tat (48— 57) into the hippocampus orahmals resulted in glial
cell activation, influx of inflammatory cells, indtion of inducible nitric
oxide synthase and neurotoxicity (Joeesl, 1998; Philipporet al, 1994).
Tat toxicity, assessed bin vitro systems between 100 and 500 nM
concentration, is thought to be mediated througtitetoxic mechanisms
involving calcium influx, mitochondrial calcium wgte, generation of ROS,
activation of caspases and eventually apoptosisinfign et al, 1999).
Oxidative stress has been demonstrated both in bten and in
cerebrospinal fluid (CSF) of HAD patients (Turchanal, 2003). Brain
tissues are particularly susceptible to Tat toyxi¢Rocernichet al, 2005).
Evidently, Tat plays an important role during nqaathogenesis, both as an
intracellular and extracellular mediator of neuxitiy (Wonget al, 2005).
Price et al. (2005) have demonstrated that Tat causes oxalatiress in
immortalized rat brain endothelial cells by a tidependent decrease in the
levels of intracellular glutathione and a time-degent increase in the
levels of the oxidized form of glutathione (GSS@¥s a result of the
oxidative stress induced by Tat, glutathione isitbeidized to GSSG.

HIV-1 Tat-mediated neurotoxicity is directly evidgnom a study in which
was demonstrated that cell death was completelyepted when the
supernatant from HIV-infected monocytes was finsiriune absorbed with
antiserum to Tat and the HIV-1 protein gp120 (Tarcht al, 2001). The
findings set out above in paragraphs suggest thatsTcapable of directly
exciting neurons and causing excitotoxicity. Howeviat toxicity is also
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related to glutamate receptor activation, sincegoists of NMDA and
non-NMDA receptors partially protect neurons frdme toxic effects of Tat
(Haugheyet al, 2001; Haymaret al, 1993; Magnusoret al, 1995).
Neurotoxic effects of Tat are in part mediated bgat interactions with a
polyamine-sensitive site on the NMDA receptor (Blengastet al, 2002;
Self et al, 2004). Co-localization analysis by Chandea al (2005)
demonstrates large immunoreactive patches of Telbse proximity to and
sometimes partially overlapping with patches of NMDreceptor
immunoreactivity, demonstrating a partial co-lozalion of the Tat protein
with the NMDAR (Chandraet al, 2005). Neurodegeneration in HAD
occurs in uninfected neurons at sites that arenafistant from the site of
viral replication (Pocerniclet al, 2005). In particular, Tat could directly
interact with neurons, after being released intdragellular space by
infected glia/macrophages within the brain (Chabaal, 1997). Tat may
also activate astrocytes to induce the expressianducible nitric oxide
synthase (iNOS) (Liet al, 2002), leading to the formation of an excess of
nitric oxide. Tat-activated glial cells and HIV-edted macrophages are
able to secrete several cytokines such as &NWhich also contributes to
iINOS induction thus leading to increased NO proiduc(Bukrinskyet al,
1995). NO excess also enhances glutamate release dstrocytes (Bal-
Price et al, 2002), exacerbating excitotoxicity. Overprodaotiof NO is
proposed, as reported in many studies, to incrief¢el replication, on the
contrary low levels of NO can inhibit HIV-1 replitan (Persichiniet
al.,1999; Torreet al, 2002).
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1.4. Metabolism of polyamines and oxidative stress in #hbrain

Polyamines are ubiquitous small, positively chardeesic molecules (Fig.
9), the only polyamines synthesized in mammalidis ege putrescine,
spermidine and spermine.
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Fig.9: Polyamine structures, biosynthesis and int@onversion. Polyamine structures are
shown in blue. Enzymes are shown in red italic o(®DC, L-ornithine decarboxylase;
AdoMetDC, Sadenosylmethionine decarboxylase; SM@yermine oxidase; SSAT,
spermidine/spermine-N1-acetyltransferase; APAOtygoalyamine oxidase)lUBMB Life
2009.

Polyamine levels are controlled by changes in thatent of the key
enzymes shown in Fig. 9. The induction of SMO thaturs in response to
polyamine analogues (Warg al, 2006), TNFe (Babbaret al, 2006) and
during cell differentiation leads to decreased e content (Cervellet
al., 2009). Flux through APAQO activity is normally gidated by the
availability of the substrates provided by SSATheatthan by changes in
APAO activity. Alterations in efflux and uptake nemisms also play an
important role in maintaining cellular polyamine ntent. There are
transport systems for both the uptake of polyamarekfor their efflux, but
are currently poorly understood at the biochemitmalel. Polyamine
transport can follow a dynamin-dependent and dlatindependent
endocytic uptake pathway.

Both APAO and SMO are flavoproteins that generaigctive aldehydes
and HO, and may cause oxidative damage (Cas¢ral, 2010). This may
be a more serious problem with SMO since APAO isafed in
peroxisomes (Pegget al, 2009). In neurodegenerative diseases
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augmented polyamine metabolism results in the ge¢ioer of hydrogen
peroxide and a number of reactive aldehydes thdicjpate in the death of
compromised tissue. The concept of “oxidative strelsas become a
mainstay in the field of neurodegeneration but faled to differentiate
critical events from epiphenomena and sequelae.

Polyamines play important roles in the regulatibroa channels (Fig.10).

lon channels:
Kir,
Glutamate (NMDA,
AMPA, kalnate),
Connexins

\x

Polyamines

r

Polyamine-responsive modulon 1

Fig.10: Functions of polyamines Polyamine levels affect ion channels, cell-ceteractions,
the cytoskeleton, signalling via phosphorylatior ather mechanisms, activity of elF5A via
the role of spermidine as a precursor for its hypat®n, transcription and mRNA translation.
The effects on transcription and translation (kitect and indirect) alter the cellular levels of
many proteins making up the polyamine-responsiveluimo as described by Igarashi and
coworkers|UBMB Life 2009.

Both glutamate receptor ion channels, which medétgitatory synaptic
transmission in the mammalian brain, and inwardlgtifying potassium
channels (Kir), which control membrane potential d apotassium
homeostasis in many cell types, are affected ab agetertain connexin-
linked gap junctions and some other channels tligctaintracellular
calcium signalling (Lynclet al, 2002; Moncad&t al, 2006; Corasanitet
al., 1992; Dawsoret al,1991). Polyamines influence glutamate receptors
mediating slow voltage-dependent responses subliVi3A receptors, and
those producing fast responses at excitatory sysassich as a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPAceptors and kainate
receptors (Lynclet al, 2002).

The NMDA receptors are involved in synaptic plagtiand may also play
a role in seizure activity. The endogenous polyasirspermine and
spermidine have been shown to have both stimulaodyinhibitory effects
on NMDA receptor (Williamset al, 1989). Although both polyamines are
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found in high concentration in the brain, their dtions remain still largely
unknown (Williamset al, 1994). The extent of the effects either stimarkat
or inhibitory of spermine on NMDA receptors of auftd neurons is highly
variable and likely due to the expression of défersubunits of the NMDA
receptor complexes. Williamst al (1994) provided evidences that high
molecular concentration of spermine would increthgeactivation of some
subtypes of NMDA receptor. Thus, polyamines may @laole in synaptic
transmission involving NMDAR.

Spermine (and, to a lesser extent, spermidinenhdsple effects on these
receptors including stimulation and a weak voltdgpendent inhibition
representing an open-channel block. Spermine sditioul, which occurs via
binding to the extracellular R domain, causes draroement of the current
gated by glutamate and glycine. There is a ‘gly@apendent stimulation’,
which produces an increase in the affinity of teeeptor for glycine. At
physiologic pH, spermine stimulatory effects areerseat NR1/NR2B
receptors but not at NR1/NR2A receptors (Duggtnal, 1995). The
spermine block occurs via interactions in the owtstibule of the channel
pore (Tan et al, 1998). The AMPA-type glutamate receptors are
responsible for fast excitatory neurotransmission the CNS. Thus,
polyamines may regulate the amount of, Gx and the excitability
threshold at developing synapses. Similar to itamn NMDA receptors,
spermine potentiates kainate receptors by reliepitogon inhibition of the
receptor (Calkingt al, 2009).

On the other hand, the polyamine-sensitive subbfitbe NMDA receptor
seems to be specifically involved in Tat-eliciteatigotoxicity. In particular,
it has been reported that Tat can act as an agafitise NMDA receptor in
a clade-dependent manner by directly interactinth whe receptor, thus
leading to persistent NMDAR activation. To notejstteffect was only
observed with clade B-Tat. Interestingly, patiénfected with HIV-1 clade
C do not develop severe forms of dementia, unliRé-Hclade B-infected
people which are more frequently affected by seveesirocognitive
impairment.

14



1.5. The antioxidant cell response: KEAP-1/Nrf2/ARE Sigaling
Pathway

NF-E2-related factor-2 (Nrf2), a member of the c¢apcollar family of
basic leucine zipper transcription factors, forretehodimers with the small
Maf proteins and binds to the antioxidant resp@isment (ARE) (fig.3).

ROS
E Hectrophil
: e [keapimodifications
o | cys wxidations (CysiEl cys273, Cys288)
b Zn release
L Phosphorylation by PKC, PERK, PI3K (Ser40)

NRF2 ubiquitylation arrest
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« Electrophile detoxification
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« NADPH
NAF2 proteasomal degradation « Proteasome function

Fig.3: KEAP1/NRF2interaction. The dimeric Kelch-like ECH-associated protein-EAP1)
receptor contacts one NRF2 (nuclear factor (erydhderived-2)-like-2) molecule at two
distinct N-terminal sité§® *** The KEAP1—cullin-3 (CUL3) complex constantly targ NRF2
for proteosomal degradation through ubiquitylattdtNRF2 Lys residues that are located at its
N terminus, between the two KEAP1 interaction sitelectrophiles and signals from reactive
oxygen species (ROS) modify KEAP1 Cys residueslitepto zinc release and a conformation
that is non-permissible for ubiquitylation. An aftative speculative model proposes that two
NRF2 molecules are each contacted by the Kelch thomiadimeric KEAP1 (Ref. 104).
Phosphorylation of Ser40 by phosphatidylinositdirdase (PI3K), protein kinase RNA (PKR)-
like endoplasmic reticulum (ER) kinase (PERK) ootpin kinase C (PKC) might also lead to
ubiquitylation arrest. KEAP1 dimerizes through thead complex—tramtrack—bric-a-brac
(BTB) domain and interacts with NRF2 through thddkiedomain. The KEAP1 intervening
region (IVR) that carries reactive Cys residudsdsated between the BTB and Kelch domains.
ARE, antioxidant response element; CNC-bZIP, capcatfiar-basic leucine zipper; DGR,
double glycine repeat; GSH, glutathior¢ature Reviews. Molecular Cell Biolo@007.

The antioxidant response element (ARE) are enhalooated in the 5
flanking region of many phase Il detoxification gsnand was first
identified by T.H. Rushmore and colleagues (Ruskemetr al, 1990;
Rushmoreet al, 1991). Nrf2 plays a critical role in the constite and
inducible expression of numerous detoxifying andicaidant genes,
including NAD(P)H:quinone oxidoreductase (NQO1)utghmate-cysteine
ligase (GCL, also known as glutamyl-cysteine sywbe) and heme
oxygenase-1 (HO-1), through activation of the AREhe regulatory region
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of the genes (Venugopat al, 1996; Itohet al, 1997; Yanget al, 2005).
Evidence has also shown that the basal activityré? is suppressed by its
cytoplasmic repressor Kelch-like ECH-associatedgind (Keapl) (ltolet
al., 1999). Advances in this field suggest that Kehp4 a role in both Nrf2
cytoplasmic sequestration and its ubiquitin-medigtmteolysis (Kobayashi
et al, 2004; Cullinaret al, 2004). Small molecules induce Nrf2- dependent
ARE activation inducing the release of Nrf2 from ap@ and the
translocation of Nrf2 to the nucleus. Once in thelaus Nrf2 binds to small
Maf proteins in order to elicit the transcriptiofitbe ARE genes (Itokt al,
1997; Motohashet al, 1997; Charet al,1999). Activation of this pathway
has been studied in a variety of tissues and ygedis using many chemical
activators (fig.4).
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Fig.4: Proposed Nrf2-ARE signaling pathway.Nrf2 is expressed constitutively in the cell
and translocates directly to the nucleus followitsgsynthesis. Following transactivation of its
genes, Nrf2 is targeted for degradation by Keapthénucleus, a process that requires the
transient shuttling of Keap1 into this compartmdmtells under stress, stabilization of Nrf2 is
thought to be dependent on mechanisms that eitbgept or reduce access of Keapl to Nrf2.
J Biol Chem. 2009.

Induction of Nrf2-mediated transcription, partialjain astrocytes, has
been shown to protect against neurotoxicity fromagiety of insults. In

primary neural cultures, Nrf2 activation is knowm lbe neuroprotective
against oxidative stressors and mitochondrial ®xsuch as hydrogen
peroxide and tert-butyl hydroperoxide (Calkieisal, 2009). In all cases,
either Nrf2 activation was shown to contribute teuroprotection, or
conversely, Nrf2 deficiency led to increased sévigit These observations
illustrate the critical concept that Nrf2 respoisean inducible and highly
protective mechanism that may be employed by @eltsilture orin vivoto

combat oxidative stress (Johnsen al, 2002; Agrawalet al, 2011).
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Various reports have underscored the cytoproteetffexts of Nrf2-induced
antioxidant protection in distinct CNS cell typesdaanimal models for
neurodegeneration. It has been reported that Nif2wl gene expression of
antioxidant enzymes was able to protect primargoagtes from hydrogen
peroxide-induced apoptosis, conversely decreaseetlsleresulted in
augmented susceptibility to oxidative stress in shene cells (Leet al,
2003). Interestingly, astrocytes overexpressing2Nafe able to rescue
neurons from oxidative stress, indicating thatastres are the predominant
cell type involved in Nrf2-mediated protection (lus et al, 1996;
Desagheet al, 1996). The Nrf-2 ARE pathway is found in mossties and
controls the expression of a multitude of geneslived in protecting cells
(Kensleret al, 2007).The role of Nrf2 as a potential therapeutic tarfget
ROS-dependent neurodegenerative disorders hasrbeently recognized
(Calkins et al, 2009).Interestingly,it was very recently shown that the
activation of the Nrf2/ARE pathway protects agaipgidative stress in
HIV-1 transgenic rats (Faet al, 2011).
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2. AIM OF THE WORK

HIV Associated Dementia is a neurological syndraha occurs in the late
stage of the HIV-dependent infection and is charamtd by abnormalities
in cognition, motor performance and behavior. Glalls (specifically
microglia and astroglia) are the target and reses\for persistent infection
(Takahashet al, 1996), playing a principal role in the neuropaghnesis of
HAD. Neurons are rarely infected although they #re final targets of
disease. This has led to the concept that the gatfesis of HAD is caused
not by direct infection of neurons, but by secrgtand cell-associated
products (viral and cellular) manufactured by gliaat disrupt neuronal
function (Turchan-Cholewet al, 2009).

Several investigators have studied how viral prstaiuch as gp120 and Tat
may contribute to disease (Giuliset al, 1993; Bagettaet al, 1994,
Lannuzelet al, 1997; Hesselgesset al, 1998), focusing the attention on
possible indirect mechanisms, including oxidatiteess (Mollaceet al,
2001 Rackstraw, 2011; Mattsehal, 2005; Butterfielcet al, 2006; Steiner
et al, 2006).

Literature data on the association between polyamixidase activity and
oxidative stress-induced neurodegeneration (Amenelohl., 2005; Seiler
et al.,, 2000) prompted us to investigate a possible iremient of
polyamine metabolism in HIV-Tat-induced neuronalit¢dy. In particular,
we assume that a role can be devised for polyadhéneed ROS
generation in Tat-induced oxidative stress. Thuswendered whether Tat
might upregulate the expression and the activitySsiO and APAO
enzymes in astrocytoma and neuroblastoma cellreuthodels and whether
this effect could be related to Tat-induced celbtdeby using ROS
scavengers and specific polyamine oxidases inhgittncreased ROS
levels can promote cell damage especially in neutbat seems to be more
sensitive to oxidative stress-induced cell deatth wespect to astrocytes. It
is well established that astrocytes can activatefficient Nrf2-dependent
antioxidant cell response thus maintaining the xdullance and preserving
them from cell death. Therefore we assumed a differability of
astrocytoma and neuroblastoma cells in activating antioxidant cell
response after Tat exposure, which in turn shoedd lto a selective death
of neurons. In this context, aim of the second péthis research project
was to study the activation of the Nrf2/ARE pathwayTat-treated or-
transfected cells.
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3. RESULTS

Selective toxicity of HIV-Tat recombinant protein on SH-SY5Y and
NIE-115 neuroblastoma cell lines

Many evidence indicates that HIV-1 Tat protein glay key role in the
neurotoxicity occurring in HIV-1 infection. In pa&tlar, Tat can directly
interact with the polyamine sensitive subtype @& MMDAR (Prendergast
et al, 2002), thus explaining the selective death cfroes.

Oxidative stress is also thought to be involvethim mechanism leading to
neuronal loss observed in HAD patients, althoudte obrigin of the
unbalanced redox state is not yet clearly dematestra

Thus, we first examined the ability of HIV-1 Tatcoenbinant protein to
induce cell death and ROS production in astrocgtes neuroblastoma cell
culture models.

To this aim we used U373-MG astrocytoma as webldsSY5Y and NIE-
115 neuroblastoma cells, the latter two exprestiegNMDA subtype of
glutamate receptors (Sun and Murali, 1998; Halliwehl., 1989).

We selected the neuroblastoma cell lines also lsecafitheir susceptibility
to NMDA-induced cell death (Corasandt al, 2007; Norbyet al, 1997).
The effect of Tat treatment on cell viability wagakiated by MTT assay
(Bruggisseret al, 2002).

Neuroblastoma and astrocytoma cells were treatéd rgcombinant Tat
(100 ng/ml) for 24 and 48 h.

As shown in Fig. 1, a significant decrease (30%¢adf viability has been
observed early as 24 h of treatment only in neasibma cells (SH-SY5Y).
Whereas U373 glioma cells were resistant to Tatiéed toxicity for all the
time points investigated.

In order to analyze whether the reduced viabilitguced by Tat was
mediated by ROS generation, we performed MTT aesayat-treated cells
in the absence or presence of the ROS scavenger NAC
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Fig.1: MTT vitality assay. Glioma (U373-MG) B) and neuroblastoma (SH-SY5Y and NIE-
115) A,C) cells were treated with 100 ng/ml HIV-1- Tat redzinant protein. MTT assay was
performed 24 h after treatments. 2 mM NAC pre-treatt demonstrated ROS toxicity-
dependent cell death. Data were expressed as meaisof three different experiments, each
with two replicates*p<0.01,**p <0.001.

As reported in Fig. 1, the pretreatment with NAGngdetely restored cell
viability in both the neuroblastoma cell lines.

These resultsupport that Tat affected cell viability throughbarst of
oxygen free radicalsTherefore, we investigated the levels of intradaf
ROS using the same cell culture models.

To this aim we used CM-H2DCFDA, a cell-permeanidatbr that detects
mainly H,O,. We first evaluated intracellular ROS generation cells
treated with recombinant Tat (100 ng/ml) for 1 h.

As shown in Fig. 2, ROS levels were significantigreased mainly in SH-
SY5Y neuroblastoma cells rather than in U373 gliaels treated with Tat
with respect to untreated cells.

ROS generation was completely prevented by 1-htneament with the
ROS scavenger NAC (2 mM).
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Fig.2: characterization of HIV-1 Tat-induced cytotoxicity in neuroblastoma cultures:
DCF-ROS determination. HIV-1 Tat recombinant protein (100 ng/ml) inducaztumulation

of intracellular ROS more in neuroblastoma cellanthin astrocytes, already 1 h after
treatments. 2 mM NAC pre-incubation preventedeast in part, ROS increase, demonstrating
ROS-dependent fluorescence increase. Fluorescerages were acquired by an inverted DMI
6000 confocal scanner microscope TCS SP5 (Leicadglystems CMS GmbH) with a 40 and
63X oil immersion objective. Images were acquiresihg Leica application suite advanced
fluorescence software, images were acquired fraeetbhosen field. Results were confirmed
by three independent experiments.
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Analysis of PA-oxidases gene expression and evaligst of spermine
oxidase activity in neuroblastoma cells treated wit HIV-Tat

Since the polyamine sensitive subtype of NMDA rdécephas been
implicated in Tat-induced neurotoxicity, we wondgrehether the ROS
production elicited by Tat could be the consequeleaugmented
polyamine metabolism. Thus we performed a studiegply investigate the
involvement of polyamine metabolism in neurotoxicilicited by Tat

Firstly, we analyzed by RT-PCR the expression of BAzymes in
neuroblastoma cells treated with HIV-1 Tat (100nmgy/

The results shown in Fig. 3 indicate the up-regufabf APAO and SMO
MRNA after an 8-h treatment with the recombinanalyprotein, suggesting
a putative role for polyamine oxidases in mediatifigt-induced

neurotoxicity.
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Fig.3: (A and B) involvement of polyamine oxidases enzymes HIV-1 Tat-induced
toxicity. HIV-1 Tat recombinant protein (100 ng/ml) induceg-regulation of SMO and
APAO mRNA already 8 h after treatments in neurdblaa cells. RT-PCR results were
confirmed by three independent experiments andalqieessed as means + S@).Polyamine
metabolism scheme. Representation of polyamine lrolisan and derived secondary toxic
products.
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Both APAO and SMO are flavoproteins that generatctive aldehydes
and HO, as byproducts and may cause oxidative damage (Véoad,,
2007). In particular SMO, the most recently chagezed enzyme involved
in polyamine metabolism, catalyzes the direct bamkversion of spermine
to spermidine in an FAD-dependent reaction thai gislds the byproducts
hydrogen peroxide and 3-aminopropanal. Since thetabolites have been
implicated in neurodegeneration by in vitro andiwo studies, we analyzed
the activity of SMO on SH-SY5Y cells after 1 andh4reatment with Tat
(100 ng/ml).

The results shown in Fig. 4 demonstrate a signifidacrease of SMO
activity in Tat-stimulated cells and suggest atreteship between HIV-Tat
neurotoxicity and polyamine metabolism.

SMO activity assay
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B HIV-Tat 1h
O HIV-Tat 4h
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pmol H202 h/ug proteins
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Fig.4: SMO activity assay Neuroblastoma SH-SY5Y were treated with HIV-1 Ta60
ng/ml) for 1 and 4 h. The SMO activity was measispectrophotometrically by following the
formation of a pink adduct as the result of th®©dependent oxidation of 4-aminoantipyrine
catalyzed by horseradish peroxidase. Data repoated the average of three different
experiments, each with two replicates, standardatiem (SD) was 5%.

24



Involvement of SMO/APAO enzyme activity in Tat-induced ROS
generation and cell death

In order to assess the involvement of polyamineabwitsm-derived kD,
in Tat-induced cell death, we performed experiméatinhibit SMO and
APAO activity in cells treated with Tat. To thisnaiwe chose the two
polyamine analogues, MDL-72527 a well known spemiithibitor (Seiler
et al.,, 2000) and chlorhexidine (CHX), a recently proposgzkbrmine
analogue whose inhibitory effects on SMO and APAQyenes were
supported byn vitro study and molecular modelling (fig. 1 of suppletyen
Firstly, we performed cell treatments with sevatates of CHX, ranging
from 0.1 to 1 mM, to ruled out a direct cytotoxiteet of the compound. At
doses higher than 10 uM we observed a lethal effebtreas at lower
concentration (100 nM) CHX unaffected cell vialyiliuntil 72 h post-
treatment (fig. 5).
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Fig.5: neuroblastoma cells and CHX. A)Chlorhexidine chemical structurB) Trypan Blue
exclusion test was performed on SH-SY5Y cells afteih treatment with 1 mM CHX. Death
cells were selectively colore@) MTT vitality assay was performed to test toxicitypendent
cell death by CHX. Neuroblastoma (SH-SY5Y) cellsevieeated with 0,1uM-1mM CHX and
MTT assay was performed after 24, 48 and 72-hrreats. Data were expressed as O.D.
means + S.D of three different experiments, eadf wvo replicates; CTR vs. treatment
=*p<0.01,**p<0.001.

Thus, in order to analyze the effect of polyamingdases inhibition on
HIV-1 Tat-induced ROS production and cell death, wged CHX at 100
nM concentration to pretreat overnight human nelasibma cell lines. As
expected, Fig. 6 shows that both 50 uM MDL and D00 CHX pre-
treatments prevented ROS increase (fig.6, fig. Xufplement) in SH-
SY5Y and N1E-115 cells. The effect on cell viakilhas been evaluated
only on CHX-pretreated cells.
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Fig.6: polyamine oxidases inhibitors prevent HIV-1 Tat-irduced ROS increasel00 ng/ml
HIV-1 Tat-induced ROS intracellular accumulationswarevented by a 3-h pre-treatment of
SH-SY5Y with 50 uM MDL and 100 nM CHX. ROS were raeesed using DCF-DA
fluorescence probe. Fluorescence images were acdqby an inverted DMI 6000 confocal
scanner microscope TCS SP5 (Leica Microsystems @u$hH) with a 40 and 63X oil
immersion objective. Images were acquired usingcdeiapplication suite advanced
fluorescence software, from three chosen field.uResvere confirmed by three independent
experiments.

As shown in Fig. 7, 100 nM CHX prevented cell deathboth Tat-
stimulated neuroblastoma cells. These results dsetraie that ROS
generation in Tat-stimulated cells was dependenSEIO/APAQ activity.
Moreover, the specific inhibition of these enzymess able to prevent Tat-
induced cell death, ultimately supporting the imashent of polyamine
metabolism in Tat-induced neurotoxicity.

A MTT 24 h-SH-SY5Y cells
= —
——
2 100 I BCR
:® B H\CTat 100ng/mi
S 01— OCHX0,1pM
§ 40+— OHMTaCHX C MTT 24 h-U373-MG cells
0 i W TBOOH 100pM 120
0 100
2 g acR
E ® HIV-Tat 100ng/m|
o 60 —— OCHXO0,1 M
B ; © OHIV-Tat+CHX
= W TBOOH 100 pM
s 20—
12|
— |
10 f OCTR o
o 80— WHIV-Tat
8 60— [CHX 100nM
2 sol—| pHTascix
s
= 300
S 20— 1§ TBOOH 10041
0

Fig.7: CHX inhibition of Tat-dependent neurotoxicity. MTT vitality assay. SH-SY5YX),
U373-MG (), and differentiated NIE-115B]. Cells were pre-treated with 100 nM CHX
overnight. 100 ng/ml HIV-1- Tat recombinant proteivas added and MTT assay was
performed after 24-h treatments. CHX pre-treatmeeionstrate polyamine metabolism
toxicity-dependent cell death. 100 pM t-BOOH treatnwas performed as ROS-dependent
cell death control. Data were expressed as medP4of three different experiments, each
with two replicates*p<0.01,**p<0.001
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Involvement of NMDA receptor in Tat-induced cell death

In order to delve into the molecular mechanismolved in Tat-induced
neurotoxicity we assessed, firstly, the viabilifySH-SY5Y and N1E-115
neuroblastoma cells after 24-h treatment with NMa&gbnist in the absence
or presence of NAC. As expected, we observed thatstimulation of
NMDA receptor decreased significantly the cell viiégp in both cell lines

(Fig. 8).
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Fig.8: L-NAME and MK-801 inhibition of Tat- and NMDA-depen dent neurotoxicity.
MTT vitality assay. SH-SY5Y @,B,C) and differentiated NIE-119)) cells were pre-treated
with 2 mM NAC, 10 uM MK-801 or 1 mM L-NAME for 3 IMMTT assay was performed after
24-h treatments with 100 ng/ml HIV-1- Tat or 1 mMMRA. Data were expressed as means *
S.D of three different experiments, each with twplicates; CTR vs. Treatment*p<0.01,

*+p <0.001

Secondly, the involvement of NMDA receptor activatin Tat-induced cell
death was demonstrated by the effect of MK-801g &bl restore cell
viability of both cell lines (Fig. 8 panel C and.§esults in panel B show
that NMDA and Tat-induced cell death was mediateléast in part by NO
production, since the pre-treatment with L-NAMEtoged cell viability. As
shown in panel A, we observed that the decreasédiability induced by
NMDA activation, was ROS dependent since the prattnent with NAC
was able to completely prevent this effect in agreet to ROS decrease
(fig. 3 of supplement). Next, to investigate whetttee production of ROS
induced by Tat could be downstream the activatibNMDA receptor we
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pretreated Tat-stimulated neuroblastoma cells Wi+801. We observed
that overnight pre-treatment of Tat-stimulated selMvith MK-801

completely prevented ROS generation (Fig. 9; figf4&upplement). Also
the pre-treatment with L-NAME was able to preverdat-Tas well as
NMDA-induced ROS increase thus suggesting a raleNfo in eliciting a

further induction of ROS production.
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Fig.9: NMDAR and NO involvement in HIV-Tat-dependent ROS ncrease.(100 ng/ml)
HIV-1 Tat-induced accumulation of intracellular RO8&8ready after 1-h treatments, was
prevented by a 3-h preincubation of SH-SY5Y withu@ MK-801 and 1mM L-NAME. ROS
were measured using DCF-DA fluorescence probe.rédeence images were acquired by an
inverted DMI 6000 confocal scanner microscope T®S 8 eica Microsystems CMS GmbH)
with a 40 and 63X oil immersion objective. Imagesrevacquired using Leica application suite
advanced fluorescence software, from three chowmtth Results were confirmed by three
independent experiments.
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Finally, to explore a possible interplay between DiMreceptor activation
and polyamine oxidases-mediated ROS generation evéormmed some
preliminary experiments to measure ROS levels inDMMreated cells in
the absence or presence of the SMO inhibitor CHXskown in Fig.10, the
pre-treatment with CHX completely abolished NMDAtuted ROS
generation, thus providing a link between polyamimetabolism and
NMDA receptor stimulation.

SH-SY5Y
CTR NMDA

NMDA+CHX

Fig.10: NMDAR involvement in ROS increase PA-oxidass mediated.1 mM NMDA-
dependent ROS accumulation was prevented by acpiztion with 100 nM CHX in SH-
SY5Y. ROS were measured using DCF-DA fluorescermobe Fluorescence images were
acquired by an inverted DMI 6000 confocal scanneicrescope TCS SP5 (Leica
Microsystems CMS GmbH) with a 40 and 63X oil imni@nsobjective. Images were acquired,
using Leica application suite advanced fluorescesoéevare, from three chosen field. Results
were confirmed by three independent experiments.
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Decrease of the intracellular glutathione (GSH) legls in neuroblastoma
cells treated with HIV-Tat

Oxidative stress is also defined as an imbalantedmn the pro-oxidant
(e.g., ROS generation) and the anti-oxidant sysi@ngs, intracellular GSH
e cysteine), with the shift towards the pro-oxidsygtem.

HIV is known to progressively deplete GSH contenpatients. In our cell
culture model we found that Tat treatment for 1@dused a significant
decrease of GSH levels only in neuroblastoma cédfisparticular, we
observed a strong reduction of ratio in Tat-treg@tSY5Y cells (fig. 11
A, C), whereas in astrocytoma cells total GSH Isevahd the ratio
GSH/GSSG correspond to untreated cells (fig. 1D)B,
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Fig.11: intracellular glutathione (GSH) levels measuremenin neuroblastoma and glioma
cells (100 ng/ml) HIV-1 Tat-induced accumulation ofratellular ROS caused, after 16-h
treatments, GSH/GSSG decrease in human neuroblkastelnline A,D). GSH content was
increased in U373-MG treated with T#,B,E). Measurement of GSSG content in U373-MG
and SH-SY5Y cells@). HPLC separation analysis was performed and data agressed as
pmol/ml.
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These results are in agreement with evidence ifitdrature indicating that
the antioxidant response occurs preferentially dtrogytes (Reddet al,
2011; Kraftet al, 2004).
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Activation of the antioxidant cell response: Nrf2 mclear traslocation in
Tat-stimulated cells

In the cell, a fundamental antioxidant defenceesysts represented by the
induction of cytoprotective (phase-2) enzymes, suwuah glutathione
transferases (GST), glutamate cysteine lygase (G&1d heme oxygenase-
1 (HO-1). Under basal conditions, these enzymepm@asent as a fraction of
their full capacity, but the transcription of theiognate genes can be co-
ordinately up-regulated by the Nrf2 transcripti@ctbr following exposure
to a variety of stimuli, including oxidants (Motadta et Yamamoto , 2004).
In order to evaluate the activation of Nrf2 by HilVTat, U373-MG
astrocytoma and SH-SY5Y neuroblastoma cells werateéd with Tat (100
ng/ml) at different time points and the translosatof Nrf2 into the cell
nucleus was analyzed by the TransAM assay. As shiawfig. 11, we
found Nrf2 accumulation in nuclear extracts of bo#i-treated cell lines as
early as 15 min. Notably, in neuroblastoma cellsolveerved Nrf2 nuclear
accumulation still at 4 h post-treatment.
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Fig. 11: TransAM assay.Nrf2 activation by HIV-1 Tat in human glioblaston{a) and
neuroblastom#B) cells Data were expressed as means = S.D, each witicatigs. CTR vs.
Treatment =p<0.01,**p<0.001
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Activation of the antioxidant cell response: analyis of ARE-driven
gene expression in Tat-stimulated cells

The activation of Nrf2 transcription factor is andition required for the

expression of ARE genes involved in cell antioxid@sponse. To study the
expression of ARE-driven genes we performed RT-R@RIlysis on total

RNA extracted from Tat-stimulated cells at diffaretime points. In

particular, we evaluated the mRNA levels of the sghd enzymes
glutamate cysteine lygase (GCL-C: catalytic sSuQuBi€L-M: modulatory

subunit) and heme oxygenase-1 (HO-1) in astrocytanthneuroblastoma
cells treated with Tat (100 ng/ml) for 1, 4, 6,.8 h
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Fig. 12: NRF2/ARE pathway activation in glioblastona and neuroblastoma cells: HO-1.
(A,B) U373-MG and SH-SY5Y(Q) cells were treated with 100 ng/ml HIV-Tat for 1&4and 8

h. (A,B,C). Pre-treatment with 2 mM NAC was alsafpened. By RT-PCR HO-1 mRNA
content was determined. Data were expressed asmeal. Results were confirmed by three
independent experiments each with two replicatd®R @s. Treatment *p<0.01,**p <0.001,
°p=not significant. D) Scheme: proposed mechanism for Nrf2 inhibitionnguroblastoma
cells.

We observed that HO-1 (fig. 12 A, B) and GCL-C (fig3 A) were
significantly upregulated in astrocytes at 4- 8-litera treatment.
Interestingly, neuroblastoma cells were unabletha same conditions, to
upregulate neither HO-1 nor GCL (fig. 12 C; 13 G, Dhese results are to
some extent unexpected, considering that also umobéastoma cells Nrf2
was activated by Tat (see Fig. 11). Furthermor&oegoma cells pre-
treated overnight with 1 mM NAC prevented HO-1 a@€L mRNA
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expression highlighting the involvement of ROS ag knolecular player in
this pathway (Fig. 12 B; 13 A).
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Fig. 13: NRF2/ARE pathway activation in glioblastona and neuroblastoma cells: GCL-C
and GCL-M. U373-MG A,B) and SH-SY5Y €,D) cells were treated with 100 ng/ml HIV-
Tat for 4 and 8 h. Pre-treatment with 2 mM NAC &0 performed. By RT-PCR GCL-C and
GCL-M mRNA content was determined. Data were exg@ésas means + S.D, each with two
replicates. CTR vs. Treatment *p<0.01, **p<0.001. Results were confirmed by three
independent experiments.
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The interaction of Tat with host proteins might interfere with the
antioxidant response activation

In neuroblastoma cells we observed that Tat faiteéthduce ARE-driven
gene expression in spite of Nrf2 activation. Tipparent paradox could be
explained by putative interaction of Tat with hpsbteins involved in the
antioxidant response machinery. In this respdtast been recently reported
that Nrf2 can interfere with the activity of Tat inducing HIV-1 LTR
transactivation (Zhangt al, 2009). Thus we hypothesized that Tat might
down-regulate directly the expression of Nrf2-defert phase 2 genes
through a direct interaction with Nrf2 or Nrf2-ke&dpcomplex. To evaluate
a direct interaction between Tat and Nrf2 we ugedsiently transfected
cells expressing Tat under the control of CMV preenoFirstly, we cloned
into the mammalian expression vector pCDNA-3.1 ltH¥-1 Tat 86 aa
sequence. The in frame integration of the reconmbigane was controlled
by sequencing and digestion with the restrictionyemes (fig. 14 A).
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Fig. 14: HIV-1 Tat cloning and luciferase assay(A) PCR:HIV-1 Tat 86 aa was cloned in
PCDNA-3.1 vector between BamH1 and Kpnl restrictites.(B) 1G5/LTR-luciferase cell
clone was transfected with pCDNA-3.1-HIV-Tat: Tapeession and activity were verified by
luciferase assay.

The activity of the recombinant protein was vedfieusing the stable
1G5/LTR-luciferase Jurkat cell line-derived clorigy luciferase assay
(fig.14B).

Successively we performed experiments of immundizetgon and co-
immunoprecipitation with Tat-transfected cells.

By confocal fluorescence microscopy we carried aotlocalization
experiments to analyze the putative interactiorwbeh Nrf2 and Tat
proteins.
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To increase the expression of Nrf2, transfecteds cekre treated with
10pM Sulforaphane.

As shown in Fig.15 and 16, we observed in bceh lines a cytosolic co-
localization of the two proteins.

W@ 40-63x OIL immersion--objective

B SH-SY5Y-pCDNA3.1-HIV-1 Tat + SFP

Fig. 15: NRF2/HIV-1 Tat co-localization in human neroblastoma cells: a confocal
microscopy analysis. HIV-1 Tat (green) and Nrf2 (red) immunofluorescesic were
respectively detected by fluorescein isothiocyawcatgugated and red Alexafluor 594-
conjugated antibodies. Overnight treatment withubd SFP was performed to increase Nrf2
cell levels. Merge images (yellow) indicates ttre two proteins co-localization. Results were
confirmed by three independent experiments.
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U373-MG-pCDNA-3.1-HIV-1 Tat

40-63x OIL immersion--objective

vs)

Fig. 16: Nrf2/HIV-1 Tat co-localization in human gioblastoma cells: a confocal
microscopy analysis. HIV-1 Tat (green) and Nrf2 (red) immunofluorescesic were
respectively detected by fluorescein isothiocyawcatgugated and red Alexafluor 594-
conjugated antibodies. Overnight treatment withubd SFP was performed to increase Nrf2
cell levels. Merge images (yellow) indicates ttre two proteins co-localization. Results were
confirmed by three independent experiments.

To better investigate on possible physical intéoactbetween the two
proteins weperformed co-immunoprecipitation and Western Bloalgsis

on total extracts of both SH-SY5Y and U373-MG tfanted cell lines.
Results in figure 17 (panel A) demonstrate thatitberaction between Nrf2
and Tat proteins occurred almost exclusively in S¥bY.
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Fig. 17: IP assay for HIV-Tat/Nrf-2 interaction. 1x1¢® SH-SY5Y and U373-MG human
cells were transfected by nucleofector and lysett 2&er transfection. Treatment with BM
t-BHQ was performed to increase translocation d2Nmto the nucleus from cytoplasrA)
2mg of total extract for each sample was employpedH assay.K) 100ug of total extract for
each sample was analyzed by Western Blot analysis.

Moreover we observed very higher levels of Tat @unoblastoma with
respect to astrocytoma cell extracts. This disarepa&ould not be due to a
different transfection efficiency between the tvall ¢ines but rather to the
ability of astrocytes to secrete Tat protein mofficiently than neurons
(Chauharet al 2003). In support of this, we found that the soptant of
transfected astrocytoma cells was able to indude d=ath unlike the
supernatant derived from neuroblastoma cells (E9¢. Further experiments
are needed to better elucidate this topic.

We also found in western blot of total cell exteaenh additional band, of
about 150-200 kDa, only in glial cell line (fig. Bj.

These results suggest that in astrocytes a fraofibirf2 might be protected
from interaction with Tat because of the formatafra complex with other
host proteins. In this regard, several post-trdiosial modification of Nrf2,
39



have been reported in the literature such as plooglattion (Piet al. 2007),

covalent binding of an actin monomer (43 kDa) (Kahgl. 2002) or tetra-
ubiquitin conjugation (Let al. 2005).

Our results though preliminary may suggest that Geat interact directly
with a not-complexed form of Nrf2 (100 kDa) as seeto occur in
neuroblastoma cells.
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Supernatants of astrocytoma cells overexpressing M1 Tat protein
caused neuronal cell death

To verify whether HIV Tat protein could be diffetgnsecreted by glial and
neuronal cells, mimicking the conditions actuallgcorring during brain
infection, we used the supernatant of Tat-tranefbateuroblastoma or
astrocytoma cells to assess the neurotoxicity & thleased Tat on
neuroblastoma cells. Supernatants from SH-SY5Y BI3@3-MG cells

transiently transfected with pCDNA-3.1-HIV-Tat (¢aiming the viral HIV-

1 Tat cDNA) and with the empty vector pPCDNA-3.1 (esntrol), were

tested for their ability to induce cell death. ABown in Fig. 19, the
supernatant of Tat-transfected astrocytoma cetlsded a significant cell
death in both SH-SY5Y and NIE-115 neuroblastom&liceds (panel B and
C, respectively).

A B

MTT 24 h-SH-SY5Y supernatants on SH-SY5Y cells 040 MTT 24 h-U373-MG supernatants on SH-SY5Y cells
0,350 ;
a0 | 0,400
0,350
0,250 OCR 0300 BCIR
;020 BECDNA3L || %20 B CDNA3.L
00150 = 1| opoonasL T P 22
0100 - 0150 OpCDNA3.1 Tat
0,100
0,050 0,050 +—— —
0,000 0,000
C

MTT 24 h-SH-SY5Y and U373-MG supernatants

on NIE-115 cells
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o B SHSY5YPCDNA3 1
R B SHSYSYPDNA3L- Tt
08 OB73MGHCONA3 L
00 O BT3-MGHCONAS 1- Tt
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Fig. 19: Tat secreted by astrocytes is toxic for meons. MTT assay: SH-SY5Y and U373-
MG cells were transfected with pCDNA3.1-HIV-1 Tainstruct and the supernatants were
transferred to humanA(B) and murine differentiatedC) neuroblastoma cells, 24 h after
transfection. Data were expressed as means + 8cb,with three replicates.

The supernatant derived from Tat-transfected ndastdima cells was also
able to induce cell death, though at a lower pdeagen (panel A).
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Astrocytoma cells cultured with Tat-transfected| calipernatants were

completely resistant to cell death (data not shown)

These preliminary data indicate that glial cells apparently able to secrete
Tat into supernatants thus leading to neuronaldedith. On the contrary,

neurons are unable to eliminate the viral protdéat taccumulates in the

cytoplasm of cells, as shown fig. 17 A by IP asshys increasing its toxic

effect likely interfering with the cell antioxidantesponse machinery.

Further experiments with anti-Tat neutralizing batlies will be carried out

to evaluate the specificity of secreted Tat in ridg neuronal cytotoxicity.
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4. DISCUSSION AND CONCLUSIONS

HAD is a neuro-inflammatory condition characterizeyl the presence of
HIV-infected microglial cells, astrogliosis, myelinloss and
neurodegeneration. The mechanisms leading to degriimnpairment and
dementia in AIDS patients are complex: various lifeevidence indicate
that when HIV-infected monocytes/macrophages attivaneuro-
inflammatory cells such as microglia and astrocytbese cells produce
chemokines, cytokines and neurotoxins that, in wactjon with secreted
HIV proteins, damage neurons, leading to neurornafuhction and cell
death probably via apoptosis. In patients with HIVRfection, significant
neuronal loss and dysfunction occurs even thouglvoms are rarely
infected (Masliahet al., 1996; Mattsoret al, 2005). The most commonly
infected cell types in brain are microglia, macragés, and to some extent
astrocytes, although limited viral replication isoguced in astrocytes.
Astrocytes may serve as a reservoir for the ving may induce neuronal
damage by releasing cellular and viral productsbyprloss of neuronal
support functions. In HIV-infected astrocytes, ttegulatory gene tat is
overexpressed (Nattt al, 2002) and mRNA levels for Tat are elevated in
brain extracts from individuals with HIV-1 dementi@he mechanisms
leading to neurodegeneration in HAD might involveaaiety of pathways
including excitotoxicity and oxidative stress. Theotein Tat can induce
oxidative stress in uninfected cell types throulgh telease of nitric oxide
and reactive oxygen species (Mattgbral, 2005).

Our results give a further contribute to the corhpresion of the
mechanisms involved in heurodegeneration inducedIby

In particular, we found that HIV-1-Tat can inducegidative stress and
neuronal cell death through the production ofOH by a mechanism
involving both polyamine metabolism and NMDA reaaptactivation.
Exogenous Tat was able to induce ROS generatidroih astroglial and
neuronal cell lines, leading to cell death onlyniguronal cells. Moreover,
our results strongly suggest that the origin of R@heration could be
related to spermine/spermidine metabolism. Ind@edguroblastoma cells
Tat was able to induce the activity of SMO as veslithe upregulation of
SMO and APAO, the two enzymes involved in the melism of these
polyamine. We provided also clearly evidence of iheolvement of
polyamine-derived hydrogen peroxide in Tat inducedironal cell death
since the specific inhibition of SMO/APAO complatetestored cell
viability. In regard to the involvement of the NMD#Aeceptor in this
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pathway we demonstrated that inhibiting polyamiregaholism by specific
inhibitor completely prevented NMDA-induced cellatle as well as ROS
production. Finally we highlighted also the rolenifric oxide in inducing
cell death as the pre-treatment of cells with tt@SNinhibitor L-NAME
restored cell viability even in the presence of R@8s suggesting that the
neurotoxic effect of Tat is probably due to the cmmitant NO production
(i.e., peroxinitrite formation). Altogether our @imgs provided strong
evidence that Tat can induce ROS production assaltref the interplay
between NMDA receptor and polyamine metabolism.cémclusion, we
propose a new pathway, involving NMDAR and SMO, aspossible
mechanism for Tat-induced oxidative stress in neairccells, giving a
possible explanation for selective death of neurons

In the second part of this work, we focused on #umtivation of the
antioxidant cell response in astrocytoma and ndastiima cells treated or
transfected with Tat. The higher sensitivity of rens with respect to
astrocytes to Tat-induced cell death, could alsddmeto differences in the
ability to activate the cell defence mechanismsvbeh the two cell types.
In this regard, our finding that in Tat-treated rulastoma cells the ratio
GSH/GSSG was decreased by almost four times, isatide of chronic
oxidative stress and suggests the lack of an efficiantioxidant cell
response.

The activation of Nrf2 transcription factor is andition required for the
expression of ARE genes involved in cell antioxidaasponse. A growing
body of evidence indicates the Nrf2/ARE pathwaydandamental player
in the neuroprotection against oxidative stressdimdng an important role
for astrocytes (Johnsoret al, 2002). Furthermore, Nrf2-dependent
antioxidant response has been recently reportée tactivated in astrocyte
cultures infected with tsl, a retrovirus that causa progressive
neurodegenerative disease resembling to HIV-agsacidementia (Qiang
et al, 2006). In order to analyze and to compare théoddant cell
response in astroglial and neuronal cell lines,imvestigated whether Tat
expression could be implicated in Nrf2 activatiomdan ARE-driven gene
expression. The results obtained demonstrate thhough Nrf2 was
activated by Tat in both cell lines, the expressidrthe Nrf2-dependent
phase-2 genes was upregulated exclusively in ditrozells. Our data
clearly show the inability of neuroblastoma celts @ctivate an efficient
antioxidant response even in the presence of aetlvAirf2. In order to
explain paradox we hypothesized a putative inteacof Tat with host
proteins involved in the antioxidant response maetyi that should lead to
decreased transcription of Nrf2-dependent genethisnrespect it has been
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recently reported that Nrf2 can interfere with #ugivity of Tat in inducing
HIV-1 LTR transactivation (Zhangt al, 2009). We found that Nrf2 was
expressed in both cell lines at equivalent levétlsoagh in astrocytoma
cells Nrf2 would seem to be associated to othet iageins thus protecting
it from interaction with Tat. Moreover, our prelingiry data indicate a
different ability of astroglial and neuronal celhds in releasing Tat, that
could result in the accumulation of the viral piotaithin neuronal cells
thus increasing its toxic effect, likely interfegirwith the cell antioxidant
response machinery.

On the contrary astrocytebeing able to release the viral protein into the
extracellular space, can activate the antioxidaatsprvival responselhe
obtained results suggest a mechanism by which ®aldcmodulate the
antioxidant response in neurons thus leading tadeaith.

However, additional studies will be required to aibt a detailed
understanding of the specific proteins involved riggulation of this
pathway.
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