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Introduction

A. Géneéralités

Al. La pandémie du SIDA.

Fin des années 1970, des médecins américains s’étonnent de la recrudescence
de patients touchés par des infections pulmonaires a Pneumocistis Carinii et de la

multiplication d"un rare cas de cancer de la peau, le sarcome de Kaposi.

Le Center for Disease Control (CDC) confirmera l’existence d’'un probleme
sanitaire associé a une immunodéficience sévere en 1981, apres avoir remarqué un
nombre croissant de personnes immunodéprimées. Apres quelques errances
communautaristes, ce syndrome est renommé SIDA (syndrome de

I'immunodéficience acquise) en 1982.

Peu de temps apres, des cas de SIDA sont avérés un peu partout dans le
monde, plus de 3000 seront recensés en 1983. Cette méme année, un virus
lymphotropique, le LAV (lymphadenopathy-associated virus), est identifié et
étroitement associé avec le SIDA par les chercheurs de l'Institut Pasteur (Barre-
Sinoussi et al., 1983) sans réussir a assurer un lien de causalité entre les deux. En
1984, par contre, le CDC affirme avoir enfin isolé 1'agent étiologique du SIDA, le
HTLV-III (humanT-cell lymphotropic virus) (Gallo et al., 1984). Il s’avérera que LAV
et HTLV-III sont en fait un seul et méme virus, renommé officiellement VIH (virus de
I'immunodeficience humaine) en 1986 par le «international comittee on the
taxonomy of viruses », mettant un terme aux luttes de paternité de I'identification du

virus, entre laboratoires frangais et américains.

Cependant, méme si la prise de conscience de 1'épidémie trouve sa source aux
Etats-Unis, l'origine du virus serait tres probablement camerounaise. En effet, en

1999, des analyses phylogénétiques établissent un lien entre les groupes M, N et O du



Introduction

VIH-1 avec le SIVcpz (simian immunodefiency virus), une souche infectant des
chimpanzés sauvages, principalement retrouvés dans les foréts sud-camerounaise
(Gao et al.,, 1999). Le VIH aurait donc dérivé d'une zoonose du SIVcpz a 'homme.
Plus récemment, le gorille, et plus précisément le SIVgor, a été ajouté dans I"équation,
comme étape intermédiaire évolutif entre chimpanzé et humain (Takehisa et al.,
2009), et méme comme source dun nouveau VIH, le groupe P (Plantier et al., 2009).
Le moment et 'endroit exact de cette zoonose restent des questions ouvertes et
assujetties a controverses. Méme si elles permettraient d’en savoir plus sur le virus et
comment le combattre, répondre a ses deux questions peu aussi avoir 'effet pervers
de stigmatiser une communauté de personnes en lui faisant porter la culpabilité de ce

qui, en 2002, a été décrété comme pandémie par I'OMS.

A2.Le SIDA aujourd’hui

Aomme e T ik S B S TH, . T - oW . 4 115" . « Tk - FPR.

Figure 1: Prévalence du VIH dans le monde en 2009 (Rapport ONUSIDA 2010)

Nous voila trente ans plus tard et les dernieres données dressent le triste
constat de 34 millions de personnes atteintes du VIH a travers le monde en 2010 et

entre 2.4 et 2.9 millions de personnes nouvellement infectées cette méme année

(Figure 1) (données ONUSIDA 2011).
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La pandémie continue, mais la situation va en s’améliorant depuis 1997, les
nouvelles infections étant a la baisse, contrairement aux investissements. En 2011,
16.6 milliards de dollars ont été débloqués pour financer la lutte mondiale contre le
SIDA contre 15 milliards en 2010. En juin 2011, les états membres se sont accordés sur
la nécessité de mettre, chaque année, 24 milliards de dollars a disposition de la lutte
mondiale et ce a compter de 2015 (Figure 2).

La France a promis une aide a hauteur de 1.4 milliards de dollars sur les trois
prochaines années.

Des sommes d’autant plus considérables quand on considere le contexte de crise

7 .
economique.
HECLOURLCES TOTALES MECESLSAIRES BN JO1L ;i?—:‘ﬂ MILLIARDES £ UULLAHH}
| ECTITES [T EACOEALTFS TIF RhnE H"P--f,_, EeERGIRE
all 3w 18 o LRI
. dapdatiers clasles plus Srsqua . Moz da primieedd
L Aecevian daw neneainn infoctiong 544 e o ainons I L L
Mgt dy srerpeet d semzorioiror W vecrctio ikl csie valantali:

Figure 2: Plan financier de 2015 pour la lutte contre le SIDA (OnuSIDA 2012)
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A3. Déroulement de la maladie
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Figure 3: Evolution de la maladie. Au cours de la maladie, on observe une variation du taux de virus
circulant (rouge) et du nombre de LT CD4+ (bleu), durant, dans 'ordre, la primo infection, l'infection
aigue, la phase asymptomatique et enfin le stade SIDA. (Sanao/Licence Creative Commons)

La phase de primo-infection dure de 3 a 6 semaines et s’accompagne de
symptomes proches de la mononucléose infectieuse. Durant cette phase, le virus se
réplique de fagon exponentielle, tout en entrainant la réduction du nombre de
lymphocytes T CD4+ (LT CD4+), la cible privilégiée du virus, dans le plasma. (pour
revue, Elspert et al., 2007)

Au terme de la primo-infection, le systeme immunitaire se redresse, la

quantité de LT CD4+ remonte a un taux normal et la séroconversion s’amorce.
S’en suit une phase dite asymptomatique, d’une durée de 6 a 11 ans en 1’absence de
traitement, ou le systeme immunitaire est renouvellé constamment et maintient la
charge virale plasmatique a un faible niveau (Chun et al,, 1997). L’existence d’une
réplication résiduelle permet la production de virus laissant le systeme immunitaire
dans un état d’hyperactivation constant. La persistance d’une inflammation
chronique va étre a l'origine du déclin progressif des LT CD4+. (Aziz et al.,, 1999 ;
Aukrust et al., 1995 ; Breen et al., 1990 ; pour revue Lederman et Margolis, 2008)

Arrivé sous le seuil de 200 LT CD4+/ml, le systeme immunitaire n’est plus en
mesure de répondre aux challenges des maladies opportunistes. Le patient,

immunodéprimé, rentre en phase SIDA jusqu’a son déces.
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A4. La vaccination au point mort

Les scientifiques ont pris '’habitude de rendre la politesse aux virus a grand
coup de vaccins préventif et/ou curatif. Le VIH-1 ne déroge pas a la regle, et les
stratégies conventionnelles de vaccination ont été déployées des 1984 ; les premiers

essais cliniques étaient alors attendus pour 1986/1987 (Brandt, 1984).

Malheureusement, le nombre élevé de groupes et sous-types de virus, ainsi
que les méchanismes d’évasions déployés par le virus rendent la production d'un
vaccin préventif tres compliquée. Notamment, la protéine de surface, et plus
particulierement de la sous-unité gpl20, cible privilégiée dans les stratégies
vaccinales, présente des caractéristiques lui permettant de contourner les défenses
immunitaires.

En effet, les épitopes potentiels sont masqués par des glycosylations, par des
changements conformationnels rapides et du fait de la trimérisation de la protéine. A
cela s’ajoute l'evolution rapide de la gpl20 ainsi que l'apparition de nouveaux
variants. Ainsi, il est difficile d’induire une réaction immunitaire capable de couvrir
I'intégralité des variants, tandis que le trimere de gpl120 a peu d’antigénicité. Ces
deux phénomenes évolutifs sont inhérents a la haute variabilité du génome viral

(pour revue, Burton et al., 2004).

La complexité lié a I'infection par le VIH, tant au niveau de son évolution rapide que
de son action délétere sur le systeme immunitaire, pousse la recherche a ré-inventer
la maniere d’aborder la vaccination en mettant la communauté scientifique au pied
du mur :

Le Pr Montagnier déclarait en mai 2012 « (le vaccin préventif) je n'y crois plus [...] il
y a besoin d'un mouvement pour révolutionner ou faire évoluer la médecine »

(source : France info).



Introduction

Pendant ce temps, les campagnes de prévention et de dépistage ont permis de
responsabiliser et de limiter le nombre de nouvelles infections, tandis que la
recherche a déployé un éventail de molécules ciblant différentes étapes du cycle de
réplication du virus. Les anti-rétroviraux (ARV) ont été introduits pour traiter les
patients infectés en l’absence de vaccin, qui manque cruellement pour enrayer

définitivement I'épidémie.
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B. Le cycle réplicatif du VIH et les Anti-retroviraux.

B1. La particule virale

Le VIH est un virus de la famille des Retroviridae et du genre lentivirus. En tant
que rétrovirus, le génome viral est porté par une une molécule d'ARN monocaténaire
de polarité positive. Deux copies d'ARN sont recouvertes de la protéine de
nucléocapside, p7.

L’association ARN/p7, ainsi que des protéines virales essentielles au cycle réplicatif,
mais aussi des protéines d'origine cellulaire, sont enfermés dans une capside conique
composée d'une oligomérisation d'environ 1500 protéines p24.

La capside elle méme se trouve dans une cavité délimité par la protéine de matrice
pl7, protéine qui se fixe par l'intermédiaire de son extrémité N-terminale myristillée
aux lipides de I'enveloppe virale.

L'enveloppe virale est une bicouche lipidique, provenant du bourgeonnement des
virus depuis les cellules humaines infectées. Cette bicouche lipidique est traversée
par 14 trimeres de protéines d'enveloppes, formées d'une sous unité
transmembranaire de gp41 et d'une sous unité de surface de gp120 (Clapham et al.,
2001).

Le tout donnant une particule virale d'une taille s’échelonnant de 80 a 120nm (pour

revue Ganser-Pornillos et al., 2008 ; Pornillos et al., 2012) (Figure 4)

anv
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Figure 4 : Organisation du génome et de la particule virale. (Frankel et Young, 1998)
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B2. Le génome viral

L'information génétique du virus est portée par deux copies d'une molécule
monocaténaire d'’ARN a polarité positive d'environ 9,7 kB chacun. Les retrovirus ont
la particularité de retro-transcrire la molécule d'ARN encapsidée en une molecule
d'ADN bicaténaire grace a la transcriptase inverse virale, incluse dans le virion.

Une fois retro-transcrit la molécule d'ADN est flanquée de deux régions non
codantes identiques en 5' et 3', appelées séquence LTR (Long Terminal Repeat). Ces
régions participent a l'intégration du génome viral dans '’ADN de la cellule hote et
encadrent 9 genes viraux, régulés par I'activité promotrice dans le LTR en 5'.

Les genes Gag, Pol et Env codent pour les protéines fondamentales. Chacun d'eux
donnera naissance a des polyproteines qui seront ensuite clivées soit par la protéase
virale p11, dans le cas des précurseurs GAG et POL, soit par la protéase cellulaire

furine, dans le cas de la polyprotéine ENV. (Figure 4)

Autour du gene Env se trouve des genes codant pour des protéines
régulatrices, Tat et Rev, et pour des protéines accessoires (ou auxiliaires), Vif, Vpr, Vpu
et Nef. Ces genes sont transcrits par décalage du cadre de lecture (pour revue,
Frankel et Young, 1998 ; Tang et al., 1999).

Le génome viral comporte aussi des séquences non-codantes. Les LTRs, déja
abordées précédemment, la séquence CTS (Central Terminaison Signal), riche en AT,
qui permet d’achever la transcription inverse et la séquence RRE (REV Responsive

Element) impliquée dans la transcription et I'export des ARN messager (ARNm)

viraux.
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B3. Le cycle de réplication

Figure 5: Les étapes du cycle de réplication du virus. Le cycle viral se décompose en différentes
étapes : I'entré du virus (chapitre B3.1), la transcription inverse (chapitre B3.2), l'intégration (chapitre
B3.3), I'expression du provirus et la production des protéines virale (chapitre B3.4), I’assemblage de la
particule virale, 1’encapsidation des deux copies d’ARNv, le bourgeonnement de nouveaux virions et
leur maturation (chapitre B3.5). Des molécules sont capables de cibler certaines étapes de ce cycle et

sont actuellement utilisées lors des multi-thérapies. (Source personnelle)
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B3.1. L'entrée du virus
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Figure 6: Les interactions séquentielles des récepteurs cellulaires/ récepteurs viraux (Doms, 2012)

La sous-unité gp120 initie le processus d’entrée du VIH-1 en se fixant aux
récepteurs CD4, présents a la surface des lymphocytes et des macrophages. Cette
fixation révele la boucle hypervariable V3 de la gp120. Suivant le tropisme viral, cette
boucle porte un site de fixation au co-récepteur a chémokine CCR5 ou CXCR4. La
fixation simultanée de la gp120 au récepteur et au co-récepteur engage la sous unité
gp41 dans le processus d’entrée. La partie N-terminale de la gp41, appelé le peptide
de fusion, s'insere alors dans la membrane de la cellule hote. Un repliement
subséquent de la gp41 entraine le rapprochement des membranes cellulaire et virales

et aboutit a la fusion des deux bicouches lipidiques (Willen et al., 2012). (Figure 6)

La compréhension de ce mécanisme a permis la mise sur le marché de
I’Enfuvirtide®, ou T20. Cet analogue du peptide de fusion, avec qui il entre en
compétition, empéche I'étape de repliement de la gp41 et par voie de conséquence
'entrée du virus dans la cellule hote. Bien qu’élégante, cette approche est facilement
mise a mal par I'évolution rapide du virus. En effet, quelques mutations de la gp41
suffisent a rendre le T20 inefficace (Carmona et al., 2005). De plus, le T20 doit étre
administré par voie intra-veineuse pour atteindre une efficacité optimale, ce qui en
fait un protocole lourd pour les patients. Du fait de ces limitations, la pérennité de

cette stratégie a été remise en cause par Roche en 2010 avec l'abandon du
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développement du T1249, inhibiteur de fusion de seconde génération (Eggink et al.,

2009 ; pour revue, Berkhout et al., 2012)

Une autre molécule, le Maraviroc® se fixe sur le co-récepteur CCR5 pour
empécher l'interaction gpl20/CCR5. Malheureusement, des résistances a cette
molécule peuvent apparaitre du fait de I'hypervariabilité de la boucle V3. (Yuan et

al,, 2011 ; pour revue Gilliam et al., 2011).

B3.2. La transcription inverse.

Une fois entrée, la capside du virus est acheminée vers le noyau grace au
réseau de microtubules de la cellule hote (Arhel et al., 2006). Pendant le trajet, le RTC
(Reverse Transcription Complex) commence la transcription inverse de I’ARN viral.
L’ARNLt lys 3, préalablement intégré dans la capside, sert d’amorce a la transcriptase
inverse. A l'issu de I'étape de transcription inverse, le génome viral est converti en
ADN bicaténaire linéaire, encadré par les LTRs et contient un chevauchement
d’ADN dans le centre du brin codant. Du fait de ce chevaument, ’ADN viral
nouvellement forme est appelé ADN flap. La synthese de I’ADN flap et l'arrivé a
proximité du noyau, servent de signal a la décapsidation, privant le RTC de la p24
qui va des lors évoluer en complexe de pré-intégration (PIC) (Telesnitsky et al., 1997 ;

Zennou et al., 2000 ; Arhel et al., 2007 ; pour revue Nisole et Saib, 2004). (Figure 7)

Etape clé du cycle réplicatif, la transcription inverse a rapidement été la cible
d’ARV. On distingue deux catégories de molécules ciblant la transcriptase inverse :
les inhibiteurs nucléosidiques et non-nucléosidiques de la transcriptase inverse
(respectivement INTI et INNTI).

Les INTIs font office d’initiateurs de la lutte anti-VIH basé sur les ARV. En
effet, I'azidothymidine (AZT) a été la premiere molécule anti-retrovirale mise sur le
marché. Le principe des INTIs repose sur la terminaison précoce de l'étape de

transcription inverse. Les INTIs sont des analogues des nucléotides cellulaires privés
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d’extrémité 3’OH sur le motif désoxyribose. Une fois incorporés a la chaine de
nucléotides en formation, ils font office de terminateurs et la transcriptase inverse est
dans l'incapacité de poursuivre la synthese du brin d’ADN (pour revue Vivet-
Boudou et al., 2006)

Les INNTIs sont quant a eux des inhibiteurs non-compétitifs de la
transcriptase inverse. Les modifications conformationnelles de la transcriptase
induites par la fixation d’un INNTI entrainent une perte d’affinité de I'enzyme pour
les nucléotides. Pour palier I'emergence de variants résistants aux INNTIs de
premiere génération, comme 1’Efavirenz®, les molécules de seconde génération,
comme |'Etravirine®, ont une flexibilité structurelle accrue, qui leur permet de passer
outre une partie des mutations apparaissant dans la transcriptase inverse (Minuto et

al.,, 2008 : pour revue Sarafianos et al., 2009).

Figure 7: Migration du RTC vers le noyau et décapsidation. La capside virale est prise en charge par
le systeme de microtubules de la cellule infectée. La capside migre vers le noyau et le RTC (Reverse
Transcription Complex) réalise la transcription inverse, qui permet la synthése de I’ADN viral,
I’ADNflap. A l'issue de la migration au noyau, la capside est destabilisée, le RTC évolue en PIC (Pre-

Integration complex) (Arhel et al., 2007)
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B3.3. L'intégration

Des protéines virales, membres du PIC, permettent I'import de I’ADN flap
dans le noyau, et ce par des voies multiples et redondantes. La protéine VPR (viral
protein r) peut importer ’ADN viral soit en interagissant avec des nucléoporines soit
en destabilisant la membrane nucléaire (de Noronha et al., 2001 ; pour revue Morellet
et al., 2009), tandis que l'intégrase et pl7, par l'intermédiaire de leur signal de
localisation nucléaire (NLS) permettent 'entrée du complexe ADN/PIC en liant
I'importine-a (Figure 8) (Haffar et al., 2000 ; Ao et al., 2010). Une fois dans le noyau,
I'intégrase, liée aux extrémités de I’ADN flap, va, par attaque nucléophile, rabotter
les LTRs de deux nucléotides et cliver ’ADN de la cellule hote. Cette étape est
facilitée par des protéines cellulaires membres du PIC, telle que LEDGF et HMG-I
(pour revue Delelis et al., 2008). Le chevauchement dans I’ADN flap est ensuite

corrigé par la protéine cellulaire, FEN1 (Rumbaugh et al., 1998).
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Figure 8: Mécanisme d’import du PIC dans le noyau de la cellule infectée. Vpr intéragit avec les
nucléoporines, tandis que l'intégrase peut intéragir avec l'importine, ce qui permet la migration du
PIC dans le noyau de la cellule hote. (Suzuki et Craigie, 2007)

L’unique inhibiteur de lI'intégrase que 1’on peut considérer sur le marché, est le

Raltégravir®. Mis sur le marché depuis 2007, les effets sur le long terme n’ont pas
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encore pu étre totalement évalués, méme si des études commencent a émerger et a
pointer du doigt des effets secondaires, notamment des problemes rénaux ou un rare
syndrome de Stevens-Johnson (Vassallo et al, 2012). La seule alternative,
I’Elvitégravir®, n’est proposé qu’aux patients en échec thérapeutique, bien qu’ayant
un profil de résistance identique au Raltégravir®. La barriere génétique des ces ARV
est faible, une seule mutation est délétere, ce qui les rend sensibles a 1'échappement
virologique (Markowitz et al., 2007 ; Quercia et al., 2009).

L’avenir se tourne maintenant vers les inhibiteurs de deuxieme génération,
comme le Dolutégravir®, actuellement en phase clinique III, qui s’avere efficace sur
les virus résistants au Raltégravir® et 1'Elvitegravir®. Des recherches sur des
inhibiteurs de l'interaction intégrase/LEDGF sont actuellement en cours. (pour revue

Quashie et al., 2012)

B3.4. la transcription virale

A ce stade débute la phase post-intégrative. Le génome viral intégré, ou
provirus, détourne la machinerie transcriptionnelle cellulaire afin de produire les

transcrits viraux, en deux étapes distinctes, la phase précoce et la phase tardive.

La phase précoce

Dans un premier temps la transcription des genes est dépendante des facteurs
de transcription cellulaires. Lors de I'activaton des LT CD4+, les facteurs activateurs
NF-xB et NFAT migrent dans le noyau et se fixent dans la région LTR du provirus
sur leurs motifs de reconnaissances respectifs. Par la suite, les facteurs NF-IL6, CREB,
USF et Ets sont recrutés pour I'activation complete de la transcription.

Dans les cellules microgliales, la fixation seul de NF-kB semble suffisante pour
activer la transcription. (Kinoshita et al., 1998 ; Barboric et al., 2001 ; pour revue Rohr
et al., 2003). Pendant cette phase la vaste majorité des transcrits produits sont courts
du fait de la déstabilisation précoce de I’ARN polymeérase II (ARNpolll) (Kao et al.,
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1987 ; Kessler et Mathews, 1992). Les quelques transcrits complets produits sont
ensuite multi-épissés, migrent dans le cytoplasme et menent a la synthese des
protéines virales régulatrices TAT et REV. Quand les quantités de ces deux protéines

sont suffisamment élevées, la phase tardive de transcription s’amorce.

La phase tardive REV- et TAT-dépendante

Au début de I'étape de transcription, le transactivateur TAT se fixe a 'ARN
viral naissant au niveau d’une séquence en structure tige-boucle, la TAR (Trans-
Activation Responsive element) (Berkhout et al., 1989). TAT recrute et agit comme
intermédiaire entre P-TEFb, acteur majeur dans la transcription des genes de classe
I, et I’ARNpolll (Zhu et al., 1997).

L’activité kinase de la sous-unité CdK9 de P-TEFb agit sur I’ARNpolll, d'une
part en augmentant sa processivité, en phosphorylant les résidus du domaine C-
terminal, et d’autre part en augmentant sa stabilité, en phosphorylant les facteurs
négatifs de 1’élongation NELF et NSIF. (Price et al, 2000 ; Ping et Rana, 2001 ; Zhang
et al.,2007). La phase d’élongation favorisée, des transcrits complets du génome viral
sont produits.

Tout comme TAT, REV peut se fixer avec une haute affinité a une structure
tige boucle dans I’ARN viral, le site RRE, situé dans le gene Env (Malim et al, 1989 ;
Mann et al., 1994 ; Watts et al., 2009). REV comporte un site site NES (Nuclear Export
Signal) et un site NLS, qui vont interagir respectivement avec le récepteur d’export
CRM1 (Chromosome maintenance region 1) et 'importine-p (Henderson et al. 1997 ;
pour revue Kohler et Hurt., 2007). Une fois fixé sur le RRE, REV va augmenter la
stabilité des transcrits et permettre leur export hors du noyau, en contournant les
meécanismes cellulaires de rétention des transcrits n’ayant pas achevés leur épissage
(Figure 9).

A partir des transcrits mono- ou non épissés, les dernieres protéines virales sont

produites.
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Figure 9: Les différents types ARNm produits selon leur niveau d’épissage. Le génome viral permet
la production d’ARNmM multi-epissés (ARNm III) pendant la phase précoce. Pendant la phase tardive,
la protéine REV se fixe sur la structure d’ARN RRE (en rouge) et permet I'export des ARNm non-
épissés et mono-épissés (respectivement ARNm I et ARNm II). (Korber et al., 1998)

Aucune molécule n’est pour l'instant disponible sur le marché pour interférer avec

cette partie du cycle réplicatif.

B3.5. L’assemblage, bourgeonnement et maturation.
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Figure 10 : Du bourgeonnement a la maturation de la particule virale. Gauche : bourgeonnement
suivie de la maturation Droite: Les sites de clivages dans le précurseurs GAG sont ciblés par la
protéase virale lors de la maturation. (Briggs et Kraeusslich, 2011)

Les transcrits mono- et non-épissés servent de matrice a la production des
polyprotéines ENV, GAG et GAG-POL.
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La polyprotéine ENV est clivée en gp120 et gp4l par la furine dans l'appareil de
Golgi pendant son transport vers des rafts lipidiques de la membrane cytoplasmique
(Hallenberger et al., 1997). Parallelement, les précurseurs GAG et GAG-POL migrent
et oligomérisent au niveau de la face interne de la membrane plasmique, sous ces
mémes rafts (Ono et Freed, 2001 ; pour revue Ono 2010 ; Chazal et Gerlier 2003). La
concentration croissante de GAG-POL sous-membranaire, environ 1500 copies,
induit une courbure de la membrane qui amorce bourgeonnement viral (figure 10)
(Provitera et al.,, 2001). GAG-POL, par son domaine p6, acheve le processus en
recrutant des protéines cellulaires impliqués dans le transport vésiculaire (Garrus et
al., 2001).

La particule virale produite est qualifiée d'immature jusqu’a ce que la protéase
virale, p11, clive GAG/GAG-POL en protéines de structure (Figure 9)(Ross et al.,
1991 ; Wiegers et al., 1998). Une fois maturée, la particule virale devient infectieuse et

peut recommencer un cycle réplicatif (pour revue Bieniasz, 2009)

Introduit en 1995, les inhibiteurs de pll, comme le Saquinavir®, premiere
molécule de la gamme disponible, ont pour but d’empécher la formation et la
maturation de la particule virale (Kitchen et al., 1995). Ces inhibiteurs sont
couramment utilisés dans les multi-thérapies, bien qu’ayant une biodisponibilité
sous-optimale, notamment dans le cerveau et le testis, et de nombreux effets
indésirables (Kim et al., 1998 ; Huisman et al., 2001 ; Gohsn et al., 2004)

Une molécule alternative, le Bevirimat®, inhibe la maturation du précurseur
GAG en entravant le site de coupure de la p24. Le développement de cet inhibiteur,
facilement mis a mal par des mutations dans le site de clivage, a depuis été

abandonné (Lu et al., 2011).
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B4. Les anti-rétroviraux ne permettent pas d’éradiquer le

virus.

Les ARV ont pour objectif de réduire la charge virale au dessous des seuils de
détectabilité (<50 copies d’ARN viral/ml) et de maintenir le taux plasmatique de LT
CD4+ au dessus des 500 cellules/ml. Grace aux traitements, la période
asymptomatique et I'espérance de vie des patients sont conjointement prolongées,
passant d’environ 10 ans en absence de traitement a environ 45 ans sous ARV (May
et al., 2011).

Les traitements sont pris sous forme de combinaisons de plusieurs ARV de
différentes classes, on parle de multi-thérapie ou cART (combination antiretroviral
therapy). En général, le traitement de premiere ligne consiste en une association de
deux INTIs avec soit un inhibiteur de la protéase soit un INNTI. Ces multi-thérapies
ont gagné en confort, en se limitant désormais a un comprimé unique quotidien,
contre 25 par jour au début des protocoles (Sterrantino et al., 2012).

Mais la ou le bat blesse, c’est que la cART ne guérit pas de la maladie, elle
permet uniquement de la controler et en fait une maladie chronique. Cette chronicité
impose au patient une observance a vie de son traitement, dont le cofit est estimé a
hauteur de 10.000€/an dans les pays occidentaux, ou l'acces aux ARV est facilité
(communiqué de presse GBI Research du 04/05/2012 — 12829%/an en 2010). On
regrettera ainsi que plus de la moitié des personnes infectées dans le monde n’aient
pas les moyens d’étre traité, méme avec la production de médicaments génériques.

De surcroit, 'observance des traitements doit étre stricte. En effet, en cas
d’interruption, on observe rapidement un rebond de la virémie, une chute du taux de
LT CD4+ et la possibilité d’émergence de virus résistants qui rendent le traitement en
cours obsolete. Dans ce dernier cas de figure, on parle d’échappement thérapeutique

ou virologique. (Harrigan et al., 1999 ; Zhang et al., 2000)
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B4.1. Echappement thérapeutique

L’échappement provient de l'apparition de nouveaux variants, résistants aux
traitements, d’ou l'intérét du couplage de plusieurs molécules dans les thérapies
pour limiter ce phénomene. La poussée de ces variants est le résultat d'une retro-
transcriptase peu fidele, avec un taux d’erreur estimé d’une toutes les 10.000 paires
de bases, soit 1 mutation dans le génome de chaque virions nouvellement produit
(Mansky and Temin., 1995).

C’est paradoxalement la fidélité médiocre de la reverse transcriptase qui va
permettre au virus d’évoluer rapidement. La chute de fitness viral éventuelle étant
largement compensée par la capacité de perdurer dans 1’organisme.

Les données de I'OMS indiquent que 6% des patients ont une pharmaco-
résistance avant les traitements de premieres lignes, 10% sont en échec virologique
apres un an de traitement, de ces 10%, 4% restent en échec en passant sur un
deuxieme régime anti-rétroviral et, enfin, 69% des patients présentent des résistances
détectables, mais ne conduisant pas a un échec thérapeutique (Jordan et al., 2011).

Nonobstant, chez les patients répondeurs, des techniques de détection ultra-
sensible révelent une virémie résiduelle (Palmer et al., 2003). Le déclin de la quantité
d’ARN viral plasmatique amorcé par les traitements ne concrétise pas 1'éradication
totale du virus.

Cette réplication de fond peut s’expliquer par la présence de virus dans des
zones de l'organisme ou la biodisponibilité des ARV est moindre (les réservoirs
anatomiques) ou par résurgence, ou « blips de réplication », provenant de cellules
infectées de fagon latente (les réservoirs cellulaires) (Rong et Perselson, 2009 ;
Conway et Coombs, 2011).

Les deux phénomenes ne sont pas exclusifs, mais amenent a des
considérations différentes vis-a-vis des ARV. Dans le premier cas, 'amélioration de
la pénétration des molécules dans les réservoirs solutionnera ce probleme, tandis que
dans le second cas, les ARV seuls ne permettront jamais d’atteindre la guérison des
patients, le virus latent y étant virtuellement insensible.
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C. Réservoir et latence

Les virus issus de la réplication résiduelle ne présentent pas de signes notables
d’évolution dans leur génome (Hermankova et al., 2001). Ces observations
corroborent la ré-apparition de souches sauvages lors de la levée des traitements
(Wong et al., 1997). La réapparition de ces virus sauvages, pourtant inadaptés a

I'environnement thérapeutique, s’explique par la présence de réservoirs viraux.

C1. Les réservoirs anatomiques

Les réservoirs anatomiques, ou sanctuaires viraux sont définis comme des
zones a immunologies privilégi€es, ou le virus aura une cinétique de réplication plus
stable que celle des virus réplicativement actif dans le reste de 'organisme (Blankson
et al., 2002).

Des barrieres anatomiques séparent les sanctuaires viraux du sang et des
organes lymphoides, réduisant la diffusion des ARV dans ces sites (Solas et al., 2003).
Cette particularité permet au virus de poursuivre une réplication résiduelle et
d’entretenir un état d’inflammation permanent des tissus.

On distingue trois principaux réservoirs :

Le tractus génital et le systeme nerveux central (SNC), isolés respectivement
par la barriere hémato-testiculaire et la barriere hémato-encéphalique et les organes
lymphoides (principalement le tractus digestif), lieu de résidence des lymphocytes T

a mémoire.

C2. Les réservoirs cellulaires

L’hypothese de I'existence de réservoirs viraux cellulaires latents a rapidement
été validée. Dans les LT CD4+ quiescents, le nombre de cellules infectée de fagcon
latente est estimé a une cellule par million (Finzi et al., 1997 ; Chun et al., 1997). Ces
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réservoirs proviennent soit de I'infection directe de lymphocytes T mémoire, soit de
I'infection de LT CD4+ activés, en court d’évolution vers la quiescence. (Figure 11)
La persistance et le métabolisme ralenti des LT CD4+ mémoire, en font un

réservoir de virus non productif de longue durée.

Establishment and maintenance
of a latent reservoir
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Figure 11: Etablissement et maintien du réservoir cellulaire LT CD4+. Les cellules T naives (bleues)
peuvent se différencier en lymphocytes T activés (rouges). La part de LT CD4+ ne succombant pas des
effets cytopathiques de l'infection peuvent évoluer en cellule mémoire (vertes), quiescentes, qui

renouvellent le stock de cellules réservoirs. (Persaud et al., 2003)

Par ailleurs, des analyses génétiques, consécutivement a un rebond virémique
apres interruption des traitements ARV, indiquent que les LT CD4+ ne sont pas
I"'unique zone d’archivage de virus latent (Bailey et al., 2006 ; Chomont et al., 2009).
Fondé sur ces observations, les cellules de la lignée monocyte/macrophage ont été
proposées comme source de latence virale a leur tour (Figure 12). En effet, la
réplication y est possible et ces cellules peuvent persister dans 1’organisme pour de
longues périodes.

Pour plus de détails cf Annexe- publication 5 (Le Douce et al., 2010).
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Figure 12: Cellules de la lignée monocyte/macrophage. Issue d'une cellule progénitrice
hématopoietique, les cellules de cette lignée compte comme représentantes les cellules dendritiques
interstitielles et plasmacytoides, les cellules microgliales et les macrophages. (Le Douce et al., 2012)

C3. Les cellules microgliales

Les cellules microgliales sont des macrophages résident du SNC, capables de
proliférer in-situ et perdurant pendant la durée de vie de I'individu (Suh et al., 2005).
Ces cellules, cibles principales du VIH dans le SNC, sont infectées tres précocement
pendant la phase aigué de la maladie (He et al., 1997 ; Jordan et al., 1991). La
réplication virale y est ensuite rapidement stoppée, provoquant Ientrée en latence du
virus et faisant des microglies le principal réservoir cellulaire cérébral (Davis et al.,
1992 ; Barber et al., 2006).

Dans les dernieres étapes de la maladie, I'inflammation provoquée par le
rebond virémique réactive ce réservoir et le nombre de microglies productivement

infectées augmente drastiquement (Cosenza et al., 2002). Le nombre de macrophages
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cérébraux activés est par ailleurs étroitement lié au syndrome de démence induite

par le VIH en phase SIDA (Glass et al., 1995).

C4. Les nouvelles stratégies et traitements de demain

Les ARV, aussi efficace soient-ils, accusent clairement de leurs limites.
Echappement viral, sanctuaire anatomique et latence virale, pour n’en citer que trois,
font que leur utilisation sur le long le terme ne sera pas la réponse pour aboutir a la
guérison.

La nécessité de développer de nouvelles stratégies, complémentaires des ARV
ou non, n’est plus a démontrer a ce stade. (pour revue, Annexe-publication 7, Le Douce

etal., 2012)

C4.1. La thérapie génique

Pour I'heure il n’existe qu'un cas observé de guérison, le « patient de Berlin ».
Séropositif et atteint de leucémie, il subit une greffe de moelle osseuse provenant
d"un donneur homozygote pour la mutation delta 32 du récepteur CCR5, rendant le
récepteur inexploitable par le virus lors de I'étape d’entrée (Hutter et al., 2009). A la
suite de cette thérapie audacieuse, le niveau d’ARN viral plasmatique devient
indétectable, son pool de LT CD4+ est restauré et une population de macrophages,
résistante a l'infection, a remplacé 1’ancienne.

En juin 2012, lors de la conférence « Challenges inherent in detecting HIV
persistence during potentially curative interventions : a study of the Berlin patient»,
le Pr Yukl présente les résultats croisés de plusieurs laboratoires indiquant que
I’ARN et I’ADN du virus sont a nouveau détectables, respectivement dans le plasma
et dans le rectum du « patient allemand ». Parmi les hypotheses émises, une nouvelle
infection, court-circuitant la protection allouée par le CCR5 A32 ou une résurgence

depuis des réservoirs viraux.
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Bien que remise en cause, mais pas encore réfutée, et surtout non-applicable a
grande échelle, la méthode employé sur le « patient allemand » valide 1'éventuel
recours aux thérapies géniques (Lewin et Rouzioux, 2011). Les premiers essais de
thérapie cellulaires a base de LT CD4+ génétiquement modifiés sont en cours de

réalisation. (Perez et al., 2008 ; Holt et al., 2010).

C4.2. Améliorer et compléter la cART

C4.2.1. Inhibition de la transcription

L’échappement virologique est imputable aux mutations apparaissant dans le
génome viral lors de la réplication résiduelle. Ajouter des molécules, ayant pour
vocation l'inhibition de 1'étape de transcription virale, aux cocktails d’ARV actuels
permettrait un contrdle accru de la virémie, en réduisant/abolissant les blips, et par
voie de conséquences de limiter I’apparition de mutants résistants. In fine, en limitant
les effets d’inflammations provoqués par la virémie de fond, et en augmentant la
barriere génétique des ARV, la qualité de vie des patients serait améliorée.

Des inhibiteurs de facteurs transcriptionnels recrutés au promoteur viral
paraissent constituer de bons candidats pour compléter les thérapies. (pour revue
Baba, 1997 ; Baba 2006, Stevens, 2006). Notre laboratoire s’interesse par ailleurs
depuis peu aux protéines de la famille Ding qui présentent une activité anti-VIH en

regulant négativement la transcription des genes viraux.

C4.2.2. HPBP et la famille Ding.

Les protéines Ding présentent un motif conservé DINGG dans leur partie
aminoterminale, d’ou leur nom, et pour l'instant n’ont aucun gene identifié dans le
génome humain (Berna et al., 2009). Dans notre cas, ce qui est notable est que la
quantité de ces protéines est significativement plus élevée chez les patients infectées
(Djeghader et al., 2012). Récemment, des protéines de la famille Ding ont tour a tour

été présentées comme répresseurs transcriptionnels du VIH-1. Notamment,
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p275tJohn est capable d’interagir avec deux activateurs de la transcription virale,
TAT et NF-IL6, et de limiter I'activité transcriptionnelle du virus en déphosphorylant
I'extrémité CTD de la ARNpolll. (Darbinian-Sarkissian et al., 2006 ; Darbianian-
Sarkissan et al. 2011). X-DING-CD4 est quant elle produite par des cellules
resistantes a l'infection et agit comme facteur de résistance humain (HFR) (Lesner et
al., 2009). La Human Phosphate Binding Protein (HPBP) a été récemment découverte
dans le plasma, co-purifiée avec une paroxonase humaine (hPON1), et a une
structure tres proche des transporteurs de phosphate de la famille ABC (Figure 13)
(Fokine et al., 2003 ; Morales et al., 2006 ; Contreras-Martel et al., 2006 ; Elias et al.,
2011). HPBP est retrouvée dans de nombreux tissus de différents types, avec une
localisation aussi bien cytoplasmique/nucléaire qu’exclusivement nucléaire, suivant

les types cellulaires (Collombet at al., 2010).

Figure 13: Représentation en ruban de la protéine HPBP. Les deux domaines de la protéine (vert et
bleu) sont connectés par une charniere (jaune). Au centre de la protéine se trouve les molécules de
phosphate (rouge). (modifié depuis Morales et al., 2006)

Ces protéines présentent une activité anti-VIH tres prononcée, et apparait plus
particulierement étre un puissant répresseur de la transcription (Annexe-Publication 4
Cherrier et al., 2011). L’étude approfondie des activités anti-virales de la HPBP et des
zones de la protéine impliquée dans l'inhibition transcriptionnelle du promoteur
viral, pourrait mener a la synthese de petits peptides (comme dans le cas du T20) ou

de molécules pour complémenter les multi-thérapies.
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C4.2.3. Purger les réservoirs.

L’obstacle majeur barrant la route qui mene vers la guérison sous multi-
thérapie est la présence de réservoirs viraux latents. Adjoindre des molécules,
permettant une purge des réservoirs viraux, aux multi-thérapies actuelles pourrait
étre une solution. Les thérapies actuelles ne sont en mesure de cibler que les virus
avec un cycle réplicatif productif et non le provirus. Restaurer I'activité
transcriptionnelle des virus latents, permettrait de les rendre sensibles aux ARV.
Pour cela on peut chercher a stimuler les voies d’activations ou bien interférer les
mécanismes d’établissement et de maintien de la latence.

Mais avant de trouver les molécules susceptibles de stopper la mise en place
des réservoirs, nous devons connaitre les acteurs cellulaires et viraux mis en jeu dans

le déroulement de ces étapes.
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D. La latence moléculaire

On distingue deux formes de latence, la latence pré-intégrative et post-
intégrative.

Dans la latence pré-intégrative, le provirus ne s’integre pas dans le génome de
la cellule infectée (Zack et al.,, 1990). Ce phénomene peut venir d'un défaut dans
I'import du provirus dans le noyau ou d’une perturbation de I'étape de transcription
inverse. L’activité de la transcriptase inverse peut étre dérangée par un pool de
dNTPs disponibles insuffisant ou I'hypermutation du génome viral en cours de
production par la protéine cellulaire APOBEC3 (Zack et al., 1992 ; Bukrinsky et al,,
1992).

Cette forme de latence est régulierement observée dans les lymphocytes CD4+,
mais n’explique pas l'existence des réservoirs de longue durée. En effet, la demi-vie
des ADN viraux non intégrés n’'y est que d’une journée. Ce n’est cependant pas le cas
dans les macrophages, ou I’ADN viral non intégré peut perdurer jusqu’a deux mois

et méme y étre transcrit (Gillim-Ross et al., 2005 ; Kelly et al., 2008).

D1. La latence post-intégrative

Un blocage post-transcriptionnel peut étre a 1l'origine de la latence post-
intégrative. En effet, les ARNm viraux peuvent étre retenus dans le noyau ou ciblés
par des miARNs, empéchant ainsi la production des protéines virales et le
déroulement complet du cycle de réplication (Lassen et al., 2006 ; Huang et al., 2007).

Méme si les mécanismes de blocages post-transcriptionnels ont un role non
négligeable dans le maintient de la latence, nous nous attarderons plus
particulierement sur les évenements intervenant au niveau de la transcription du

provirus.
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D2. L’hétérochromatine

L’hypothese la plus simple pour expliquer la latence transcriptionnelle est
I'intégration du provirus dans des zones organisées en hétérochromatine.
L’hétérochromatine est une structure condensée de 1’ADN, contrairement a
I'euchromatine dans un état relaché. La compaction des genes dans un
environnement hétérochromatinien inactive leur transcription. (Figure 14)

L’unité fondamentale de la chromatine, le nucléosome, est un octamere de
protéines, les histones. Ces histones peuvent étre modifiées post-traductionnellement
par des acétylations, phosphorylations, méthylations, SUMOylations et
ubiquitinations. Les résidus ciblés, les marques post-traductionnelles et la
combinaison de résidus portant une marque, permettent de définir 1'état de la
chromatine. On parle de code histone. Ces modifications d’histones ne sont pas
irréversibles, ce qui rend l'état chromatinien labile et augmente la complexité de
I’activité transcriptionnelle des genes. Ces modifications ayant un impact sur le profil
d’expression des genes sans modifier le génome, on les appelle modifications
épigénétiques (Kouzarides 2007).

L’acétylation des histones, par des histones acetyl-transferases (HAT) est
associée a la formation d’euchromatine, tandis que la dé-acétylation, par des histones
déacétylases (HDAC), menent a la formation d’hétérochromatine. L’état d’acétylation
est donc directement corrélé a 1'état d’activation transcriptionnelle (pour revue
Csordas, 1990; Hebbes et al, 1994; Van Lint et al, 1996). Inversement, la
SUMoylation entraine la formation d’hétérochromatine (Shiio and Eisenman, 2003 ;
Nathan et al., 2006). (Figure 14)

Dans le cas des méthylations, phosphorylations et ubiquitinations le code est plus
complexe. Le ou les résidus impliqués vont orienter vers la formation d’une des deux

formes de la chromatine (pour revue Fischle et al., 2003).
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Figure 14: Modifications épigénétiques et controle de la transcription. Certaines marques post-
traductionnelles sont associ€es a une transcription active (euchromatine, verte), tandis que d’autres
sont liées a une extinction de ’expression génique (hétérochromatine, rouge) (modifié depuis Annexe-
Publication 6 Redel et al., 2010)

D3. La méthylation des lysines

Les résidus lysines de la queue N-terminale des histones peuvent étre mono-,
di- ou tri-méthylées par des histones méthyl transférases (HMTs) ou déméthylés par
des déméthylases.

La méthylation de certain résidus est associée a un relachement de la structure
chromatinienne, tandis que d’autres permettront la condensation de la chromatine.
Cependant, le code histone n’est ni totalement figé, ni compris, a I’heure actuelle. En
effet, certaines de ces marques ont un role ambivalent, ie suivant le type cellulaire ou
le contexte épigénétique déja en place, leur rdle sera activateur ou répresseur.

Par exemple, la tri-méthylation de la lysine 9 de I'histone H3 (H3K9me3) par la

HMT SUV39h1l est communément responsable de la mise en place
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d’hétérochromatine en permettant la fixation d’'HP1 (Heterochromatin Protein 1)
stabilisant I’environnement hétérochromatinien (Nakayama et al., 2001 ; Lachner et
al., 2001). Pourtant elle a aussi été associée, dans les lymphocytes, a une transcription
active du provirus (Mateescu et al., 2008).

Dans l'autre sens, la tri-méthylation de la lysine 4 de I'histone H3 (H3K4me3)
a toujours été associé a la transcription des genes (Sims et al., 2006). Mais la marque
H3K4me3 a récemment été associée a l'inactivation de la transcription de genes

cryptiques. (Pinskaya et al., 2009 ; Le Douce et al., 2012)

D4. Le site d’intégration

Cependant, l'intégration du provirus dans des zones hétérochromatiniennes
n’est pas la seule explication a la latence transcriptionnelle. En effet, il a été établi que
le provirus s’integre majoritairement (93%) dans des introns appartenant a des zones
transcriptionnellement actives du génome hote (Han et al., 2004).

Des mécanismes d’interférences transcriptionnelles peuvent alors expliquer
I'absence de transcription du provirus: par compétition de promoteurs - le
promoteur du gene dans lequel le provirus est intégré s’accapare les éléments
amplificateurs du promoteur viral ; par occlusion promotrice - lorsque le promoteur
cellulaire est plus fort que le promoteur viral, et s’approprie I’ARNpolll au détriment
du provirus; par collision des ARNpolll - lorsque le promoteur cellulaire et le
promoteur viral se font face (Eszterhas et al, 2002 ; pour revue : Lassen et al, 2004).

(Figure 15)
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Figure 15: L'influence du site d’intégration sur I'expression du génome viral. L’ADN flap viral peut
soit intégrer une zone hétérochromatinienne (partie gauche) ou une zone euchromatinienne (droite).
Dans le second cas de figure, des interférences transcriptionnelles peuvent provoquer l'extinction de

I'expression du provirus. (Annexe-Publication 6 Redel et al, 2010)
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D5. Le promoteur viral

Le promoteur viral, ou LTR, contient de nombreux sites pour des activateurs

et répresseurs transcriptionnels cellulaires.
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Figure 16: Le promoteur viral. Le promoteur LTR du VIH contient 3 zones contenant chacunes une
pléthore de sites de fixation pour des régulateurs cellulaires de la transcription. Invariablement,
I'organisation chromatinienne du promoteur virale s’organise autour de deux nucléosomes Nuc-0 e
Nuc-1 (jaune). (Stevens, 2006)

Le promoteur viral est structuré en 3 régions, comprenant 4 zones, respectivement,
de 5 en 3" (Figure 16):

La zone régulatrice, de -454 a -104, contient des sites de fixation a des cis-
répresseurs et des cis-activateurs servant a nuancer Iactivité
transcriptionnelle. Cette zone est, quelque soit le site d’intégration, le siege
du nucléosome 0 (Nuc-0), qui va limiter I'acces des protéines régulatrices.

La zone amplificatrice, de -105 a -79, contient des sites de fixations en tandem
pour 'hétérodimere NF-kB, facteur de transcription primordial. Entre les
deux sites NF-kB est enchassé un site pour la protéine AP-2, un autre
activateur de la transcription virale.

Le promoteur basal, de -78 a -1, est 'unité minimale pour l'initiation de la

transcription. On y trouve a la fois une boite TATA et un initiator-like
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region, tous deux sites de fixation de I"ARNpolll. Cette zone contient
également trois sites pour la protéine Spl qui va servir de plateforme
d’ancrage a d’autres protéines régulatrices. (Berkhout and Jeang, 1992 ;
pour revue Rohr et al., 2003 ; Stevens et al., 2006)

Ces trois zones sont contenues dans la région U3, tandis que la séquence
transactivatrice TAR, derniere des quatres zones, est contenue dans la région R du
LTR. Cette zone va donner naissance a la structure tige boucle du méme nom lors de
I'initiation de la transcription. Cette zone servira ensuite a recruter le transactivateur
viral Tat, intéragissant avec le facteur d’élongation  P-TEFb, nécessaire a
I’amélioration de la processivité de I’ARNpolll. De plus, tout comme la région U3,
cette région est invariablement le siege d’un nucléosome, Nuc-1, qui va obstruer le
provirus et empécher I’ARNpolll de démarrer la transcription (Verdun et al., 1993 ;
Van Lint et al., 1996). (Figure 16)

Au-dela de Nuc-1, se trouve la région U5, qui contient d’autres sites de
fixations pour des facteurs de transcriptions, AP-1, SP1, NF-AT et IRF-1 (Rohr et al,,
2003). (Figure 16)

La zone entre les nucléosomes Nuc-0 et Nuc-1 contient la zone amplificatrice
et le promoteur basal. Cette séquence, tout comme la zone au-dela du Nuc-1, est
accessible aux modulateurs transcriptionnels et va étre le siege de compétitions entre
facteurs activateurs et répresseurs. Ces compétitions entre facteurs transcriptionnels
sont a 'origine des modifications épigénétiques de Nuc-1 et menent a la fermeture et

I'ouverture de la chromatine au niveau du LTR.

Le promoteur viral est donc cible de nombreux facteurs cellulaires qui vont
établir ou lever la latence du provirus. Nous sommes donc face a un choix binaire,
d’entrée ou non en latence, sous le controle d’une régulation fine faisant intervenir
une pléthore de facteurs de régulation. La question qui se pose alors ensuite, est de
savoir ce qui favorise, ce qui oriente vers un systeme productif ou au contraire vers

I’extinction transcriptionnelle.
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Dé6. Le circuit stochastique de TAT

Absence de tat;
Bystams ataint >

Tat en haute quantite:
Transactivation
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Etat instable

Concentration en Tat

Figure 17: Modéle stochastique de l'état bi-directionnel de la transcription virale. L’état reste
instable lorsque la concentration de TAT est faible (bleu) et peu évoluer soit vers une chute de la
quantité de tat menant a ’extinction de la transcription (rouge) soit vers la transactivation, permettant
I'entretien d’une haute quantité de Tat dans le systeme. (source personnelle, d’apres Weinberger et al.,
2005)

Précédemment nous avons abordé comment TAT était capable de transactiver
la transcription du provirus en permettant I'augmentation de la stabilité et de la
processivité de I’ARNpolll. Une fois produit, TAT va augmenter la quantité de
transcrits viraux synthétisés et donc rétro-contrdler positivement sa propre
production.

Parler d’activation transcriptionnelle peut paraitre saugrenue dans un chapitre
de latence post-intégrative. Et pourtant TAT fait office d’interrupteur entre
transcription active et inactive.

Pour expliquer ce systeme a deux sorties potentielles, des modeles
mathématiques, basés sur le rétro-controle opéré par TAT, ont été proposés
(Weinberger et al., 2005 ; Weinberger et al., 2008 ; pour revue Razooky et Weinberger,
2011). Des expériences in-vitro ont ensuite infirmé le modele bistable, qui
usuellement explique ce genre de circuit décisionnel, mais ont corroboré le modele

d’expression stochastique, dans lequel la destinée du provirus dépend de la force et
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la durée du rétrocontrole positif. A terme, il apparait que ce systeme décisionnel tend
inexorablement vers l'entrée du provirus en latence. Pour faire simple, lorsque la
quantité de TAT est suffisamment faible le systeme a 1'opportunité d’évoluer vers
deux issues opposé€es l'une a l'autre. Si les fluctuations stochastiques de la
transcription virale tendent a affaiblir la transactivation et qu’il n'y a pas assez de
TAT dans le systeme pour contrebalancer cet effet, alors I’extinction
transcriptionnelle s’accélere et aboutit a la latence virale (figure 17, partie rouge). Par
contre, si les fluctuations stochastiques de la transcription virale permettent de
maintenir une quantité suffisante de TAT, la transactivation se poursuit.
Réciproquement, tant que la transactivation est entretenue, TAT continue d’étre
produit. Des lors il y a un effet boule de neige qui va allonger dans le temps la
période transitoire de transcription virale (Figure 17, partie verte).

Lorsque la période productive est suffisamment longue et entretenue, le cycle
réplicatif se poursuit et s’acheve concomitamment avec la destruction de la cellule
hote. La lyse de la cellule hote ne laisse alors pas le temps au systeme de décliner
suffisamment vite pour évoluer vers l'arrét de la transcription et la latence (pour
revue Rasooky et Weinberger, 2011).

Ce serait donc les variations dans la production de TAT qui permettraient
dans un premier temps au systeme de ralentir jusqu’a son immobilisation totale. A la
suite de quoi, d’autres mécanismes viennent établir la mise en place durable de la
latence, par l'intermédiaire de marques épigénétiques favorisant la formation

d’hétérochromatine.
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E. Définir les prochaines cibles des ARVs.

Pour définir les nouvelles cibles, il est critique de connaitre les acteurs et les
mécanismes régissant I’étape de transcription du provirus.
Le modele stochastique d’établissement de la latence établi par le Dr.

Weinberger et son équipe met TAT au coeur du circuit décisionnel.
El. Le cycle de transactivation de TAT.

TAT fait partie des premieres protéines virales produites par le virus. Une fois
produit, le transactivateur va subir une succession de modifications post-
traductionnelles dans son motif ARM (Arginine Rich Motif) lui permettant
d’interagir ou de libérer des protéines cellulaires importantes pour les étapes
d’initiation et d’élongation de la transcription du provirus.

Le modele séquentiel proposé dans les lymphocytes T se déroule de la maniere
suivante :

TAT recrute I'acétyltransférase cellulaire PCAF. PCAF acetyle tat au niveau du
résidu lysine 28 (K28). L’acétylation en K28 (AcK28) provoque la libération de PCAF,
laissant TAT libre et acétylé (Kiernan et al., 1999 ; Bres et al., 2002).

Le facteur d’élongation P-TEFb est majoritairement séquestré dans le snRNP 7SK, ou
il est inactivé par HEXIM1 ou 2. L’AcK28 augmente 1'affinité de TAT pour la sous-
unité Cyclin T1 (CT1) du facteur d’élongation P-TEFb et TAT va étre en mesure de
recruter P-TEFb dans le pool inactif (Krueger et al., 2010).

L’interaction TATAcK28/P-TEFb induit une modification de la structure de TAT lui
permettant de se fixer sur la TAR néo-formée (d’Orso et Frankel, 2009).

Le seconde sous-unité de P-TEFb, la Cyclin-dependent kinase 9, phosphoryle les
résidus sérine 2 et 5 de l'heptapeptide du CTD de I’ARNpolll, améliorant sa
processivité (Zhou et al., 2000 ; Kim et al., 2002).
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La lysine 51 (K51) préalablement méthylée par SET7/9/KMT7 est déméthylée
par LSD1 (Lysine Specific Demethylase 1) et le complexe coREST (RE1l-silencing
transcription factor), ce qui permet a 1'acétyl-transférase CBP/P300, fixée sur le LTR,
d’acétyler TAT au niveau du résidu lysine 50 (K50) (Figure 18&19) (Sakane et al.,
2011). Le but et le moment de la méthylation de la K51 restent des questions sans
réponse a l'heure actuelle, il apparait juste que sa déméthylation est requise a
'acétylation de la K50. TAT, qui est alors double acétylé en K28 et K50, se sépare de
la TAR et, une fois libérée se fixe au niveau de I’ARNpolll, puis y recrute de nouveau

PCAF (Figure 19) (Dorr et al., 2002).
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Figure 18: La déméthylation de la lysine 51 de TAT permet son acétylation a la lysine 50. En
déméthylant la K50, LSD1 permet a p300 d’acétyler TAT au niveau de la lysine 50. TAT doublement
acétylée, en K28 et K50, se sépare de P-TEFD et poursuit le cycle de transctivation. (Sakane et al., 2011)
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Figure 19 : Acétylation de la lysine 50 par P300/CBP. L’acétylation de la K50 permet a TAT d’étre
déplacé depuis la TAR vers I’ARNpolll, ot il recrute PCAF. (Kaehlcke et al., 2003)
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L’interaction entre TAT et PCAF pourrait moduler 'activité enzymatique de
cette derniere pour, par exemple, 'amener a déstabiliser les nucléosomes, favorisant
ainsi 1’élongation (Hamamori et al., 1999). Dans la méme optique, I'acétylation de
K50 permet la mobilisation du complexe SWI/SNF, qui déstabilise la structure des
nucléosomes (Agbottah et al., 2006)

A la fin de I'étape d’élongation, la déacétylase de classe III SIRT1 Ote les marques
acétyles de K28 et K50, ce qui permet le recyclage de TAT. TAT est alors disponible
pour un nouveau cycle de transactivation (Blazek et Peterlin, 2008).

Les résidus sérines 16 et 46 de TAT sont par ailleurs soumis a la
phosphorylation. Ces modifications post-traductionnelles auraient
vraisemblablement une importance lors de la transcription virale (Ammosova et al.,

2006)

Comprendre les mécanismes régissant le cycle de transactivation et identifier les
partenaires de TAT a cette occasion permettraient de définir de nouvelles cibles

thérapeutiques.

E2. Le répresseur transcriptionnel CTIP2

Le facteur CTIP2 (COUP-TF-Interacting Protein 2) est un facteur de
transcription, impliqué dans la différentiation et le développement du systeme
immunitaire et du systeme nerveux central, en induisant la formation
d’hétérochromatine sur ses promoteurs cibles.

Notre laboratoire a mis en évidence le role de CTIP2 dans la répression de la
transcription virale. CTIP2 est en effet capable d’inhiber la transcription TAT-
dépendante en induisant et relocalisant le transactivateur viral dans des sous-
structures nucléaires denses contenant la protéine HPla, indicatrice de zones
hétérochromatiniennes (Rohr et al., 2003). En plus de la perturbation de la voie de

transactivation, nous avons démontré que CTIP2 était capable de favoriser
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I’établissement de marques épigénétiques induisant la formation d’hétérochromatine
au niveau de Nuc-1. Pour cela CTIP2 recrute toute une machinerie de modifications
des histones comprenant des HDACs (1 et 2) et la méthyltransferase SUV39hl
(Marban et al., 2007). Le remodellage chromatinen est initié par la suppression des
marques d’acétylation sur Nuc-1, suivie de 1’établissement de la marque répressive
H3K9me3. La marque H3K9me3 permet le recrutement de la protéine HP1a qui va
stabiliser la structure hétérochromatinienne du nucléosome Nuc-1 et permettre la

compaction en cascade des nucléosome suivants tout le long du provirus (Figure 20).

RUIZEEM MZAGE DE L& LATERNCE DSKE LEE CELLLL L A NT AN AL EE

0 ‘-T-u il E% 2 i E o i &
i'.'.:‘l". E"’“:}lﬁf = :5-'*'1|II i ,EFJJ L .1-'_::-! E - dlﬁ - [f i

amd ar Higs
sl ] - i an af%

baaw 1l-.l‘|q FIU | R e
[Pt ‘ FFE 0 AR T L BT B Y R ot i rhpethns

ETTRARGCRETIOH DL S Gy E R

Figure 20: Etablissement de la latence virale dans les cellules microgliales. CTIP2 va
séquentiellement recruter des activités HDACs (HDAC1 et 2), qui vont 6ter la marque activatrice
H3K9Ac, suivi du recrutement de la méthyltransférase SUV39h1, qui va installer la marque répressive
H3K9me3. La protéine HP1a va ensuite maintenir I'état hétérochromatinien. (Schwatz et al., 2010)

En tant que facteur de restriction de la transcription du VIH-1, notre
laboratoire s’est également intéressé aux effets indirects de CTIP2 sur la régulation de
I'expression du génome viral. Notre équipe a ainsi pu mettre en évidence le role de
CTIP2 dans l'extinction du gene codant pour le controleur du cycle cellulaire p21,
décrit comme un facilitateur du cycle de réplication virale.

La protéine p21 est un inhibiteur de kinase cycline-dépendante et cible des
complexes cycline-CdK. La protéine p21 permet ainsi 'arrét du cycle cellulaire en
phase G1, G2 ou M (Niculescu et al., 1998 ; Radahkrishnan et al., 2004). L’activité de
p21 est majoritairement régulée au niveau transcriptionnel (Gartel et Radahkrishnan,

2005). Ainsi, la modification des marques épigénétiques au voisinage du promoteur
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de p21 est de premiere importance (Suzuki et al., 2000 ; Lagger et al., 2003 ; Gartel et
Radahkrishnan 2005 ; pour revue Gartel et Tyner, 2002 ).

Par ailleurs, p21 permet une facilitation du cycle réplicatif du VIH-1 dans les
macrophages en bloquant le cycle cellulaire dans des conditions favorables a sa
transcription (Thierry et al., 2004 ; Vazquez et al., 2005). Dans les macrophages, c’est
la protéine virale VPR, recrutée au promoteur du gene p21 par l'intermédiaire de
SP1, qui induit la production de p21 (Figure 22) (Amini et al., 2004).

Notre équipe a récemment montré que CTIP2 est capable, a l'instar de VPR, de se
fixer au promoteur de p21 via la protéine SP1. Une fois au promoteur, CTIP2 va
recruter le complexe multi protéique de remodelage de la chromatine précédemment
évoqué (Figure 22). Les activitées HDACs (HDAC1 et 2) et méthyltransférase vont
établir des marques associées a l'hétérochromatine au niveau des histones du
promoteur p21. Ainsi, CTIP2 est capable de réprimer la production de p21, lui
permettant de réguler la transcription virale de facon indirecte (Cherrier et al., 2009)
De plus, nous avons récemment pu mettre en évidence que CTIP2 est aussi capable
d’entraver la transcription virale TAT-dépendante en séquestrant P-TEFb dans le
pool inactif liée au snRNP7SK ou en inhibant I’activité kinase de la CdK9 dans le
pool actif (Figure 21). Dans le premier cas, CTIP2 limite le stock de P-TEFb actif
disponible, ce qui empéche la transactivation de la transcription virale médiée par
TAT. (Cherrier et al.,, unpublished cf Annexe publication 3). CTIP2 interagit avec
HEXIMI et le snRNA 7SK (au niveau de la boucle 2), permettant ainsi la stabilisation
du complexe inactif dans lequel P-TEFb est détenu (Figure 21).

Autrement, CTIP2 est aussi en mesure de réprimer l'activité kinase de CdK9 lorsque
CTIP2 fait parti du complexe CTIP2/P-TEFb/TAT. En inhibant la CdK9, CTIP2 limite
la phosphorylation du CTD de I"ARNpolll, contrecarrant ainsi le pouvoir
transactivateur de TAT, méme si la protéine virale a pu extraire P-TEFb du complexe

inactif snRNP 7sk. (Cherrier et al., unpublished cf Annexe publication 3).
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Figure 21 : CTIP2 est membre du complexe snRNP7sk. CTIP2 intéragit avec la boucle 2 de 'ARN 7sk
et la protéine Hexim1, elle-méme interagissant avec I’ARN 7sk au niveau de la boucle 1. P-TEFDb est
séquestré dans ce complexe structuré par 1’association des différentes protéines sur ' ARN 7sk (Source
personnelle cf Annexe publication 3 - Cherrier et al, unpublished.)

A lui seul, CTIP2 est capable de ralentir directement I'activité
transcriptionnelle du VIH-1 en établissant un environnement compact de la
chromatine au niveau du promoteur viral et en limitant le pouvoir transactivateur de
TAT. D’autre part, CTIP2 a un aussi un role indirect, en provoquant l’extinction de
I'expression de p21, ou en séquestrant P-TEFb dans le stock inactif associée au
complexe snRNP7SK.

Les effets pleiotropiques de CTIP2 semblent ne pas s’arréter la : des résultats
préliminaires semblent indiquer que CTIP2 est en mesure de réguler la production
de cytokines dans les cellules microgliales, ce qui pourrait limiter leur sensibilité a
I'infection.

CTIP2 est un répresseur transcriptionnel cellulaire d’importance majeure dans
I'extinction de la production virale. Il semble donc nécessaire de comprendre
I'étendue de ses actions sur la transcription virale et la mise en place de la latence

post-intégrative.
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Figure 22: Fonctions de CTIP2 dans la régulation de la transcription du VIH-1. CTIP2 recrute
séquentiellement des activités HDACs, la methyltransferase SUV39hl et la protéine HP1 au niveau du
promoteur viral pour promouvoir I'extinction de la transcription virale (gauche) et du geéne codant
pour la p21 (droite). CTIP2 contrecarre 1'effet de VPR, consistant a stimuler la transcription de p21.
(Le Douce et al., 2012).
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E3. Projet LSD1

Dans l'exemple de CTIP2, la formation d’hétérochromatine au niveau du
provirus provient en substance de l’activité méthyltransférase de SUV39hl
parallelement a la déacetylation des histones.

La question que nous nous sommes alors posée était de savoir si des activités
demethylases pouvaient aussi étre recrutées au promoteur LTR. Soit dans le but de
faciliter, ou soit pour reverser, I’activité répressive de CTIP2.

Dans les deux cas, LSD1 apparait comme un bon candidat. LSD1 est une
déméthylase capable de cibler les lysines 4 et 9 de 'histone H3 mono- et di-méthylées
(Shy et al., 2004 ; Metzger et al., 2005).

L’activité répressive ou activatrice de LSD1 dépend du substrat ciblé (H3K4 ou
H3KD9). La spécificité du substrat elle-méme est modulée par les interactants de LSD1.
Ainsi, lors de son interaction avec le complexe coREST/HDAC1/HDAC2, LSD1 va
permettre la transition d"un état activé vers un état inactivé des genes cibles (Shy et
la., 2003 ; Shy et al., 2005). Dans ce cas de figure, LSD1 promeut l'établissement de

marques répressive (Figure 23).
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Figure 23: Mécanisme d’établissement de marques épigénétiques répressives par l'intermédiaire de
LSD1. LSD1 recrute séquentiellement des HDACs, qui vont enlever la marque activatrice H3K9Ac, le
complexe coREST, déméthylant la H3K4, et enfin la protéine BHC80, qui maintien la H3K4 dans un
état hypométhylé. (Revue Lan et al., 2008)
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Au contraire, lorsque LSD1 est recruté par le récepteur aux androgenes (AR), il
coopere avec la démethylase JMJ2DC. L’association LSD1/JM]J2DC permet de passer
séquentiellement de la marque répressive H3K9me3 a H3K9m2 (JM]2DC), puis a
H3K9mel/0 (LSD1). L’activité demethylase a pour résultat I’activation
transcritpionnelle des genes cibles de AR (Metzger et al., 2005; Wissmann et al.,
2007). L’expression aberrante de LSDI1, et donc l'activation constitutive des voies
activatrice de 'AR, a méme été proposée comme biomarqueur d’agressivité des
cancers de la prostate (Kahl et al., 2006).

Par ailleurs, LSD1 est aussi capable de réguler 1'expression génique en deméthylant
des protéines non-histones. Par exemple, le transactivateur viral TAT, que nous
avons déja abordé auparavant (Sakane et al., 2011). Mais aussi des régulateurs
cellulaire de la transcription, comme le répresseur de tumeur p53 ou I"ADN
methyltransferase Dnmtl. En démethylant p53, LSD1 réprime sa fonction pro-
apoptotic en abolissant son interaction avec son co-activateur 53BP1, alors que la
démethylation de Dnmtl stabilise la protéine et lui permet d’échapper a la

dégradation (Figure 24) (Huang et al., 2007 ; Wang et al., 2009).
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Figure 24: Demethylation de protéines non-histone par LSD1. LSD1 peut réprimer l'activité pro-
apoptotique de p53 (gauche) ou, au contraire, stabiliser Dnmt1 et augmenter temporellement ’activité
de la protéine (droite). (Nicholson et Chen, 2009)
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Dans la premiere partie de ce travail de these nous avons cherché a déterminer d’une
part, I'éventuel impact de LSD1 sur la transcription virale dans les cellules
microgliales, d’autre part, le role que pourrait avoir LSD1 dans I’établissement et le
maintien de la latence dans le cadre du mécanisme induit par CTIP2 et enfin, les

partenaires de LSD1 dans ce contexte.

E4. Projet HIC1

Toujours dans I'optique de trouver les partenaires de CTIP2 dans la régulation
du VIH-1, nous nous sommes interessés au répresseur de tumeur HIC1. En effet,
HIC1 et CTIP2 sont capables d’intéragir, cependant cette intéraction n’a pour
l'instant pas encore été associée a un mécanisme physiologique, ni méme a d’autres
protéines qui pourraient faire partie de ce complexe.

Le locus 17p13.3 est fréquemment méthylé ou perdu dans un grand nombre de
cancers humains (médulloblastome, carcinome ovarien, cancer gastrique, du sein, de
la prostate...) (Rood et al., 2002 ; Pieretti et al., 1995 ; Kanai et al., 1998 ; Fujii et al.,
1998 ; Yamamakam et al., 2003). L’étude de ce point chaud, altéré dans de nombreux
cancers, a permis l'identification d’un gene codant pour un suppresseur de tumeur,
appelé Hypermethylated In Cancer 1 (HIC1) (Wales et al, 1995). Ainsi, HICI,
exprimé de fagon ubiquitaire dans les tissus sains, voit son expression drastiquement
diminuée dans les cas de cancers précédemment cités.

HIC1 est sous-divisé en 3 régions (Figure 25.A):

Une partie Aminoterminale contenant un domaine BTB/POZ (BR-C, ttk and
bab/ Pox virus and Zinc finger), intervenant dans l'oligomérisation de HICI.
L’oligomérisation de HIC1 est une étape indispensable qui initie le recrutement du
co-répresseur CtBP (C-terminal Binding Protein), la fixation coopérative des
oligomeres sur ’ADN et I'ajout de la marque post-traductionnelle SUMO (Deltour et
al., 2002 ; Pinte et al., 2004 ; Stankovic-Valentin et al., 2007).
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Ce domaine a également une activité répressive autonome en recrutant et coopérant
avec 'HDAC de classe III, SIRT1 (Chen et al., 2005).

Un domaine central, avec une séquence peu conservée inter-espece, si ce n’est
pour quelques motifs protéiques, dont deux ont été caractérisés.

Le motif GLDLSSK/R, séquence qui permet l'interaction de HIC1 avec le co-
répresseur CtBP. Cette interaction confere a la zone centrale de HIC1 une activité
répressive autonome, faisant intervenir des HDACs de classe I et II. Une mutation
ponctuelle dans ce motif, LA, suffit a abolir cette interaction et, des lors, a diminuer
le pouvoir répresseur de HIC1 (Deltour et al., 2002 ; Stankovic-Valentin et al., 2006).

Le motif PKxEP, dont la lysine 314 (K3*) est la cible de modifications post-
traductionnelles. Ainsi, la K3* fait office de commutateur entre absence de marque,
acétylation et SUMOylation de HIC1. L’acétyl-transferase P300 acétyle la K3 tandis
que SIRT1 la déacetyle. Suite a la déacétylation, HDAC4 facilite la SUMOylation de
la K3* par un mécanisme encore non identifié (Figure 25.B) (Stankovic et al., 2007).
L’acétylation diminue l'intéraction entre HIC1 et CtBP, tandis que la SUMOylation
lui permet d’interagir avec des complexes de modifications des histones, tel que
NuRD (Stankovic-Valentin et al., 2007 ; Van Rechem et al., 2010).

La partie carboxyterminale contient quant a elle 5 doigts de zinc kriippel-like.
Alors que le premier d’entre eux, a I’écart, ne semble pas intervenir dans la fixation
de HIC1 a I'ADN, le cluster des 4 doigts de zinc restants permet par contre la
reconnaissance d’'un motif HiRE (HIC1 Responsive Element). Le HiRe a une
séquence consensus 5 -C/GNGC/GGGGCAC/ACC-3’ s’articulant autour d’un motif
central GGCA (Pinte et al., 2004).

En marge de l'interaction de SIRT1 avec le domaine BTB/POZ de HIC1, pour recruter
son acitvité HDAC, HIC1 est aussi capable de se lier a SIRT1 par l'intermédiaire de
ses doigts de zinc kriippel-like. Dans ce cas de figure, SIRT1 va permettre de
déacétyler la K3* et modifier post-traductionnellement HIC1. (Dehennaut et al.,

2012).
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Figure 25: Partenaires, modifications post-traductionnelles et organisation de la protéine HIC1.

HIC1 possede trois domaines. Un domaine N-terminal BTB/POZ, un domaine central avec deux
motifs conservés et un domaine C-terminal contenant 5 doigts de zincs (Fig25.A). HIC peut étre
acetylé ou SUMOYylé au niveau de la K3 par des protéines cellulaires (Fig25.B). (Source personelle)

Par l'intermédiaire de ses doigts de zinc, HIC1 est capable de se fixer sur les sites
Hires présents sur les promoteurs de ses genes cibles (Cxcr7, E2f1, Atohl, Sirtl...) et
d'y recruter des complexes multi protéiques répresseurs (SWI/SNF, NuRD,
Polycomb Repressive Complex 2) (Van Rechem et al., 2009 ; Jenal et al., 2009 ; Briggs
et al., 2007 ; Zhang et al., 2007 ; Van Rechem et al., 2009b ; Van Rechem et al., 2010 ;
Boulay et al., 2012)

La répression de la transcription de certaines protéines, ayant des effets
pleiotropiques, est accompagnée de boucles de rétrocontrdle qui permettent d’en
moduler plus finement I’expression.

HIC1 intervient ainsi dans les voies de réparation de I’ADN, l'appauvrissement
calorique, la migration et le développement cellulaire. (pour revue Fleuriel et al.,
2009)

L’une de ces boucles de rétrocontrole concerne le suppresseur de tumeur p53 et
SIRT1. Dans ce paradigme, I'augmentation de HIC1, suite a des dommages a I’ADN,
permet l'extinction transcriptionnelle de Sirt1, un de ses genes cibles. La diminution
de SIRT1 permet une augmentation du taux de p53 acétylé, version active de la
protéine, qui va pouvoir éteindre l'expression d’oncogenes et activer celle de

suppresseurs de tumeur, dont HIC1. Parallelement, SIRT1 interagit avec HIC1 pour
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diminuer sa propre transcription, permettant des ajustements fins de la boucle de

régulation (Figure 26). (pour revue Dehenaut et Leprince, 2009).
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Figure 26: Les boucles de régulation et de rétrocontrole en réponse aux dommages a I’ADN. Les
dommages a ’ADN provoquent l'activation des protéines p53 et E2F1, qui vont activer la
transcription du géne HIC1. La protéine HIC1 va stopper la transcription de Sirt1 et E2fI, ce qui va
permettre la régulation positive du suppresseur de tumeur p53. (Dehennaut et Leprince, 2009)

On sait depuis peu que p53 permet I'inhibition de la transcription TAT-dépendante
du VIH-1 dans les cellules microgliales en limitant la phosphorylation de la sérine 2

du CTD de I’ARNpollI (Figure 27) (Mukerjee et al., 2010)
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Figure 27 Mécanisme potentiel de 'activité de p53 sur la transcription du provirus. P53 semble en
mesure de réduire l'activité kinase de la sous-unité CdK9 de P-TEFb en limitant la phosphorylation de
la sérine 2 du CTD de la RNApol II. (Mukerjee et al., 2010)

HIC1 permet de contrdler 1'expression de protéines ayant un role dans la régulation
transcriptionnelle du VIH-1. De plus, nous savons que CTIP2 et HIC1 peuvent co-
immunoprécipiter in-vitro (Leprince et al., unpublished). De ce constat, nous en
sommes venus a nous demander si HIC1 pouvait lui aussi intervenir dans les
mécanismes d’extinctions transcriptionnels du provirus et notamment ceux
impliquant CTIP2.

J'ai donc cherché a savoir si HIC1 avait un impact sur la réplication et transcription

virale et auquel cas les modalités et ses partenaires lors de son action sur le provirus.
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Publication 1

LSD1 cooperates with CTIP2 to promote HIV-1 trancriptional
silencing.

Le Douce V, Colin L, Redel L, Cherrier T, Herbein G, Aunis D, Rohr O, Van Lint C,
Schwartz C.
Nucleix Acid Research 2012

Les cellules microgliales sont la cible principale du VIH-1 lors de l'infection du
systeme nerveux central (SNC) et constitue un important réservoir cellulaire de virus
latents. L’établissement et le maintien de ces réservoirs dépend de la structure
chromatinienne au niveau du provirus. Nous avons précédemment démontré que le
co-facteur cellulaire CTIP2 induit la formation d’hétérochromatine et l’extinction
transcriptionnelle du génome du VIH-1 en recrutant des activités histones
deacetylase et histone méthyltransferase au promoteur viral. Les travaux suivants
indiquent que la deméthylase LSD1 est capable de réprimer la transcription et
I'expression du VIH-1 en coopérant avec CTIP2. Nos travaux font état d'un
recrutement de LSD1 au promoteur viral proximal s’accompagnant des marques
épigénétiques H3K4me3 et H3K9me3. Enfin, nos données suggerent que la
triméthylation de la lysine 4 de I'histone H3 induite par LSD1 est lié¢ au recrutement

de hSET1 au niveau du provirus.

J'ai effectué une partie des expériences initiales et la majeure partie du reviewing de

cette publication.
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ABSTRAGT

Microglial cells are the main HIV-1 targets in the cen-
tral nrervous system [CNS) and constitute an import-
ant resarvair of latently infected cells. Establishment
and persistence of these reservoirs rely on the chro-
matin structure of the integrated proviruses. We
have previously demonstrated that the cellular
cofactor CTIP2 forces heterochromatin formation
and HIV-1 gene silencing by recruiting HDAC and
HMT activities at the integrated viral promoter. In
the present work, we report that the histona de-
methylase LSD1 represses HIV-1 transcription and
viral exprassion in a synergisiic manner with CTIP2.
We show thet recruitment of LSD1 at the HIV-1
proximal promoter |s associated with bath
H3K4me3 and H3K9me3 epigenetic marks. Finally,
our data suggest that LSDi-induced H3K4 tri-
methylation s linked to hSET1 recruitment at the
intagrated provirus.
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ety il iy errrelated (o the seioeanom of trensmp-
tion {720, whereas dimethykation of HAKS is linked 1o the
recrutimen) of the desee v lise comples S0t whnch mduces
epe repression (9 Howewer, this epigonetic code 15 nod
alwivs carrelaled with o torvespending  transcrploesl
negivity (LT

To date s grear number of nethyltransterases and
demethvloses his been shown 0 shape the putlem of
Iysine methylation, SUY39H L bas boen invalved in hetero-
chromatin formation ac the HEY-1 promeszr and, as 4
conseguence, m IV sdencing (12008, The Tysine speilic
demethvinse ( LSD), discovered (o 2004 {140, was doiciaiy
wastripled Ly sene repression (L5160, This eneyme, which
removes metlyl proups from mono and  dimethy lated

e whean cdnespendainn should e oaddessal. Tels 15 Shs 52 07 By Fas

T AREEE A5 O Rl sehaen kst st

Cprrespondenoe may e bo addnessed] Gy Comme Voo Lind, Telo B2 20830 88 070 Fasc 032 RS0 SR0; Eranl: ol wlh e
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RS, wus characlensed oy w0 REST . co-repressor,
Addinona]  tanding  partners of  the LR -CoREST
compler are lustone deacetylnses HDACT and HDACT
which Buve been finked to transeniptions repression. of
soveral  wenos  including  the HIV-D  pravious (173
[Towever, LSO has also beéen mvilved i the aolivilien
al transeriphion (18) Indeed, Metzger of o, (153 showed
it ESD and the andeogen receptor co-locabee o0 pro-
mirlers Tollowing hormone ireatment The recruttmend of
these two protein: did not alter H2RS methylation but
stmulated FIVRS demethelation, swhch led e transerip-
bl setivaton, Smee LSIMD cannol romove methy
sroups from Teimetliviared Tysmes, it haz been proposed
lhiil LETH conhl serve ds an snchired prodem o reors|
divcctly or indircetly HIKY specitic histome domethvlazes,
Furlbsermece, bally LED] and the TIIRY demethiylioe
af the Jumesji-contaiming class - helong o the same
chromatin-remodelling complex, further supportiog (lis
hypathesis (19, However, the discovery Ul imhibatien
of LD prevents Ivtic replication of the herpes simplex
viris {FISV) as well gy its reaclivation from laleney fus
adided another level of complesity moour understandimg of
LS Poneteon bo pene regulation. ndesd, it was shown
that HOT-1, which s 0 compenert o the SET] and
MLL1I HIK4 motheltranstorass  complexss,  moomits
LA and indoces TTMES trimethvlation and transcrip-
fomal actvation of the HSY promoter (20-235 From on
gleapnt ppproach that bses 4 vanation of gencine-wide
chromualin . immunoprecipitation  clled  chromatin-
immunaprecipiontion (CHIPRESL, it appeared  tha
LS50 plavs anm even broader rode m ranscrpbional aeli-
vahion as #0% of the G201 LRI -pasitve prompiery wers
associgted with BNA polvinerase 11 aod gens potivation
{24}, These resulls underlined the dual role of TSI in
sene activation and repression, sid heabbigheed the com-
ples tole ul lvsine methvlibon 10 epiednens fegulitnsg,
Here, we focossd  en the moleculnr mechanisms
underlving HIV-1 traoscrption. We studied o more
detinly the molevulur mechamismy invobeel m the esiab-
lizhment and maintensnes of HIV- 1 lateacy in micraplal
cells, the maim ITIV-] Larged cells i the centr] nervous
svstom (NS 253 These long-lived latent reservairs son-
stilule o wmgor obstacle 1o the scadicalion of TTIV-1.
Unilerstanding the cell-tvpe specific moleenkir mechan-
i=ms of establishment, malntenance and peaetivation of
FITV-1 loteney s therelore crocial Lo achieve on efficienl
therapentic ntervention, in which the ultimate goal & o
complately ergdicate both katently and  producovely
infected ccells (2627 We huve presiously shown tha
COUP-TE intesacting  protein 2 (CTIP2), o recently
cloned transerptiong] vepressor thal can gssoceale with
members af the COLP-TF Garmly (2285 mhihis HIV-1
replicetion e Bumesn gucreghal cells {29 304 by cecrailing
a chrematm-masdifone comples (13 Tndesl, our work
shiowed o doncamitint reoruicment of histone descctylises
FIACT and FIDACZ, and methyliransierss SUVISIT]
o the wiral proanotes by CTTPE  Heterochromwatin
formation ot the HIV-!l promotzr hes been linked to
mebsEantegrabin lateney (26,51, supeesting thal ramscrip-
tional repressors such as CTHEZ are involved in theostab-
lishmenl  dod manlemance  of  vral  perselence  and

Muclede Aty Resanreed, 2002 Vol ) Mo, 5 1oy

podl-inteeration lelemey in the bruine The co-repressor
LUIP? has an even moce ploiotropic action by reeulnfing
1he expression ol Bosl senes o (be mlecwed cell In s
contexr, wie bave shawn that CLIPD silences p2 1 géng tran-
saripliom by imducing epimenetic moedifications, such s
deacetvlation and methylation of listones (32), This
el muy imddirvevely Tovoor HIV-1 fateney sinee activaien
ol the p2l1 aene stimulates vicsl geno fraoscripiion o
maeriphages (35, Moreover, CTTPE counteracts V-1
Voo which is requoired far p2 1 expression, In a cecont i
icle, we sugpested thut all these faetors te her eontribie
t HEV- | mranscoiptional iency i nacreelial cells (324

In the present work, we show thel LA repressés
HIY-1 transeription ond vigtl <xpression i oa syncraistic
misnmer with CTHRE We repart Tor the Arsl bme thal re-
cridument of LS ar the HEV-1 proximal promotes is
agsicinled with both HERAmed and HIK9mel epipenalic
mirks.

MATERIAL AND METHODS
Plasmids

Maest ol the constructs used o our pssave hove beepn
deseribed  previously: peldWAS pPLAG-CTIFZ (2K),
pNL-4.3, p¥S8V.G, pRFP-CTIPZ {29), pTat-GFP {30,
pebENALSIN, pehRNA-Control and  pRLAG-LSE
wers provided by B Metzeer and R Schale (15) The
episonmil LUR-LUC, pshRMNA-CTIP2, pSirendsreen-
shEMNA-CTIP2 plasouds Bave also been descnbed (134,

Cell enliure

Fhe human microglial (provided by M Tacdicn, Paris,
Fradee) {347 and [TEK 293 T cell hoes were maumboned
in lbeceo™s madificd kagle™s medium (1M EM ) con
Letiremg L0, Fetal call serwm anpd 100 Tl pentedim

strepromyein, CTIPT? knocked-down  microslinl - cclls
expresiing shR™MA-CTTPZ were slabiy establishisd by in-
fection of microglial ceils with o pSirondsGroen-ShRMA-
CTIP2-busesd velramvrrus s deseribed by the naanuluclorsr
(Clontecl Lob, [ne ) CTIPT shENA cxpressing cells wore
sorted by Aow evlomelry (o7 the concomilant expresaon
ol the ZeGreen protein and culmred in DMEM. The
CTTR2 kneck-tdown elficency wis conimlled by western
Blot aod ChIP experisents. The mopocvile HIV-
imbected 110 cell hine was nuwdntpined  m RPMI
OO lutamay 1 omedinm supplemented with 10% Cewl
bewvine seram o 500wl pemicilin—Erreplmm o,

Co-immnmaprecipitanion assays

HER 293 T cells collured w 0-mm digmetesr dishies weere
Iramalected wsmg the ealeiimm phosphate co-precipitation
methed  with  the  indicared  pFLAG-CTIP2 (30 g,
plLAG-LSIM (Mppn, pSuper comtrol or pelds 45-
FLAG  control (M uaey  veotors. Two  dav:  posl-
translcetion, mmunoprespibrtions were performed nang
the standacd techigoe with M2 anb-FLAG { Sl over-
night at 47C Finally, the immunoprenipitated complexes
wete processed Tor SIS - PAGE and weslern Blal anidveis
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SDS-PAGIE aml wesitern hilol u'unly:ul'a

SOSFAGE wis performed wsmp standand technigues,
Proteins were detected using putibedies divected naainst
the FLAG epitope (M2 mowie monoulonal From Siema),
LEDT (Abcam), CTIP2 (Bechvl) and  (-actin (8igma )
Proleims were visualized by chemilumimescense asitye the
Super  Sepnal  Cheouinminescence Detection  Svaiem
{Pieruek

Luciferase asssvs

Mlicroghad eolls colturcel in Af=well platey were fransfeeied
with the indicated vectors asing the calelum phoesphats
co-precipitation methad, Potal amounts of 134 were
nocmabized witly the corcesponding control vectar, Two
days luler, cells were collected nnd luciferse nr_'ii\-il)' wells
determined wsing the Doal-Gio'™ Lociferase  Asssy
Syslem (Promegay, Values correspond 1o um averame of
at least three independent oxperiments  performed o
trapehicae e,

Viral replication

Microghad eolls colturcd in 1 2-well plateswere translecisd
nzing the cabeinm phosphate co-precipistion methad with
HIY-1 pil-A 3 and the expression plismids as indicinesd,
Tota] nmouits of DINA were normalzed with e corres-
iy emwply vecter. HIV-1 rephoation was montlored
as described previopsly (30), Valdes coreéspond 1o fnn
sverige of al lenst three intlrpundr_'nl pxperTmETs carmied
aut o triplsane,

Psendotyped virion production and single-round infection

The plasmnd pAL-4 3-Eny was co-translected withi the go-
velope plasmid encodding the pVSV.G enveldpe proten
ito HEK 293 7T cells. Virlons were collected 481 post-
tramlection. For single-round mfechon, micreghol cells
wele ncubated  with the YV Vopseudotvped IV
M4 3-Fny virns for 2 h at 370

Chromitin immunoprecipiation assays

Mlicroglial pnd CTIP2 Enacked-down microghil cofls eul-
tared 1o | 580-pmm durmeter dishes were subjecied 1 angele-
round dnfection by the Y8V-peeudetyped wrruses 240
before beiss processed for CHIP experunents. HEK
2000 eedls colvared i I00-mmkimieser dishes were trans-
fected  wsing  dre caléium phogphale  co-precipitation
methad with the mdicted veetars or the correspanding
conteel vectors, ChIP assays were performed using the
ChiF pssay kit (Upstate) 48R post=transfection,
Microglisd and UL cetis were mock-teeated or trented with
PREA (106 by e 240 belare ChTP assavs. The pricury
antibodies used for Chil® werd as tallows: anti-LsD1
fAbhoamy, ant-CTIRY (hethyll, anG-RNA Pol T (Sanw
Cruzh, ante-Spl  {Lpstate), ant-Hipan {Lpstate). il
AR (Upstated, anti-HAKSmed (Upstale], ontT] 3K dme
iU pstare), antl-WDIS tAbeam) pnd anti-hSET| { Abcam),
Immunsrprecipiloled DNA wis subjected o real-tiime
PCR quantification, The amplified regians of the proviems
re inddicated 10 the lepend section. The specificity of the

enmchment bas been conleolled by amphbicaiions of e

CAPDH geng [(13)

Indirect hnmnolleorescence and confocal microscopy

Bl dcroplind calls cultured o $8-wel] plotes were ramsfected
ar not wsing the enloum phosphoie co-procipitadion
fethed with the pFLAG-LSD, pREFP-CTII or pTal-
GEP expression vectors, Celbs were freed and permedhil-
[Zoel s deseribed previeusly (301, The cover slips were then
meubuled Tor Th ool room lemperdtore. wilh primary
antibodies  directed against LSD] (Abcam), BSET]
CAboom) or ageinst the FLAG epilope (M2 meuse mono-
clanal; Stamp) The primary immnnocomplexes were
peviedlad by CY 3 or ©Y S lobeled secondury tmbi-rpscies
antibedies, The stamed cells were amailysed By confocl
Pcroseopy Using o Zelwn laser séanning  micrascope
fmaddel 300 mverty equipped with o Planapa oil (63 «)
ineckion lens rmumerical aperiue 1230

RESULTS

LS1T represses HIY-1 replication and transcription in
mifcroplind cells

The (umcliom of LSEI m HIW-1 infecied cells wis
nvestigated by using an LSO kneck-down strateey. We
co-lramslecisd pucrophal cells with oocomplets TTIV-1 in-
feerious provirus (pii-4 31and with or withont pshl2s]
expressing veclar. The elliciency oF the knock-down ol
A0 way cheoked by western blot (Figore 1AR As
showen i Fleare 1A, the knock-down ol L5 was
wsspcinted with o n-fold nercase o pdd producton,
which argies i favour of a sepressive role of LSO in
HITW-1 replication. We nest imvestigated whether 151321
[ras o divect impacr an transcripren of the HIV-1 genes
arice s proteinas invalved in the iromsoriplional regola-
tion of many collular genes. Mwrogliol cells were frans-
levied wilh the episomal LTR-Luc veelor with or sithoul
the sh LS expressing voctor in the absence (Fiaaue 1H)
pr presence | Pioare: 10 o Tul, Inothe abhsenge of Tal,
LA represted TR tramseriptional activity inon dose-
dependent manner (Fiewe |B colunus 2 amd 3 Wheo
Trt wiis enpressed together with (he shLDSL vecior, we
absorved o syneraistic activation of LTR-driven transcrip-
Lo (TFigure 1C column 4 compared e columng 2 umd 3.
Thus LS anhibitsHIY-1 repheation oz a result of tran-
reripliondl  repression occurning dl hath the early
Tat-independent and the lite Tar-dependont steps

LSD l=mediated repression of HLY-1 is nssociated with
the epigenctic marks H3R4med und HIK9med

o mvesngrie whether LS s reeroted ar the HEV-1
protmoter feopdve, we pecformed ChIT aseaks using iicro-
ehinl wells  transfected with the phNE=3 provirss
Orvereexpression of LSDM was sssociied (o an locrease
ol FESEA trimethvlabion (VK 9med | amd mome surprisine-
I¥ to an inceease of HIK4 mimethylotion (H3K4med)
CFgore 24 columms 3 and 41 im0 the progimal region of
the HIV-1 promesor. I agreement, kaocking-dawn ca-
dipenous. LS expression dislavoured  TIIES  and
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Flgure 1. L3I vegmosacs HIV-1 poae rnsscipoon and vaal jeplbeateon, (A Biccoglal cells seis pangleersd s the pMHL=25 o the imdicatca
el ulire supermntimds wens analvsed Tor p24 Ciag compenis A58 0 post dramslaeton, (8 and €00 Mecnoghial colbs were rensdiesed wath bz
epiaomil ETR-LLC aeid  the milicaizl! weciors, DA smiands . were normofies] oo ol bmesfecosm asays il oshERAanlal o
Pl AT AG dndmal veomoms Liberass activiiies were meisansl 3 skavs posttermaestion and evpressed relative o rhe wihes nhioiesd stk
epigorgl TTR-TVNC plops, oA and O Tha kpock-down effaienes oF sh-R™ A copgroos overses sh-conitoll haz been controlled by aegaern Blog

nnalysis

A4 romethyleton (Tigure 24 Colwmns 2 ownd  4)
Liwerestinaly, knocking-dewn LD in BV -1 transtectsd
microglial cetls was associared with o strong increase of
H Y arlobul seetylition level (Figure 24 column 6 and with
A ostahle amount of TI3 hestomes sssociiied 1o (e viral pro-
moter (Figure 24 colomuo 5w Furthermore, koocging-
dawn LSI3] stronzly mereased the reernitment of the
ERA pol 11 1o the FIV-T promoter. thereby confirmming
e activatsd status of the viral promoter (Faure 24
caoliing 7y From thase results we apeculatad that HIV-)
regotivation  in latenely infected U0 colls could  be
assctalied with o release of VS0 amd o coneomitan
decrense of HAKY and FLMEKS tethylotion levels nl the
HIY: | promoter, To seae chis hyvpothesis, hlstone methy-
en marks gnd  ESU¥ recruitment gt che HIV-)
prrmoler wers momlored o fhe Tatently mfectad 101 cell
Tine ufler wetiviation of vital gene anscription. As shown
in Figuee 2B, PMA iphofbel- L 2amvristate [ 1gcetiaic)
freatmant imduced o release of tho endogeinous 15131
[rorm the vire] promoter (codumn 2 Moreaver, This phe-
norEdon was associated with deseeased trimethylation
levels of H3kd and H3KY feolumns 3 and 4 from
Figurg TH, respectively), Ay expected, the release of the
endogenous LD following PMA  realment of  the
Jatencly Infected L1 ceil hne was pssociated with an
mersuse of the glebn| histone H3 sectvlation level and
with an meredsed BMNA pal 1] recrmtiment 1o the HIV-I
promoles (Figure 2T columms & and Th To verily whether
L5131 is spocificplly Iocated @t the promoter region of the
HIV-1 genome, we performed scvernl Chip cxpermenia
wilh wldalional sels of pamers hybndhang 0 pdjacen
rerians ol the vical pengme. As sbown i Figaes 20

LS weas onby sssociatad 1o the proximal promoles e
fealumes | and 20 amd not with adjacent ceglons sueh os
inbragenic Gui oor Wproregions (Golumms 3oamd- 4
Moreover, the eplgenctic. morks assoclated with the loss
af LSO we deserbed ubove were alsio observed with
other LD repulated genes since we abserved the same
evenls with the LA -rezuliled sene CERP alpha (Fisore
20 colwmns 56 and 7Y, as previeusly described (3353 1o
dveorddance with the lerdstore (300, we shows) tha
knock-down ol LD s correlated with an incresse of
HikAmed in the prometor reglon of L5130 regulited
wenes such oy SCNIA, SCNIA (datd ool shown) and
SUMNIAT (Ripure 20F polumns 20 3 and 4) sugecsting
jhat thess LEEM -sensibive senes iy beorepulsled . by
mclesitar micchanisms finkod to the proviously described
erayrmabic nelivicd ol LR As o conirol, we showed thal
L] s nmot assecialed o the promoetdr of the LS -
msensitve pene GAPTDH (Fipore 200 o sdditian,
AR trumethviouon bevel at the GANDH promoer wis
nint sgnsEive (o the modulphion of TSI expression,
Taken rteoether, these daon suggess thar LS §s e
crutted 10 the HTV-1 promoter and herehy repressics ity
frnscriptional activiey. Howeser, we wero unahle to show
that  thin  repression was loked (o i presieosly
chanererized HIK4 or H3KY demethylase activities.

L5DT represses THV-1 LTR-driven fene exprossion
thromgh the Spl-binding sites of HIV-1 promoter

In arder 1o ideatity the LTR region allowing the LB -
mazdinted repression of TIV-1 transcription in microplial
cells, we porformed transient transfection expormments
with 53" trunculions or mutations of the LCTR-Lucilease
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HIV-T mravirue roglens

CERP: EI'FE!H

Tigure: L LA asspocuitoos wille e FIN-T grossonid presmsoien osduces lecal cermeZasdaton of fistorss 3 Gsanes 3wl S00%0 CHID eaprermeiets wors
perlrmed oo msesogiad cells Coansdocied wih the pRN LSS prosirges o the presences o e pPLACHLSIN, G puhBERACLSINE or the respeetive
pel e A FLAC amd pshE A Sortrnl vecoors, Ol e snhjeeiad G ORI cesoys with (e srsfionled aiboades Specibid ermchment e n che LY -1
prasimn] procrates were gqoomifed o realsbme POR wmeseting the S ae=1 region,: Specitic entickmients wane r|11-i'|||||lqr.‘| teloHve 10 checomiml ij'] anid
celitive enrichmneits i (ke coptest of LS00 oves-cxpiession of deplotion were expressed relutive to the value abbained with the pelSAS-FLAG a1
the paliBNA-cona] weotors, respeciively, (B Mockeroared and PRUA-treated U cebls werz subjecred o CRIP experanenrs withi the iodicared
i hibwdics. Specific coviehimenss o e BV prosioal poogorer wee guasdined by oceabtos PR Swgetog e Bue-1 segin Tl aodewnds of
g procpi Lled wubenal wene normalised Wt aapul B A aod pocieniod relatee o thy mon specils kU preapiietion. 18] poldBAL Gl
AFLACE LAIX fonmlected mcroghul cells soers subpeetod e CE cxpemmenis sl chz e LS T ondibes e casichirment ol e ME L H and
the B | remions ol the primiier amel the Clieg ol ¥pe inssgeemn remons sre presenbed reladve o the nom specibe eosichmen s Shlaimed wiih the
enbirral 1203 szt ge 10T pshB N Aoprml gnd pshRERADSDE tresfeened maemglial celly were safsced 1 CRIP sowevirmens with the indicae)
antiodics, Spocific anrichimont of the SCWIAZ, CEBFx end OAPTWH promomecs gee indienioed relative 1o she gontrol 106

vootal in the context of cotopic L& over-cxpression L5131 associates with the viral prometer via the Spl-
or endopenous LSTY Eneck-own, While LSO over- binding sites, we perfimued ChIP experiments with the
expression repressed e Jucilerase expression of the full- wilkd-type LTR-Luc iwiald-type | 789 and (e Spi-
lengrh dnd the prosimal LTH constscts, knocking-down hinding sites-muotared wectors. As shown in Fienre 38
EAT3 stimauli el Dhese cramscrptions] solivivies (T igum 34 feotumme By, motation of the Spl-hindme siles aholshed

Ltmes | and 2} Inlerestingly. metalon of the Spl-hindmg LS secrmbitienl ol the vral promiler. Inlemeslingly, we
sites abrogated LSD-medinted tepression, suggesting the abscrved that the cpigenctic mark H3K4med Is preforen-
invalvement of this LTE region im L5102 mecruimment fille detected o the wild-type TTR (pETR-Luc wi)
(Fieare 24 lane M To dstablish whether the endogenoos (Fieure M column 4. Since 11 hos Heenooshown thal
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Figure 3 L5121 oodiinticd rogresion of HIVST gomns tisrscripiicn and seplicana coguaes PV prosioial ssedaime Spl- bt siacs (AL Micrighal
cells ez frmmebecied wdih 1 pe sl dhe pRITEELLC (1 THYY, pETH-LLC (2937090 er dhe pLTRALUED O TES) ol 551 amd 1L5ue o the
nlEAG LS o '|'\-11'|H|"‘-|-"|.-I.H|]"| veslors ol dMNATFL AL pshR B A conirnl  phsmids were wsed B noeralize the Trmstecksit I3
nmaunts  Twa dayspeer-sramslociion, Lacilernse nojivites ware magunred amed (he reenli ore exerzsssd wlativs to (B2 control vectors, (11 TIER
FAT cells were tronsfeceed with the pLTR-LLEC (0-7800 or with the pETR-LLC {17800 mut Spl vecoor 281 betors beiong subjecied 10 ChiP
caperinnt with the indszted pocibedies Inpot aad dmmvcopeecipionted. DA wers quadinifed by renl-time PCR using primiece tbizstiog the
Apl-bding sites regren of the HIY-1 promoter The aoeunls of mommeprecpibod el were nedelood fo e mput DSNA and peselis ae

prevsonibed relubive to il oonespenl conoal leti

Spl reoruics HOACT (37), we compared the association
af HIZACT oo the WT and the Spl-motaded  vieal
promaler. As shown an Figore 3 the olobol recraitmesl
alf HDACE o the HIV-l promoter wos mosthy gbio-
gnted by the mutslon af the Jpl-bimding siles (colomn
Sp Interestinely, thi= was coreebaed with a small -
crease of the HY aceryiation level (Fipore 38 calumn b}
anid o sfrong decresse al 1he HiK4 irimethylafion level
(Figure 30 cdolimmn 20 [ g control expecimeinl, we
verified  thot the ssme nmounts of histone H3 was
fenmel an hath comstructs (Figure 38 cobamn 7,

15007 conperates with C1TF2 o repress HIY-1
replication and Lrapscription

We have presdously shiv thol ETIP2 rdpresses TTIV-|
sene ranserpiion aomicrostial cells (13, We therelore
hypathesized that CTIP2 and LSDT coubd cooperate to
repress HIY-1 replicwtion and teanseripaen. As shown in
Figure 44, the knock-dawn of both foctors ssmergistically
activited HIV-1 replication {30-fold scnvation with the
double knock-down compared b the S-fold and 10-fald
acbivabivns observed wilh the LD and CTTP2 sinele
knsch-downs, respectively),

The transcriptional doapects of LS and T2
knovk-townswere ther assessed in the presence oruhsence
ol Tat, Single knock-down of CTIP2 srintolated transerip-
o in the ubsence and presence of Tal (Figore 48
columns 2 and 3 and C eolumns 3 and 43 However, oom-
bination ol LS umd CTTP2 knock-downs  (urther
increased HIV-1 genc tconseription nothe phsanes or
preqence of Tal | Figore 4B column 4 and 40 columm 53
These results strongly suggest 1 functocal coopetdrion
hetween LRI and OTTPL o the repressom ol TTTV-1
transcription in o chromatinized prometcr. As controls,
krnivk-down tmil gver-expressiom efliciencies wers verfied
by western hlot (Flease 40),

L5D1 inleracts with €CTIP2 aod co-localizes with Tan
CTIPY in the nucleus

Or data strongly spggest o functionml coaperation he-
tween LSDY and CTIP2, We therelome nvesligatal
whether these proteing could interact physicalty, To this
end, we perlormed FLAG-Lureted immuneprecipilalion
cxporiments with mclear extracts from colls exprossing
FLAG-LSD| or TLAG-CTIPZ proteins. As =hown in
Fignre 34, FLAG-CTIP? and - B LA C-LS1I co-immune-
precipitated wilh sndoeenous LSO and CTTP2 pesteims,
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L femase dotivilicy were muaumsd 1 ahaayn gt brnmstechion and espresand selobive e e valoe eblained with the cpissars] TR ael Lz
conted et Goolamns 1) EYNA gpmnsivies were nermmalased wilh dfnd prh BB A-Gomiml veeian (B The knoek diewn @iieieneys of sheBRMA Gon
strowts o comtrnlizd . By owestern BIn) gomlysiz. The coneepl aolamms Lol the pamale comrespencd 1o esimats Urein ezl capsfecid) adqth the

pehRWAcontrol wector

respectvely, arguing tor @ physical interaction besweon
AT ]‘ITI!-lL“iﬂH.. Wi nexl inveshiguled whelther LS
co-localizes with Taras previously shown fer CTIP2 (300,
Cells romsieeled path o BPP-CTIP2 expressmg véclor
the presence or net of GFF-Tar waore-cxamined for &in-
dopenous LEDM localizatiom wsing conlocal mucroscopy.
Endogenons LS explession was aobséived ln both the

cytophasm imd the noclews (Figure 5B, pictires 4 and 8

Aspravicualy desoribed (13, anelear exprossion of CHIP2Z
harboured  holl-like strociurss (Figore 5B, pictures 7
and Y1, Agshown in Figure SC | pletnres G- 5 LsEa
CTIP? co-localized tn the CTIP2-induced nuclenr struc-
tures {4k, sugzeaning thar CTHIPD reloeared L5131 nre
these structures: Interestingly, GFP-Tul eapression re-
focated LRI from the cyropiasm o the noclens
(Fievre 5C, pictures | 4k Froally, obseovilions of the con-
camitanl  expressions of  REP-CTIP2 wmd  GEP-T
revenled co-localization ol both proleus with LSO 0
i modleus (Fiure 300, Staming of genomae 1INA are
presented i Fipuee 5B, Allosether, these testlia suppect
that CTIR2 amd LS mterael phvsicnlly omd tkat L5101
= reslocalized by CTIP2 and Tal o dense sub-nuctear
sITUOLUTEY,

LS50 i= required Dor CTIPZ recruitment ot the TITY =1
pro’imal promaster

W next gskod wherther LS i requined for CTIP2: re-
cruitment e the TITV=1 promoter Toe adidress this gues-
fign, we perfarned additional ChiP expenments i the
LA owver-expression or LS knock-lown contexts
A shown in Figure 0A. over-cxprossion of LSEM was
asevcinled with oninerenss of endopenous CTIP2 recruil-
ment oo the wvienl  promoter As cxpocied,  LS13)
Enech-Uown decreased CTTP2 associbiom with the viral

prornater {Figwre 6A). To fusther study LD pod OTIPZ
recrutbmen| ab the HIV-1 promoter, we perfommed ChIP
exporinments with FLIY-1 infeeted muicroplial cells expross
e dcomiril) or nod CTTR2 hCTIP2) (Figure 61 Ay o
control, we checked that CTIP2 (5 fess recrmited omio the
HITY -1 prosmal promoler in the mlecled shCTIP2 migro-
abial coll lne (Fignre 68 column 2 compored w ealumn 1)
commpared o dhe contrel ocell Dmel Unexpecledly.
knecking=down CTTR2 slightly inerasscsd LSEY roernit-
ment L the LTR (Tigure @B columme 3 Maereover, this
reoruitment was corrclied  with an morcased | HARA
trimethelation (Fesure 6B colunm 43, These resalls supmest
that LS s meanived for CTTP2 reeruimment ta the HIY-
prasimal promoler.

LD -medinted repressivn and H3K4 trimethylation are
pssoeinied with the recroitment of KSET1 and WHRS

fo the HIY-1 provimal promoter

The epigenctic mark H3K4me3 hiss been shown to be s
eiatted with LRI recrumimen) (20200 This ssspcmiien
pzaclts from the interaction of LSO with & methyl-
franglerase  comples  contmme WTIRS und REETI
(ML) ChlP oexperdments porformed withh cells over-
expressing LS00 confirmes] an inerensed reorwtment ol
PSETL and WDRS, two members of the OOMPASS
commpler: (Figoere 74, Blue columns 4 amd 30 10 the
HIYV-l promoter, tosether with an ecreased  H3IK4
Crmmgthyktion.  Toversely,  Enocking-down endosenous
L5 decreased DSET) and WEDRS dssociation 1o the
viral promiter and F2K4 immethyladen (Figure 73
pink colomnsh, ChlP cxperiments performed with tho
wWi-LTR-Luc ur the Spl-mutatesd LTR-Luc reporter con-
structs further confirmed fhat hSETT, WIDRS and L5131
are recroiled concoemitunty 1o the presimal Spl-tanding
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withe e HEV-T L1 LUC cpsira] vector o G prcsenoe ol e pELAG=ESI, the prab B MA-LSEL o e sepoctbes el ASFLAG 2ol
gh BB A bl vectin, Clls wens sebgeered o ORI assays will dhe ondszaed seibendicss Speeific eovchmeoty e e HINV-1 gmaesoral
prgsmaed e sire guiom b by vl bie POR pergebng e S cbimding sies Speobc ennichmren i went afouloted relidive ot comeenl el and
celitve ensichmenss in e coneext of [AD0 dhvErpg pression a7 15001 deplicm were pxpracant relative (o the salje abmrined with the
meTeASFTAG ol fhe pab RN A-coniral  seciors rr\-q'u:p.'.riwl;; Reeplis were expressed telatve o the ssbie obialned  with  the ¢_p||rv|-n;|1
LTR-LLE phnsmid comtransfeceed with rhe oo TINALFLAG o0 the psbRMA-conm] veotors: (B Contzal god CTIPY keocked-down miceoslin
colls wore wfecsed witly the V&V -peeodonyred pRL=5-Eoy vl 290 befose bong subjecred o COEP eapennsant witl e indicated satbodize

senrlients were cadsulabed velanieo 15 U coiinal BgCe and selatse eocichbineats ol ceileal ol O 12 deploti were exprusaed rolstie o

chig vt ablated with the eontml sls-specic cnnctreents al the BV prosal promeses wese goaodbed Byoreatoe PCR Giepetiag the

L TR Sp s harufing sites region

gitds of the viml promoter. Indeed, the nbrogoted assoc-
ation ol LET G the Spl-mutaed TTR (Figure TH lane 2
ealmn versts eolomn b eorrelated with b redueed vecrnt-
inent of both hRSET | and WD (Fizwre 7B, columns 3 and
4}, Triomm these resulis, we hypothesiaesd thar HTV-1 re-
activation o miereglin] cells cotld be associated with a
relecse of LS anid an aloneside redocsd recrmimient of
hSETT wnd WIMES 1o the HIM-1 promator, In agreemend
with these pesults, PMA tresbhmentl releossl LS
WIRS and hSET) fram the virl promoter of HIV-1
infected cells (Figure 7C, columns 20 4 and 31 and
decregsed HAR4 immethelation (Feore 20 eolumn 1),
Teken together. oonr data soppest that LSDI-pssaciared
morease. o HAKS immethvlativn w the HTWV-1 pruximul
promoter reeon might be linked o BSET] and WDRS
'I'E'I’__'TI'.L'I.L'I'I'II:I'L'L.

DISCUSSION

The imtrowduction of TEAART m 1996 hos rwised hopes Tor
curing  potients. infocted with  HIYV-1, Lofortostely,
Tompe-terrn auppressient of TITV=1 rephontion hay unvetled
the existence af lgtent HIV-1 cosorvoars sueh g% cesting
CO4Y T oeells and  momocyies macroplidees 125 38),
Mhicroghad cells; the CMNS-resident mocrophiges, are the
bridn ajor targets for HIV-D and constitute latently
infected cells (39 Tinderstunding the moleculor echen-
s of cstablishmont. muintenance and eactieation of
FITV- | futency momicroghisl cells i therefore crocial Tor el-
ficient therapeunis intervemtion (26275 In rocent ppers,
wee repuried that CTIP2 apdubae TITV-| repheation aod

framgcription o microghal colls (29300 by rooroiting o
chrotmato-moedilving comples which contins histone de-
acorvinses (HLXACT ancl HIDAC?) and @ histone methyl-
Pramfersse (SUNIIH ) (13 & heter compreheniion of
the malaenlnr mechanlsms wvodved nestablislunent and
maitlenance of HTWV-1 lency would be achicved by (he
wlentification of additionns] lacters able 10 induce hetero-
chriomitn formation ut Lhe viral promoler (263 Since
histore and DA methylotons have been momlicatzd m
the silenoimg of the mmicarated prosdros (F2 0350041, we
further investizated the inlleence of specilic demellylse
engymes, LS, 4 demethydnse fiest identificd by Sk e of
1 an b teansceripiicnil repressor. constiluted therslfore 4
potential candidate to play o rode lo HIV-| sienong 1n
this report, we lirst showed thal TSI represses HPY-
expresasion by inhibetigg the wanscription step of the
viral life cyole, ChIP crpermments revenled that RT3 s
recruted o the V-1 proximal proowter. Ton addition,
fhe reprossive epigenche mark HIKSmed was linkad (o
LED] rvecruslment ol the visil prometer. Sidce LED]
was initially chorscterized a5 a represser sssooatod with
demethelation of TIZEA (421, we Tocussd our investgabiomn
on this point  Sorprisingly. we observed an incremssed
FIAK S immethoelation level o (e HTV-| proasitmal pro-
meteT region upon LSO recruitment. Such-a patiern
has preveously heen desenbel moa ]'!rl:'l.'ill-ll'{ wirk m (he
cobitext ol tlie HEY promsotes by Lisie o ol (200
However, these authars have Turther shown thar this
HIKS timechvlation corielated with o dersetlsvlntuon of
HAKY and with transeriptional activation (21 Here, we
demesestrate for the lirst me  thal  LSDH-anduced
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retal e TORD Enocdlimients ore srsainreld rehobive oo e oan soeilie Ta0h values sel ol 1

lramseriptivonnl  repression can by assovialed with buth
Hik4med nnd H3IKYmed cpigenerle marks, Wo tarther
show Lot these epigenstic marks are hnked o L5130 rc-
criittment ul e TITV-] prosima] promoler throosh the
Spl-tinding stes as provionsly demoastrated tar CTIP2
1 O results are n agreement widthe the mode] pre-
seriled by the David Margolis proup who demonstrated
thiat HOACT 18 released trom the HIY:1 promoter npon
mutation af the Spl-bindme sies (371 Indeed, we demon-
stented that LD and HIDACT are associoted wells the
wild-type bt net with the Sp] muooted promoter, Mew
Fumeliomal aned hivchemical investigations will be nesdal
to defermine 1F these cuzvmes counpeie o coopeate Lo
their binding to the HIY-1 promoter, However, it is now
elear thal holh eroymess are involved in the Silencmpe of
FERY - aene teanscription

We miesl esalowlsl whelher wo :.-]'ri_l_ru:nu:lil..' marks,
I3 owie? and HiK4med, could resoll (vom LSDI
reermimment  onto the  HIV-1  promoter. Hegarding
TSl we speculated that LSO could cooperels
with CTIPZ as we hod previonsly shovan that this facter
recriss SUVIOHL, enzymes which specificilly methvlotes
FIAECS 130 b wpresment with this hypothess we showed
here that LED cooperates Mupetionally with CTIE2 1o
repress HIY -1 replication amd transcoiphion in o ssnergis-
i monner. We Turther demnonstrated that this cospec-
ation cgreelames with o phesical  locerpctiog betwieen
CTTRE2 amed: LS. ChIF assays showed than LS o
CTIP2 ireroel physically, ond  conlocal  pecroscopy

eaperiments sugpested wn S i inleraelion belwesn
these two proteins, which was found to accur in presdiously
characterpred O P2mnduced nuclest structores (311 In
addition, the tronsactvator Tai releceled TSD1 in the
ieleus. Sinee v beleve thar theze ball-like ouelear stroe-
lures reflect # helemschromatin envromment,  the eo-
lrcalintitn o LEDH with both CTIP2 and Tar sleengsly
suggests that LSO is invoived in prometing local beiero-
chromatm enviromment fo repress HEY-1 pene (tensenps
o mucroghind cells. Morepver, LD seems o have o
mere crifical role in promotimg HIV-1 silencing thano
CTIPL Indeed, we shineed thal ESTIN w0 regumed for
CTIP? vecruitnaenl onto the V-1 proximal praimcien
whersas the meverse is net abserved

hfachumiarse undeclying LSD-miediated  inceease ol
Hikd srmcthylation might rather rely on LS whility
focsmchor ether Tactors wl the promoster than 18 g
elgvisatic acnvity, Indeed, LSD1 & also koown to be
dssneiited with the reoroitment of RREL] and WIDRS
twor members of the BOOMPASS methsliranslerase com-
plex, which s belioved o induoce the whmethelasion of
Hike (43961, In ths context, L5131, through its imter-
avtion with  ICF-L recruies dhes melhiylironslerase
canplen contaimng WDRS and BSETI 1o the HSY
promcter (21). Here, we showed (Rl LS Tavouwrs (e
recrudtment ol such o comples o e TITY-1 poomuoerer,
H3k4 viimethwlation was pssociated with the recroitient
al LA, hSETT amgd WIIRS ut the Spl-hinding sites of
the HIV-D LTR. Muorover., reactvalus of V-1
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presviruses correlaled with the release o LD, hSETI
and WIXRS Trom the virnl promater gnd with o redoesd
FIME4 drimethylation. AN together, our feselly stoongly
sigrest that L5131 s invalved mothe cstabishiment and
e pairtenange of V-l kileney i microglial cells by
favauring a lockl helerechiomalin straclare,

Associntion of both H3K4med and HIKYnied cplgeng.
tie murky with TS recrmimen) may thus comyiilute o
now Jovel of eukarvoric gene reguiation. These obscrv-
fiomk dre comsisten| wilh the discovery that 3K mathy-
lation ar cormmin chromatin Jool may  provent  gonc
expressian () Dnterestingly, such o gene reprsssion
linked to HiKdme? s boen proposed to provent the &x-
pression ol crvplic promiolers (5.0 1E This i strenglhened
hy the Andmgs that HIV-1 preferenbislly micerates in
active pepes ond therefore could be conswdesed as a
eryplic gene, Additional mechianiymes including trangrip-
fional terference are believed o prevent exprassion of
such erypie prometers 475 00 could be wrpoed thad
HModmed i3 aleesdy present oo the HIV-] proomeer
upisn miggration mie the hast cell genoame s 0] mieerale
intocpetive penes enviched with encliromatic histone medi-
lieations such s AR methylatim and heslomnes aceiyi-
atien 4k, The subseguent silencing chapacterized by
H 3 S el would then goour throogh TAO-mediated re-
croicment af  the CTIPZ-HIYAC-SUYAWHT  compley,
TTesweervers the faet thar both T 4med and TIAK S9me]
wore lost Fallowing activation (8 sssocarian with the
release o LSDY froen the TIIV-| promoter areues Chais
at least in the context of HIV-1 promoter, these Bwo opi-

senetis mrarks dreassaciated with trinscriplions] repress

sion and favonr the establishment and the maintenance nf
latency.

The exact mechansms underlying: LR funchon an
HIV-1 repression nre complex and far 1o be clocidared,
Althomgh wi showed n this report that TR imlercts
pliveically and cooperates functionally with CTIF2, it
vermains i ke delermmned whether all the compments re-
cruited fothe HIY-1 prometer gre in the same complex or
whether lhey inleract with LS independently, Gyven if
the exact mechonisms by which L5121 promotes o loeal
heterachromualin sieucture remein unkoown, LS consli-
fufes 0 new target for potenionl therspentic siriemes
atminge ol purgng the FITY-1 Lilenl reservisirs,
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Publication 2 — En préparation

HIC1 and SIRT1 cooperate to repress TAT-mediated HIV-1

transcription.

Le Douce V, Rohr O, Schwartz C.

Depuis l'introduction des multi-thérapies, I'infection au VIH-1 est maintenue sous
controle dans la plupart des patients. Malheureusement, les multi-thérapies ne
permettent pas 'éradication du virus. En effet, le virus peut rester hors de porté des
traitements dans des sanctuaires anatomiques, ou la biodisponibilité des
antirétroviraux est moindre, ou dans des réservoirs cellulaires, ou le virus est intégré
de facon latente. Les cellules microgliales sont les macrophages résidents du systeme
nerveux central (SNC) et la cible privilégiée du VIH-1 dans le cerveau. Le SNC est un
des sanctuaires viraux les plus étudié, tandis que les cellules microgliales ont été
décrites comme un réservoir cellulaire avec une longue durée de vie. Ce genre de
cellule, infectée de fagon latente, apparait comme un des principaux obstacles a
I’éradication virale et la guérison complete des patients. Ainsi, la compréhension des
meécanismes sous-jacents impliqués dans 'extinction de la transcription virale semble
une étape cruciale afin d’arriver a une cure. Nous avons précédemment démontré
que le facteur transcriptionnel CTIP2 coopere avec la deméthylase LSD1 afin d’établir
un environnement hétérochromatinien au niveau du promoteur viral. Dans le
présent rapport, nous indiquons comment le suppresseur de tumeur HICI est en
mesure de réprimer la transcription virale sous gouvernance du transactivateur viral
TAT en interagissant avec la déacétylase de classe III SIRT1. HIC1 peut en effet
neutraliser l'activité transactivatrice de TAT, favorisant ainsi 1’établissement et le
maintien de la latence. Il est intéressant de noter qu'une mutation ponctuelle dans le
motif de SUMOylation/Acetylation de HIC1 est suffisante pour abroger sa capacité a

réprimer la transcription virale.

J'ai effectué I'intégralité des expériences présentées dans ce compte-rendu.
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Since the introduction of combination antiretroviral therapy (cART) HIV-1 has
been kept under control in the majority of patients. Unfortunately cARTs do not
lead to total eradication of the virus. The virus can indeed stay out of reach of the
cART in sanctuaries where drugs bioavailability is poor or in cell reservoir where
the provirus is silently integrated. Microglial cells are resident macrophages of the
central nervous system (CNS), and also the primary target of HIV-1 in brain. CNS
is one of the most studied reservoir and microglial cells have been described as a
long lived HIV-1 cell reservoir. Such latently infected cells constitute the main
obstacle to virus eradication. Therefore understanding of the underlying
mechanisms implicated in the viral transcriptional silencing appears to be a
critical step towards an HIV cure. We previously demonstrated that the cellular
transcriptional factor CTIP2 cooperates with the demethylase LSD1 to establish
heterochromatin in the vicinity of the viral promoter. In this report we show how
the tumor suppressor HIC1 is able to repress TAT-mediated viral transcription by
interacting with the class III deacetylase SIRT1. HIC1 can indeed counteract the
transactivating activity of the viral protein TAT thus favouring latency
establishment.  Interestingly a  single mutation in the HIC1
acetylation/SUMOylation switch is sufficient to render HIC1 unable to repress the

viral transcription.

For over two decades combination antiretroviral therapy (cART) helped to
successfully maintain the immune system and control viral load in HIV-1 infected
patients. Unfortunately cART cannot act as a sterilizing cure due to the existence of
latent proviruses lying in cellular reservoirs (Harrigan et al., 1999). Silenced
proviruses in cellular reservoirs are virtually insensitive to cART drugs which can
only target productive infection (Redel et al., 2009 , Le Douce et al., 2010). Microglial
cells are resident macrophages in the central nervous system and the main HIV-1
target in brain (He et al, 1997 ; Jordan et al., 1991 ; Suh et al., 2005). Microglial cells are
long-lived cells that can be latently infected by HIV-1 (Davis et al., 1992 ; Barber et al.,

2006 ; Le Douce et al, 2010). In the majority of cases, latency is achieved by
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transcriptional extinction of the viral genome (Colin and Van Lint, 2009). This event
can occur through viral promoter DNA methylation, chromatin remodelling or TAT-
mediated transactivation inhibition (Redel et al., 2009 ; Weinberger et al., 2008). TAT
is a viral protein synthetized during the early events of transcription. TAT then
undergoes sequential post-translationnal modifications allowing it to achieve the
transactivation of the viral genome transcription (Hetzer et al, 2005). TAT is so able
to promote its own production while increasing drastically the overall viral
transcription by recruiting the positive transcription elongation factor (P-TEFb)
(d’Orso et Frankel, 2009 ; Krueger et al., 2010). However for a lapse of time, TAT
concentration is low enough to make the system evolve either toward full
transcriptional activation or toward latency (Weinberger et al, 2005 ; Weinberger et
al, 2008). The provirus cannot sustain full TAT-mediated transcription indefinitely
and will eventually be reverted to latency at some point. This means that an
alteration of TAT-transactivation cycle can lead to an early abortion of the full
transcription process, resulting in latency establishment. Our team previously
demonstrated that the cellular transcription repressor COUP-TF Interacting Protein 2
(CTIP2) is able to cooperate with the lysine specific demethylase 1 (LSD1) to induce
histone post-translationnal modifications in microglial cells (Le Douce et al, 2012).
CTIP2 recruits histones deacetylases 1 and 2 (HDAC1&2) and methyltransferases
(SUV39h1) activities while LSD1 recruits the methyltransferase complex hCompass
(Marban et al, 2007 ; Le Douce et al 2012). The chromatine remodelling complexe
associated to LSD1/CTIP2 promotes the establishment of heterochromatin at the viral
promoter, and thus latency. More recently we identified CTIP2 as a new member of
the inactive pool of P-TEFb (Cherrier et al, unpublished). CTIP2 can decrease TAT-
mediated transactivation by reducing the stock of active P-TEFb available for TAT.
Moreover, CTIP2 can also directly interact with TAT and P-TEFb to decrease
initiation and elongation of viral transcription. CTIP2, by impairing TAT-driven
transactivation cycle is able to induce latency establishment.

HIC1 is a cellular tumor suppressor involved in DNA damage response, cell

survival, and neural development (Grimm et al., 1999 ; Carter et al, 2000 ; Dehennaut

73



Résultats

and Leprince, 2009). Loss of heterozygosity (LOH) of Hicl has been implicated in
numerous cancers, such as medulloblastoma or leukemia and is associated with
increased malignancy and poor prognosis (Rood et al., 2002 ; Britschgi et al., 2008 ;
Fleuriel et al, 2008). LOH of HIC1 can occur through hypermethylation or deletion of
the 17p13.3 region, where the Hicl gene is located (Wales et al, 1995). HIC1 is a
transcriptional repressor divided in three main regions. A BIB/POZ protein-protein
interaction domain (Broad complex,Tramtrack and Bric a brac/Pox viruses and Zinc
finger) located in the amino-terminal part (Deltour and Leprince, 1999). This region
has an autonomous transcriptional repressive activity through its interaction with
the NAD-dependant class-III histone deacetylase SIRT1 (Chen et al.,, 2005). The
central region contains two phylogenetically conserved sequences. A GLDL?»SKK
conserved motif, to which the C-terminal binding protein (CtBP) binds. Interaction
with CtBP grants HIC1 with a class-I and -II HDAC-dependant transcriptional
repression activity (Deltour et al, 2002). The second motif is a
SUMOylation/acetylation switch MK3*HEP. Acetylation of lysine 314 by CBP/P300
decreases HIC1 interaction with its co-repressor. Acetylation and SUMOylation
compete for the same lysine residue (Stankovic-Valentin et al., 2007). SUMOylation
on the other hand has been described to activate and potentiate HIC1-mediated
transcriptional repression (Van Rechem et al., 2010). Finally, the C-terminal part of
HIC1 contains five krueppel-like C2H: zinc fingers. A cluster with the last four zinc
fingers allows HIC1 to interact with a 5’'C/GNGC/GGGGCAC/ACC-3’ consensus
sequence in HIC1 target genes, the HICI responsive element (HiRe) (Pinte et al.,
2004). Recently the zinc fingers have been described to be implicated in the
recruitment of SIRT1 in order to promote HICI lysine deacetylation followed by
SUMOylation favoured by HDAC4 (Stankovic-Valentin et al., 2007 ; Dehennaut et al.,
2012).

Herein we report for the first time that tumor suppressor HIC1 is able to promote
TAT-dependent HIV-1 transcription silencing in microglial cells. HIC1 induces
nicotinamide-sensitive HIV-1 transcription extinction by cooperating with the

deacetylase SIRT1. SIRT1 is known to deacetylate the lysine lying in the MKEHP
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motif of HIC1. Interestingly a single amino-acid mutation in the MKEHP
acetylation/SUMOylation switch, which mimics a constitutive acetylation of the
lysine 314 is sufficient to abrogate HIC1-driven transcriptional repression. Moreover,
a constitutively acetylated HIC1 mutant loses its ability to interact with TAT. We
propose in this report that SIRT1-driven HIC1 acetylation regulation is a critical step

which occurs upstream of HIC1/TAT interaction.

Materials and methods.

Plasmids

Most of the constructs used in our assays have been previously described: pcDNA3,
pFlag-TAT, pHA-TAT (Kiernan et al, 1999), pGFP-TAT (Rohr et al., 2003), pFlag-
HIC1, pFlag-HIC1 K34Q, pFlag-HIC1 K3“R, pFlag-HIC1 E*°A (Stankovic-Valentin et
al., 2007), pFlag-HIC1 L**A (Stankovic-Valentin et al., 2006), pFlag-HIC1 C*S, pFlag-
BTB/POZ, pFlag 5Znfs (Dehennaut et al.,, 2012), the episomal pLTR-Luc (Marban et
al., 2007), pNL-4.3 (Marban et al., 2005). pshHIC1 and pshscramble control were
manufactured by Suresilencing® (Quiagen).

pCBP/P300 et pTAR ; pFlag-SIRT1 et pFlag-SIRT1 H3Y

Cell culture
Human microglial cells (Janabi et al., 1995) and HEK293T cells were cultivated in
Dubelcco’s Modified Eagle’s Medium (DMEM) supplied with 10% fetal calf serum

and 100U/ml penicillin-streptomycin.

Luciferase Assay

Microglial cells were cultivated in 48-well plate and transfected with fixed amount of
plasmid DNA using calcium phosphate precipitation technique. Trichostatine A
(TSA) and nicotinamide (NA) treatment were performed 24-hours after transfection.
Cells were incubated with either 450nM TSA or 10mM NA or were mock treated
with the proper dilutant. 48 hours post-transfection cells were subjected to Dual-

Glo® Luciferase Assay System (Promega) and luciferase activity was measured.
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Values are representative of at least three independent experiments in at least
duplicates. Basal activity which corresponds to transfection with only control

vectors, were adjusted to one.

P24 ELISA assay

Microglial cells were cultivated in 48-well plate and transfected with 1ug/well of
plasmid DNA using calcium phosphate precipitation technique. 48 hours post-
transfection cell supernatants were harvested and subjected to Innotest® p24 ELISA
Assay (Innogenetics). Values are representative of at least three independent
experiments in at least duplicates. Basal activity which corresponds to transfection

with only control vectors, were setted at one.

Co-immunoprecipitation assays

HEK293T cells were cultivated in 144mm petri-dishes and transfected with 75ug of
plasmid DNA using calcium phosphate precipitation method. 48-hours post-
transfection cells were harvested and lysed to recover nuclear proteins. Nuclear
extracts (1lmg) were incubated overnight at 4°C with M2 anti-Flag antibody (SIGMA),
anti-TAT antibody (abcam) or anti-SIRT1 antibody (Millipore). Complex
proteins/antibody were washed with both high-salt (500mM NaCl) and low salt
(125mM NaCl) buffers. Complexes were studied either by SDS-PAGE and Western
blot or RT-PCR and RT-qPCR.

SDS-PAGE and Western blot analysis

SDS-PAGE were performed using standard procedures. Proteins were western-
blotted with M2 anti-flag antibody (Sigma), anti-TAT antibody (abcam), anti-HIC1
anitbody (abcam) and anti-SIRT1 antibody (Millipore). Proteins were detected using

the Super Signal West Dura® Chemiluminesence Detection System (Pierce biotech).
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RT-PCR and RT-qPCR

Protein/RNA complexes from co-immunoprecipitation experiments were released
from capture antibody by heating and incubation in an elution buffer. Recovered
RNAs were purified using RNeasy plus kit® (Quiagen) and then subjected to reverse
transcription chain polymerase reaction (RT-PCR). TAR region and GAPDH were
quantified among the cDNAs using primers flanking these regions. GAPDH

quantification has been used to control the specificity of the TAR enrichments.

Immunocytochemistry and confocal microscopy

Microglial cells were cultivated on glass coverslips in 24-well plate and transfected
with Jetprime® (polyplus transfection) according to manufacturer protocol. 48-hours
post-transfection cell were fixed with PFA 4% and permeabalized with
PFA4%/triton1%. Cells were incubated in BSA blocking buffer, then incubated 1 hour
with primary mouse M2 anti-Flag antibody (Sigma) followed by a 1 hour incubation
with cyanine 3-labelled anti-mouse antibody. Finally cells were incubated 30 minutes
with TOPRO-3 to stained cell nucleus. Cells were washed with PBS inbetween each
step. Fluorescences were recorded by confocal microscopy using a Zeiss laser
scanning microscope (model 510 invert) equipped with a Planapo oil (63x)

immersion lens (numerical aperture=1.4).
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HIC1 represses HIV-1 p24 production and TAT-mediated transcription.
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Figure 1: Effect of HIC1 over-expression or knock-down on HIV-1 in microglial cells. Microglial
cells were transfected either with the episomal pLTR-luciferase reporter (A) or the pNL-4.3 provirus
(B) and the indicated plasmids. 48-hours later, cells were lysed (A) or supernatants were harvested (B).
Cell lysate were subjected to luciferase assay, normalized with the renilla luciferase system and
expressed as relative value with their respective mock control (A). Viral p24 concentrations were
titrated in supernatant and normalized relatively to their appropriate empty vector control (B).
Nuclear HEK293T cell extracts were obtained after 48-hours transfection of the indicated vectors and
subjected to western-blot experiments to detect endogenous and over-expressed HIC1 (respectively
lane 1&2 and lane 3)(C).

To decipher the role of HIC1 on HIV-1, microglial cells were transfected with a pNL-
4.3 provirus in the context or not of HIC1 over-expression and knock-down. We
assessed the efficiency of the shHIC1 by western blot (Figl.C. lanel vs 2). In the
context of viral infection, we observed that a knock-down of HIC1 is linked with a 2-
fold increase in p24 production in microglial cells (Figl.B lanel vs 3). Concomitantly,
an over-expression of HIC1 is associated with a 2-fold decrease of p24 production
(Figl.B lanel vs 2). These results argue in a HICI repressive activity on HIV-1 p24
synthesis.

Since HIC1 is described as a transcriptional repressor, we next studied whether the
HIC1 inhibitory activity could occur at the transcriptionnal level. To do so, microglial
cells were transfected with the episomal viral LTR-promoter fused to the luciferase
reporter (pLTR-Luc). pLTR-luc was co-transfected either with or without over-

expression or knock-down of HICI. In addition, the impact of the over-expression of
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HIC1 has been investigated on either TAT-dependent and -independent
transcription steps, by including or not a TAT expressing vector. While an over-
expression of HIC1 has no effect in absence of TAT (Figl.A lanel vs 2), the same
over-expression is able to repress tat-dependant viral transcription up to 2-fold
(Figl.A lane3 vs 4). In presence of Tat, a knock-down of HIC1 is associated with a 4-
fold increase of LTR activity (Figl.A lane3 vs 5).

These results suggest that HIC1 inhibits p24 production by repressing TAT-

dependent viral transcription in microglial cells.

HIC1 re-locates and interacts with TAT in dense nuclear sub-structures.
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Figure 2: HIC1 relocates TAT in sub-nuclear ball like structures in which they interact. (A)
Microglial cells were transfected with pGFP-TAT (row 1), pFlag-HIC1 (row 2) or both (row 3). 48-
hours post-transfection cells were fixed and stained with TOPRO-3 (column 3) to detect the nucleus.
Flag-HIC1 was detected by incubating cells with an anti-flag antibody and and immunostained with a
cyanine 3-labelled secondary antibody (column2). Localization of Flag-HIC1 and GFP-TAT has been
acquired by confocal microscopy. (B) HEK293T cells were transfected with pTAT alone or in
combination with pFlag-HIC1. 48-hours later cells were lysed and nuclear extracts have been
subjected to immunoprecipitation with an anti-Flag tag antibody. TAT and HIC1 were detected by
western blot with respectively anti-TAT and anti-Flag antibodies.

1 GFP-TAT

Z Flag-HIC1

3 GFP-TAT +
Flag-HIC1

Our results indicate that HIC1 is only able to repress tat-mediated transcription,
which strongly suggest a critical role of the viral protein in the inhibition process. We

first investigated the localization of the two proteins by confocal microscopy in
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microglial cells. Cells were transfected with pGFP-TAT, pFlag-HIC1 or both
expression vectors (Fig2.A row 1 to 3). Both proteins displayed a nuclear localization
when expressed alone (Fig2.A row 1&2, lane 3). Although TAT was found as well in
the nucleoplasm as in the nucleoli (Fig2.A row1 lanel), Flag-tag immunostaining
revealed that HIC1 was found in the outskirts of nuclear ball-like structures (Fig2.A
row 2 lane 2). When co-transfected TAT is relocated and co-localizes with HIC1 in
the HIC1-induced ball-like structures (Fig2.A row1 lanel vs row3 lanel). Our team
already observed such a phenomenon with the transcriptional repressor CTIP2. In
our previous report, immunostaining of Flag-CTIP2 failed to reveal the presence of
the protein in the center of the ball-like structure due to poor antibody penetration
(Marban et al., 2005). These previous observations may explain the absence of HIC1
detection into these nuclear sub-structures. Moreover HIC1 has already been
described to induce the formation of “HIC1 bodies” in the nucleus, where it relocates
TCF-4/3-catenin to prevent transcriptional activation of their target genes (Valenta et
al, 2006). HIC1 may also render TAT-mediated transactivation inefficient by
sequestering TAT in the ball-like structures.

Since HIC1 relocates and co-localizes with TAT, we investigated whether both
protein could physically interact. We performed immunoprecipitation on nuclear
extract from cell transfected with pFlag-HIC1 and/or pTAT vectors (Fig2.B). Flag-
targeted immunoprecipitation of HIC1 was able to co-immunoprecipitate TAT,
arguing that both proteins could be found in at least one same complex.

HIC1 is so able to physically recruit Tat and can relocate it into dense ball-like

nuclear sub-structures.

80



Résultats

HIC1-mediated repression of HIV1 transcription is TSA-insensitive and CtBP

independent.
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Figure 3: LA mutation and TSA treatment have no effect on HIC1-mediated HIV-1 transcription
repression. Microglial cells were co-transfected with the indicated constructs and either pNL-4.3 viral
genome (A) or episomal pLTR-Luc (B&C). 24-hours after transfection microglial cells were either
mock treated (C. blue bars) or incubated with 450nM TSA (C. red bars). Increasing amount of vector
transfected is indicated with a solid black triangle. 48-hours post-transfection, cells were lysed and
subjected to luciferase assay, while normalized with renilla luciferase system (B&C) or supernatants
were harvested and p24 concentration titrated (A). Values are normalized relatively to basal level
corresponding to empty vector (A lanel, B lanel) or relatively to empty vector + pTAT (C lanel and
lane5).

A previous study indicated that a single mutation, L*®A, in the GLDL?»SKK is
sufficient to abolish the HIC1/CtBP interaction (Stankovic-Valentin et al., 2006). CtBP
acts as a co-repressor for HIC1 by recruiting class-I and II HDACs, granting an
autonomous repressive activity to the HIC1 central domain (Deltour et al., 2002).
Moreover, the interaction between HIC1 and CtBP has been shown to be necessary
for re-location and sequestration of TF4/(B-catenin in nuclear “HIC1 bodies” (Valenta
et al., 2006). HIC1 is able to induce similar ball-like structures in microglial cell
nucleus and to re-locate TAT into them.

Hence we decided to investigate whether CtBP was implicated in the process of
HIC1-mediated HIV-1 transcription inhibition. Microglial cells were co-transfected
with the pNL-4.3 provirus or the episomal pLTR-Luc in presence of TAT with or
without an over-expression of L*®A singly mutated HIC1. Although this HIC1
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mutant is unable to interact with CtBP, HIC1 L?*A is surprisingly still able to repress
p24 production (Fig3.A lanel vs 3) and HIV-1 TAT-dependant transcription (Fig3.B
lane2 vs 5&6). To corroborate these observations, we investigated the impact of
trichostatin A (TSA), a class-I and-II HDACs inhibitor, on HIC1 repressive activity.
Wherefore, microglial cells were co-transfected with the pLTR-Luc with or without
an over-expression of HIC1 in the presence of TAT. As expected, over-expression of
HIC1 is associated with a severe decrease of luciferase production (Fig3.C lane2 vs
3&4). In addition, 24-hours incubation of TSA failed to counteract HIC1-mediated
transfection repression (Fig3.C compare lane 2 vs 3&4 and lane6 vs 7&8). According
to prior reports, the absence of effect from TSA and the LA HIC1 mutant being still
effective suggest that the inhibition process requires neither the recruitment of CtBP
nor class-I and class-II HDACs in microglial cells.

HIC1-mediated repression of HIV1 transcription is neither dependent on class-I and

—IT HDACSs nor on its CtBP interaction.

BTB/POZ domain and zinc fingers are alone not sufficient but sine qua none for
HIC1-mediated inhibition.
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Figure 4: C521S HIC1 mutant is able to repress HIV-1 transcription while HIC1 BTB/POZ domain
and 5Znfs cannot. Microglial cells were co-transfected with pLTR-Luc and the indicated constructs
(Figd.A&B). Increasing amount of vector transfected are indicated with a solid black triangle:
increasing amount of HIC1 are used to compete with the 5Znfs construct over-expression (A lane 5 vs
6to8) or increasing amount of BTB/POZ constructs are transfected to compete with endogeneous HIC1
(B lane2 vs 3to4). Cells are subjected to luciferase assay 48-hours post-transfection and are normalized
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with the renilla luciferase system. Values are normalized relatively to the mock transfected cells (A
lanel, B lane 1).

There are currently only a few cellular gene that have been described to be targeted
and regulated by HIC1. Among them, Cxcr7, E2f1, Sirtl and Atohl display in their
promoter the consensus HiRe (Dehennaut and Leprince 2009)). Interaction between
HIC1 and a target promoter occurs through the interaction of the four last C-terminal
kriippel-like zinc fingers with the HiRe (Pinte et al., 2004). Moreover, HIC1 needs to
oligomerize through its BIB/POZ domain for an efficient binding of the repressor
onto its target gene promoters. HIC1 multimers are critical in order to bind multiple
HiRes simultaneously (Ahmad et al., 1998 ; Pinte et al., 2004). A closer look at the
HIV-1 LTR indicates that 4 copies of the HiRe core motif GGCA can be found in the
LTR sequence. To examine whether HIC1 could directly bind the viral promoter, we
used a construct containing only for the five zinc fingers (5Znfs). EMSA
(Electrophoretic Mobility Shift Assay) experiments, using probes with the HIV-1 LTR
HiRe sequences incubated with either HIC1 or the 5Znfs construct, were negative
(data not shown). Mutation of a single cysteine residue from the third zinc finger is
sufficient to alter the capability of HIC1 to bind its target genes. Thus, we compared
the transcriptional effect of HIC1 C%!S, unable to bind to the HiRes, with the
repressive abilitiy of HIC1 wild type on TAT-mediated HIV1 transcription.
Microglial cells were co-transfected with the episomal LTR-luc with or without an
over-expression of either HIC1 or HIC1 C>2'S, both in presence of TAT. Our results
indicated that the C*'S mutant is as efficient as the HIC1 wild type in repressing
TAT-mediated HIV-1 transcription (Fig.A Lane2 vs 3&4). This means that the
inhibition process does not necessitate HIC1 to directly bind the GGCA sites in the
HIV-1 LTR. However, over-expression of 5Znfs in presence of TAT in LTR-Luc co-
transfected microglial cells was able to reactivate the viral transcription up to 2-fold
(Fig4.A Lane2 vs 5). Since HIC1 is endogenously produced in microglial cells, we
hypothesized that the over-expression of the 5Znfs construct could impair the
repressive activity of endogenous HIC1. When microglial cells were subjected to the

same 5Znfs over-expression with increasing amount of HIC1 in presence of TAT, we
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were able to compensate for the 5Znfs effect in a dose dependant-manner (Fig.A
laneb vs 6to8). The 5Znfs domain appears to be necessary to promote HIC1-mediated
repression, but is not a stand-alone HIV-1 transcription repressor.

The HIC1 BTB/POZ domain has previously been described as an autonomous TSA-
insensitive transcriptional repressor (Deltour et al., 1999). Since we demonstrated
that HIC1-mediated HIV1 repression was TSA insensitive and CtBP-independant, we
investigated whether the BTB/POZ domain could contain the inhibitory activity
associated with HIV1 transcription decrease. To establish the potential involvement
of this domain, we used a vector expressing the HIC1 BTB/POZ domain only.
Microglial cells were co-transfected with LTR-Luc and with or without increasing
amount of BTB/POZ construct in presence of TAT (Fig4.B). Similarly to what we
observed in response to the over-expression of the 5Znfs, the BTB/POZ alone was not
able to repress the viral transcription, but was even able to increase the TAT-
mediated viral transcription in a dose dependant-manner (Fig4.B lane 2 vs 3to5) as
seen with the 5Znfs (data not shown). The BTB/POZ domain displays a HIV-1
transcription activator role, most likely by competing with the endogenous HICI.
Altogether these results suggest that HIC1 do not bind directly the viral promoter,
since a C%2!S mutant is still able to inhibit TAT-mediated transcription. Nevertheless,
the 5 zinc fingers are still required, even though they are not sufficient to promote
the transcription repression in microglial cells. Finally the BTB/POZ domain appears
also to be critical in HICl-driven TAT-transactivated transcription inhibition.
However its ability to reactivate viral transcription lead us to think that this domain

is most likely required for its protein-protein binding properties.
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HIC1-mediated viral transcription repression requires SIRT1 deacetylase activity.
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Figure 5: HIC1-mediated TAT-dependent HIV-1 transcription repression process requires SIRT1
deacetylase activity. Microglial cells were transfected with pLTR-Luc and the indicated expression
vector. (A) TAT mediated luciferase production was studied in absence (A. blue bars) or presence of
over-expression of either wild-type SIRT1 (A. red bars) or H33Y SIRT1 mutant (A. yellow bars) 24-
hours after transfection cells were either untreated (B. blue bars) or incubated with 10mM
nicotinamide (NA) (B. red bars). 48-hours post-transfection cells were lysed and luciferase activity
measured. Values were normalized using renilla luciferase system. Empty vector transfection of each
condition has been set to one and other transfection points were normalized accordingly. HEK293T
cells were transfected with pFlag-HIC1 wild-type or K34Q (C). 48-hours later cell were lysed and
nuclear extracts have been subjected to immunoprecipitation with an anti-flag tag antibody(C upper
part, IP flag), a non-immune serum (C lower part, IP NIS) or anti-SIRT1 antibody (C lower part, IP
SIRT1). Endogenous SIRT1 as well as Flagged HIC1 wild type and K34Q mutant are detected by
western-blot with respectively anti-SIRT1 and anti-flag antibodies. It is to note that transactivation
level in panel B is 3-4 times lower than panel A due to changes in TAT-expressing vector quantity
transfected.

According to our previous results, the five kriippel-like zinc fingers and the
BTB/POZ domain are both required for a HICI repressive activity. The class-III
deacetylase SIRT1 has already been described as a co-repressor of HIC1, by
interacting with the BTB/POZ domain (Chen et al, 2005). The resulting SIRT1/HIC1
association is one of the numerous HIC1/co-repressor transcription repressor
complexes. The most characterized target gene is Sirtl, the promoter of which is
bound by HIC1/SIRT1 during the negative feedback loop Sirt1/p53/Hicl in response
to DNA damages (Chen et al., 2005). Recently, the region 610-677 of SIRT1 has been
shown to interact with the 5 zinc fingers of HIC1 (Dehennaut et al., 2012). This
interaction can happen even despite punctual mutations disrupting any of the zinc

fingers, as the previously mentioned HIC1 C5%S mutant.
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While results from previous studies indicate that SIRT1 can interact with the
BTB/POZ domain and the 5 zinc fingers, we showed that both HIC1 structural
elements were necessary for functional transcription inhibition of HIV-1.

We so hypothesized that SIRT1 could be part of the repression mechanism involving
HIC1. Microglial cells were co-transfected with pLTR-Luc in presence of TAT and
with or without an over-expression of HIC1. We compared the impact of HIC1 on
TAT-mediated HIV1 transcription repression alone (Figh.A lane2 vs 3) with an
additional over-expression of either SIRT1 (Fig5.A lane5 vs 6) or SIRT1 H3®Y mutant
(Figb.A lane8 vs 9). The single amino-acid mutated H3*®Y SIRT1 variant is
catalytically inactive, thus lacks deacetylase activity (Brunet et al., 2004). As
previously observed, HIC1 over-expression decreases TAT-mediated viral
transcription. However, while co-over-expression of HIC1 and SIRT1 still induces
viral transcription inhibition (compare Fig5.A lane2 vs 3 with lane5 vs6), co-over-
expression of HIC1 and H3*®Y SIRT1 mutant displayed no effect anymore (compare
Figh.A lane2 vs 3 with lane8 vs 9). To validate that SIRT1 loss of activity was
detrimental to HIC1l-mediated repression mechanism, we studied the effect of 24-
hours treatment with nicotinamide (NA) on HIC1 inhibitory activity (Fig5.B). NA
behaves as an end production inhibitor of the NAD+-dependant SIRT1 deacetylase.
We compared HICl-mediated transcription repression with no or NA treatment in
microglial cells. Cells were beforehand co-transfected with pLTR-Luc in presence of
TAT with or without an over-expression of HIC1.

NA treatment abolished HIC1 inhibitory effect (compare Fig5.b lane 2 vs 3 with lane
5 vs 6), which again linked SIRT1 to the HIC1-dependant inhibition of TAT-mediated
HIV1 transcription mechanism. In the end this results indicate that HIC1 repressive
activity is NA-sensitive and so relies on the ability of SIRT1 to deacetylate its

substrate.

86



Résultats

HICl-mediated inhibition is SUMOylation independant and is impaired by

acetylation.
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Figure 6: Acetylation of lysine 314 is detrimental to HIC1 inhibitory activity and disrupts
HIC1/TAT assocation. HIC1 central domain contains a MK**HEP conserved sequence, in which the
lysine 314 (K34) acts as an acetylation/SUMOylation switch (E). SIRT1 interacts with the HIC1 5
krueppel-like zinc fingers and deacetylates K34 SIRT1 recruits also HDAC4 which facilitate
SUMOylation of K3 (E). Microglial cells were co-transfected with the indicated constructs and either
episomal pLTR-Luc (A) or pNL-4.3 viral genome (B&C). 48-hours post-transfection, cells were lysed
and subjected to luciferase assay, while normalized with renilla luciferase system (A) or supernatants
were harvested and p24 concentration titrated (B&C). Values are normalized relatively to basal level
corresponding to empty vector (A, B, C lanel). HEK293T cells were transfected with pFlag-HIC1
wild-type or K3Q) in presence of TAT (C). 48-hours later cell were lysed and nuclear extracts have
been subjected to immunoprecipitation with an anti-TAT antibody (D). Co-immunoprecipitations of
Flagged HIC1 wild type and K34¢Q mutant with TAT were compared by western-blot with
respectively anti-flag and anti-TAT antibodies.

The central region of HIC1 contains a MK3“HEP conserved sequence, in which the
lysine 314 (K%4%) acts as an acetylation/SUMOylation switch. Acetylation and
deacetylation of HIC1 K3 is respectively under control of the cellular acetyl-
transferase CBP/P300 and SIRT1 (Stankovic-Valentin et al., 2007). SIRT1 binds the

krueppel-like C2H> zinc fingers in the carboxy-terminal end of HICI to promote its
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non-histone protein deacetylase activity onto K34 (Dehennaut et al., 2012). At that
time, SIRT1 also recruits HDAC4, which facilitates the SUMOylation of K* by a still
unknown mechanism (Fig6.E). SUMOylation of HIC1 has previously been associated
with recruitment of the co-repressor NuRD through the interaction between HIC1
and the subunit MTA1 of NuRD (Van Rechem et al.,, 2010). Single amino-acid
modifications in the MK3*HE®!°P sequence modify the post-translationnal pattern of
HIC1. Thus mutation of the glutamic acid 316 (E®°A) disrupts the SUMOylation
PKxEx motif and abolishes HIC1 SUMOylation. The K%* is the target of both
SUMOylation and acetylation post-translationnal marks. When K?3* is mutated into
an arginine, HIC1 can neither be acetylated nor SUMOylated (Stankovic-Valentin et
al., 2007). However mutation of K%* into a glutamine mimics a constitutively
acetylated HICI, since the side chain of glutamine is similar in charge and structure
to an acetylated lysine.

We demonstrated that SIRT1 cooperated with HIC1 to repress viral transcription.
The two proteins interact (Figh.C) and it may be thanks to both BTB/POZ and 5Znfs
as it has been described in the mechanism of HIC1 deacetylation by SIRT1. Since
SIRT1 can deacetylate and facilitates SUMOylation of HIC1, we investigated whether
specific post-translationnal modifications could be involved in the repression
process. Microglial cells were co-transfected with the episomal pLTR-Luc with or
without an over-expression of the K3“R or K*4Q) or E¥A mutants in presence of TAT.
E3°A and K3“R mutants are still able to repress the TAT-mediated transcription in a
HIC1 wild-type manner (Fig6.A lane 2 vs 3,5&6). Yet the “constitutively acetylated”
K314Q) mutant displayed no inhibitory activity (Fig6.A compare lane 2 vs 3 and 2 vs 4).
Microglial cells co-transfected with a pNL-4.3 provirus and the same over-
expressions exhibit a p24 production profile similar to the TAT-mediated
transcription profile, the K34Q HIC1 mutant being also unable to decrease viral p24
production (Fig6.B compare lane 1 vs 2,4&5 and 1 vs 3).

It appears so that lacks of SUMOylation and acetylation marks on K3* are not

detrimental to HIC1 inhibitory activity in on HIV-1 transcription. However, mimicry
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of an acetylation mark on K3* impairs all effect of HIC1 on p24 production through

viral transcription inhibition.

CBP/P300 abrogates HIC1-mediated HIV1 p24 production decrease.

Constitutively acetylated HIC1 mutant K3Q is unable to promote p24 production
and TAT-mediated HIV-1 transcription repression. Our results suggest that K34
acetylation is deleterious for HIC1 inhibitory activity on viral transcription and p24
production.

Acetylation of HIC1 is driven by the acetyl-transferase CBP/P300 (Stankovic-Valentin
et al., 2007). We postulated that over-expression of CBP would destabilize the
equilibrium toward HIC1 K3 acetylation and in fine could alter HIC1 repressive
activity. Microglial cells were co-transfected with a pNL-4.3 provirus and an over-
expression of HIC1 or HIC1 K34Q) alone or simultaneously with an over-expression
of CBP/P300 (Fig6.C). When expressed alone HIC1 and HIC1 K31Q displayed the
previously observed effects on p24 production (Fig6.C lanel vs 2&3). However when
over-expressed together with CBP/P300, HIC1 wild type and mutant K34Q induce a
similar 2-fold increase (Fig6.C lane4 vs 5&6). It appears that CBP/P300 is able to
abrogate the HICI repressive effect, which mimics the absence of inhibitory effect of

the K34Q mutant.

HIC1 acetylation leaves SIRT1/HIC1 interaction unchanged while is associated
with loss of HIC1/TAT interaction.

So far we demonstrated that HIC1 requires SIRT1 to promote TAT-mediated HIV-1
transcription repression and that HIC1 physically interacts with both SIRT1 and
TAT. Acetylation of HIC1 appears to be deleterious to HIC1 activity and thus could
also be detrimental to HIC1/SIRT1 and/or HIC1/TAT interaction.
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Since the Q°' side chain is not a removable acetyl-group, SIRT1 cannot deacetylate
HIC1. We performed SIRT1-immunoprecipitation experiments of nuclear extract co-
transfected with a SIRT1 and Flag-HIC1 K3Q expressing vectors. The K34Q mutant
was still co-immunoprecipitated with SIRT1 (Fig5.C bottom panel).

We next investigated whether constitutive acetylation of K3“ could modify
TAT/HIC1 interaction. We compared the ability of TAT to co-immunoprecipitate
with Flag-HIC1 or Flag-HIC1 K3"“Q in HEK cell nuclear extracts (Fig6.D). It appears
that, unlike the HIC1 wild-type, the Flag-HIC1 K3“4Q) mutant is not recovered by TAT
immunoprecipitation. Since the inactive K34Q mutant is still able to interact with
SIRT1, a default of SIRT1 recruitment is most likely not responsible for the loss of
repressive activity. In the mean time, the absence of repressive effect of HIC1 K34Q) is
concomitant with a lack of TAT/HICI interaction. Altogether these results allow us to
hypothesized that prior deacetylation of HIC1 K3* by SIRT1 could be an essential

upstream step that allows TAT/HIC1 interaction.
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RNA TAR element is a critical component of HIC1 inhibitory activity.
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Figure 7: HIC1 is recruited to the TAR RNA. Microglial cells were co-transfected with pLTR-luc in
presence of TAT with or without HIC1 (A). The implication of the TAR element in the HIC1-mediated
HIV-1 transcription was assessed by comparing HIC1 repressive activity in absence (A, lane 1,2&3) or
presence of free TAR RNA(A, lane 4,5&6). The interaction of HIC1 and the TAR element was
investigated with immunoprecipitation followed by reverse transcription PCR and RT-qPCR.
HEK293T cells were co-transfected with combination of empty vectors, pLTR-luc, pTAT and/or pFlag-
HIC1. 48-hours post-transfection nuclear cell extracts were harvested and sudjected to flag
immunoprecipitation overnight. Following immunoprecipitation, HIC1-containing complexes were
eluted and RNAs have then been purified and reverse-transcribed. cDNAs were finally amplified by
real-time qPCR with primers flanking the TAR region (B). Results are presented in relative enrichment
after double normalization with initial TAR and GAPDH quantities engaged in the experiments.

Early after initiation of HIV-1 transcription, the viral RNA trans-activation element
(TAR) is synthesized and structures itself into a RNA hairpin. The complex TAT/P-
TEFb is recruited to viral promoter after initiation of transcription through the
interaction between TAT and the TAR element (Kim et al., 2002 ; D’Orso and Frankel,
2009). Since HIC1-mediated HIV-1 transcription is dependent on TAT and that HIC1
and TAT can interact, we investigated whether HIC1 repressive activity requires the
TAR element. We assumed that free TAR could bind to its partner in the cell and
would impair mechanism requiring to be addressed in the LTR vicinity through
TAR/protein interaction. Microglial cells were co-transfected with LTR-Luc in
presence of TAT with or without HIC1 over-expression (Fig7.A lane 1,2&3) and we
compared this situation with the same experimental set-up with the addition of free
TAR (Fig7.a lane 4,5&6). It is to note that TAT-transactivation in presence of free TAR
is twice as a less as basal transactivation. Free TAR seems to compete with LTR-
produced TAR for TAT recruitment (Fig7.A compare lane 2 and lane5). However,

while HIC1 represses TAT-mediated HIV-1 transcription up to 50% in the first case
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scenario, the presence of free TAR in the cells in the second case lead to an
abolishment of HIC1-driven repression (Fig7.A compare lane 2vs3 and lane5vso).
Free TAR may hijack some proteins involved in HIC1 inhibitory activity, and in that
way cannot be addressed to the HIV-1 LTR anymore.

We demonstrated that HIC1-mediated HIV-1 transcription is independent of HiRe
binding and that TAR is required for HIC1 repressive action. HIC1 could then be
recruited at the LTR through interaction with the TAR element. To assess whether
HIC1 could be part of a TAR containing complex, we performed flag
immunoprecipitation on nuclear extracts from cells co-transfected with pFlag-HIC1,
the episomal pLTR-Luc and/or pTAT. The immunoprecipitations were followed by a
reverse transcription step to convert all RNA molecules retrieved by co-
immunoprecipitation with HIC1 into DNA. The cDNAs thus produced were then
quantified by quantitative real-time PCR with primer flanking the TAR element
(Fig7.B). We observed a 6-fold and 4-fold enrichment of TAR RNA in flag-
immunoprecipitations  from  respectively  flag-HIC1/LTR_Luc and flag-
HIC1/TAT/LTR-luc co-transfections (Fig7.B lane2 vs 5&6). HIC1 so exists in at least
one complex in which TAR can be found. Surprisingly TAR/HIC1 complex exists as
well with TAT as in absence of TAT. TAR may act as a HIC1 reservoir in the

proximity of the transciption initiation site of the HIV-1 LTR promoter.

Discussion

HIV-1 latency establishment is a complex process tuned by viral and cellular
proteins. TAT-mediated transcription is a pivotal process for productive HIV-1
infection. TAT recruits cellular transcription activator thus up-regulates viral
transcription. Therefore destabilization of TAT transactivation cycle is associated
with a heavy drop of proviral transcriptional activity leading to HIV-1 silencing
(Weinberger et al, 2005 ; Weinberger et al., 2008). During the transactivation cycle,
TAT competes with HEXIM1 to increase the stock of active P-TEFb (Barboric et al,
2003). When acetylatyted on lysine 28, TAT interacts with P-TEFb and recruits Cdk9

92



Résultats

kinase activity at the viral promoter to increase RNApolll stability (Zhu et al., 1997 ;
Majello et al., 1999). Loss of interaction with the positive elongation factor P-TEFb
has been shown to impair drastically transactivation (Kiernan et al., 1999). Our team
identified CTIP2 as a HIV-1 transcriptionnal repressor able to engage a multi-
enzymatic complex to the viral promoter which favours heterochromatin formation
(Marban et al., 2007). More recently our team observed that CTIP2 was also able to
counteract TAT-mediated transactivation through CdK9 kinase activity inhibition in
the TAR/TAT/CTIP2/P-TEFb complex (Cherrier et al., unpublished). In this work we
present the tumor suppressor HIC1 as a new TAT transactivation cycle repressor.
HIC1 undergoes post-translational modifications on its lysine 314. K314 acts as a
SUMOylation/acetylation switch which enable or impair recruitment of co-repressor
such as the NuRD complex (Van Rechem et al., 2010). HIC1 and its co-repressors are
recruited at the promoter of their target genes to repress their transcriptional activity
(Dehennaut and Leprince., 2009). The class-IIl NAD-dependent deacetylase SIRT1
and HIC1 are tightly associated in negative feedback loop. SIRT1 is able to interact
with both the HIC1 BTB/POZ domain and the five krueppel-like zinc fingers to
respectively inhibit Sirt] transcription and deacetylate lysine 314 of HIC1 (Chen et
al., 2005 ; Dehennaut et al.,, 2012). In our results we demonstrated that HIC1
repressive activity requires SIRT1 deacetylase activity in microglial cells. Moreover, a
single mutation in the MK3“HEP acetylation rendering HIC1 constitutively
acetylated is sufficient to abolishe HIC1 inhibitory effect. Constitutively acetylated
HIC1, unlike HIC1 wild type, is neither able to repress TAT-mediated HIV-1
transcription nor to interact with TAT, although the SIRT1/HIC1 interaction still
remains. It seems that SIRT1/HICI interaction may promote deacetylation of HICI to
facilitate HIC1/TAT interaction, but need further investigations to validate (Fig8). We
also found that HIC1 is member of at least one TAR-containing complex
independently from TAT. Our results suggest that the TAR element may serve as
HIC1 reservoir at the viral promoter to facilitate HICI1/TAT interaction. The
transciption inhibition mechanism is not elucidated yet and may involve a complex

interplay between HICI1, SIRT1 and TAT. SIRT1 and TAT are indeed known to
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interact at the end of the transactivation cycle. SIRT1 removes acetylation marks of
lysine 28 and 50 of TAT allowing the recycling of the viral transactivor (Blazek and
Peterlin, 2008). Additionnaly, preliminary results suggest that the acetylation status
of TAT modulates its interaction with HIC1 (data not shown). Deciphering the
sequential process happening between HIC1, SIRT1 and TAT would allow us to
understand the modalities of HICl-mediated TAT-transactivation repression to
prevent HIV-1 silencing. Indeed, even though class-III deacetylase inhibitors did not
successfuly reactivate viral production yet, combination of class-I and —II deacetylase
inhibitors and methyltransferases inhibitors showed promising reactivator effects on
latently infected quiescent CD4+ T cells (Reuse et al., 2009). SIRT1 as well as HIC1

appears as a potential target for reactivation strategies..
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Figure 8: Model of SIRT1-mediated HIC1 deacetylation promoting HIC1/TAT interaction.
Deacetylation of HIC1 lysine 314 is a critical step in order to achieve TAT-mediated HIV-1
transcription repression. We propose that SIRT1 deacetylates HIC1 K34 prior to TAT recruitment.
HIC1 belongs to at least one TAR RNA-containing complex in absence of TAT. The possibility that
deacetylation process and TAT/HIC1 occur at the TAR RNA remains unclear (dotted shapes).
Similarly it is not yet clear if SIRT1, TAT and HIC1 interact altogether in one same complex.
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Projet HIC1 : Résultats supplémentaires.

Dans cette partie nous traiterons de résultats obtenus sur le projet HIC1, mais qui ne
s'integre pour l'instant pas dans le mécanisme TAT/SIRT1/HIC1 précédemment
présenté.

Ces résultats n’ayant pu étre liés les uns aux autres dans un mécanisme, ces résultats
seront discutés au cas par cas et seront également traités dans la partie de discussion

finale de ce manuscrit.

Je suis a I’origine de I'intégralité de données exposées dans cette partie.
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HIC1 interacts with CTIP2 and LSD1.
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Figure 9 : CTIP2 and LSD1 co-immunoprecipitate with HIC1. HEK293T cells either were transfected
with the expressing vectors coding for the indicated proteins (A) or untransfected (B). 48 hours post-
transfection, cells were lysed and nuclear cell extracts were incubated with the capture antibody anti-
flag (A), or a non-imune serum (NIS), or ant- HIC1, or anti-LSD1 (B). Inmunoprecipitated complexes
were subjected to western-blot with the indicated antibodies (A&B).

Knowing that LSD1 and CTIP2 interact in a same multi-enzymatic chromatin
remodeling complex, we investigated whether HIC1 could also be a component of a
CTIP2 and/or LSD1 repressive complex (Le Douce et al., 2012). HEK293T cells were
transfected with either pTAPtag-CTIP2 with or without pFlag-HIC1 or untransfected.
Nuclear extracts from transfected cells were subjected to Flag-targeted
immunoprecipitation (Fig9A), while nuclear extracts from untransfected cells were
subjected to immunoprecipitation with a non-immune serum (NIS), an anti-HIC1
antibody or an anti-LSD1 antibody (Fig9.B). TAPtag-CTIP2 and endogenous LSD1
were able to co-immunoprecipate with respectively Flag-HIC1 and endogenous
HIC1 (Fig9.A&B). Reciprocally endogenous HIC1 was able to co-immunoprecipitate
with endogenous LSD1 (Fig9.B). So far, HIC1 is able to interact with both LSD1 and
CTIP2 in-vitro. To decipher the functional significance of these interactions, luciferase
assay performed on microglial cells co-transfected with pLTR-luc and combination of
pshHIC1 and/or pshCTIP2 or pshLSD1. Simultaneous knock-down experiments did
not produce any synergistic effects, with the combination of shCTIP2/shHIC1 as with
shL.SD1/shHIC1 (data not shown).

HIC1 belongs to a complex containing CTIP2 and a complex containing LSD1. It is to
note that the possibility that CTIP2/HIC1 and LSD1/HIC1 may be one same multi-

proteic complex cannot be excluded, especially since CTIP2 and LSD1 are found in
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one same complex (Le Douce et al., 2012). Even so CTIP2 and LSD1 cooperate to
mediate HIV-1 transcription inhibition, double knock-downs experiments failed to
show a partnership between HIC1 and CTIP2 or HIC1 and LSD1 in the HIV-1
transcription inhibition. The relevance of these two HICI interactions has yet to be
elucidated. Nonetheless they may not be related to HIV-1 transcription or may not be

occuring in microglial cells.

HIC1-mediated inhibition requires component of the 7sk snRNP complex.
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Figure 10: HIC1 cooperates with components of the 7skRNP complex. Microglial cells were
transfected with either pLTR-Luc (A, C) or pNL-4.3 env-Luc (B) with the expressing vector coding for
the indicated proteins or shRNA. HEK293T cells were transfected with pGF-HMGA1 with or without
pFlag-HIC1 (D). 48 hours after transfection cells were lysed and either luciferase activities were
measured (A,B,C) or nuclear cell extracts were subjected to flag-targeted immunoprecipitation (D).

During the transactivation cycle, TAT and P-TEFb interaction is a critical step which
allows viral transcription initiation (Kao et al., 1987 ; Krueger et al., 2010). However,
previous teams reported indicated that the 7sk RNA inactivates the positive
elongation factor P-TEFb by sequestrating it in the 7sk snRNP complex (small
nuclear RiboNucleoProtein) (Yik et al., 2003). Therefore the 7sk RNA can negatively
regulate TAT-driven HIV-1 transcription. HIC1 represses only HIV-1
transcriptionnal activity in presence of TAT. We so investigated the potential
involvement of the 7sksnRNP complex and P-TEFb in the HIC1 inhibitory process
implicated in HIV-1 silencing. While immunoprecipitation of HIC1 failed to co-
immunoprecipitate any of the P-TEFb subunits in our experiments (data not shown),

luciferase experiments involving HIC1 and the 7sk RNA in microglial cells suggested
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that they cooperate to inhibit HIV-1 transcription in presence of TAT. Microglial cells
were transfected with pLTR-luc with or without pshHIC1 and/or psh7sk. Single
knock-downs only led to an about 2-fold viral transcription increase (Figl0.A
lane2vs3&4), whereas a simultaneous knock-down of HIC1 and the 7sk RNA
induced a heavy 10-fold reactivation of TAT-driven viral transcription (Figl0.A
lane2vsb).

As HIC1 could not interact with P-TEFb it seems unlikely that HIC1-mediated
transcription inhibition originates from P-TEFb sequestration in the 7sksnRNP
through HIC1. However the 7skRNA appears to be an important actor of the HIC1
inhibition process.

7sk snRNP is known to modify gene transcription by down-regulating either P-TEFb
and/or HMGA1 (High-Mobility Group Protein AT-hook 1). The HIV-1 LTR promoter
contains several binding sites for HMGA1 and notably could bind to AP1 sites in the
vicinity of Nuc-1 in jurkat cells (Henderson et al., 2000). Moreover, HMGAL1 is
associated with transcriptional activation of HIV-1 in lymphocytes. HMGA1 recruits
the chromatine remodelling complex SWI/SNF, by interacting with the subunit
BRG1, to promote Nuc-1 destabilization and so facilitate transcription initiation
(Henderson et al., 2004). Since the 7sk RNA appears important for HIC1 inhibitory
activity and P-TEFb seems to be unrelated to HIC1-driven HIV-1 repression, we
investigated whether HMGAT1 could be targeted by HIC1 and the 7skRNA.
Surprisingly, an overexpression of HMGA1 in microglial cells transfected with
pLTR-luc and TAT had no effect on viral transcription. We so decided to study the
impact of a simultaneous knock-down of HIC1 and HMGA1. We co-transfected
microglial cells with pLTR-luc with pshHIC1 or pshHMGAT1 or both, in presence of
TAT. In our experimental condition HIC1 knock down produced a 2-fold increase of
viral transcription while HMGA1 knock-down displayed no effect. However,
simultaneous knock-down allowed a synergistic HIV1 transcription reactivation of
about 5-fold.

We next assessed whether HIC1 and HMGA1 could interact together. We co-
transfected HEK293T cells with pGFP-HMGAT1 with or without pFlag-HIC1. Nuclear
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cell extracts were subjected to Flag-targeted immunoprecipitation. When
immunoprecipitated Flag-HIC1 was able to co-immunoprecipitate HMGAL.

These results first indicate that, HIC1 cooperates with the 7sk RNA to repress viral
transcription in a P-TEFb independent manner. Moreover, HIC1 and HMGA1 are
present in at least one common complex and they are both part of the HIV-1
transcription repression mechanism in presence of TAT.

We report here for the first time a negative impact of HMGA1l on HIV-1
transcription. Previous studies presented HMGA1 as a positive regulator of viral
transcription. However the activator role of HMGA1 on HIV-1 transcription has
always been reported in lymphocytes. We already demonstrated that transcription
factors can have ambivalent effects on HIV-1 transcription depending on the cell
type. Thus CTIP2 which operates as a transcriptional repressor on HIV-1 in
microglial cells, is an activator of viral transcription in activated lymphocytes (Redel
et al., unpublished).

HMGAT1 has been shown to promote its HIV-1 transcription activator role through
recruitment of the SWI/SNF complex. SWI/SNF is a chromatin remodelling complex
which can act as an activator or a repressor of transcription depending on the
subunits engaged in the process. Thus the ARIDIB subunit is found in
transcriptional activator SWI/SNF complexes, while ARID1A is associated with
transcriptional repression (Nagl et al., 2007 ; Flowers et al, 2009). Previous reports
demonstrated that HIC1 interacts with the subunit ARIDIA and so recruits the
SWI/SNF complex. Recruitment of ARID1A-containing SWI/SNF allows HIC1 to
down-regulate its target gene E2fI (Van Rechem et al., 2009). The possibility that
HIC1 and HMGAT1 cooperates to recruit SWI/SNF at the viral promoter has to be
investigated.

Finally, we demonstrated that HIC1 was not directly bound to the HIV-1 LTR, but
was recruited in a TAR-containing complex. A recent study indicated that HMGA1
interacts with TAR RNA Binding Protein (TRBP) (Chi et al., 2011). HMGA1 could be
the link between HIC1 and HIV-1 TAR RNA through interaction with TRBP. This

also needs further investigation to be validated.
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L’infection au VIH-1 reste a I'heure actuelle un probléme sanitaire majeur au
niveau mondial. Les traitements a base d’antirétroviraux (ARVs) permettent le
controle de la maladie et le maintien des défenses immunitaires, mais ne guérissent
pas les patients. En effet, des provirus latents restent tapis dans des réservoirs
cellulaires, empéchant les ARVs d’aboutir a l'éradication complete du virus.
Malheureusement, le controle de la maladie a long terme grace aux traitements ARVs
n’est pas exempt de défauts pour les patients. Les effets indésirables, 1'observance
des protocoles, le cofit, voir méme l'acces aux traitements dans certaines zones
géographiques, font que les régimes ARVs actuels ne peuvent pas rester a eux seuls
le moyen de traiter la maladie.

Une des stratégies serait d’associer aux multi-thérapies des molécules visant a la
purge des réservoirs viraux. Le partenariat entre l'efficacité des ARVs sur le virus
productif et la liquidation des stocks de virus archivés semble étre une stratégie
prometteuse.

Cependant, pour développer les médicaments de demain, il est d’abord essentiel de
connaitre I'éventail de cibles thérapeutiques disponibles.

En partant de ce postulat, notre équipe de recherche étudie les événements
moléculaires conduisant a I'établissement et au maintien de la latence virale dans le
réservoir cellulaire cérébral principal, les cellules microgliales.

Notre laboratoire a précédemment établi le mécanisme d’action par lequel le facteur
transcriptionnel cellulaire CTIP2 était en mesure d’établir 'entrée en latence du
provirus (Marban et al., 2007). CTIP2, en recrutant des activitées HDACs et méthyl-
transférases au niveau du promoteur viral, permet 1'établissement de marques
associées a la formation d’hétérochromatine et donc d’induire un environnement
réfractaire a la transcription des genes viraux.

Dans le cadre de cette these, nous démontrons maintenant que la déméthylase LSD1
est aussi engagée dans ce processus et favorise l’établissement de marques
épigénétiques supplémentaires en recrutant a la fois la machinerie multienzymatique

associée a CTIP2 et le complexe multiprotéique COMPASS (publication 1).
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De plus, nous présentons a l'occasion de ces travaux, un nouvel acteur de la
restriction de l'expression transcriptionnelle des genes viraux, le suppresseur de
tumeur HIC1. HICI1, contrairement a LSD1, n’est pas au cceur d'un systeme de
remodelage de la chromatine, mais un perturbateur de la transactivation virale
(publication 2). Le déreglement de la transactivation est un événement critique qui
peut tout aussi bien mener un provirus faiblement productif vers l’extinction
transcriptionnelle, ou empécher la sortie de la latence en interférant avec les systemes
de réactivation (Weinberger et al., 2005).

CTIP2, LSD1 et HIC1 sont donc trois acteurs de I’établissement et du maintien de la
latence dans les cellules microgliales et donc trois cibles potentielles, dans la logique
de purge des réservoirs. Ils interviennent a des stades différents, 1'établissement et le

maintient de la latence.

CTIP2 et LSD1 favorisent L’établissement de la latence dans les cellules

microgliales.

CTIP2 est au coeur de la thématique de notre équipe. Par la passé, nos travaux
ont permis de montrer que le facteur transcriptionnel CTIP2 est en mesure de
réprimer l'expression des genes viraux durant la phase précoce et tardive de la
transcription virale, dans les cellules microgliales. Lors de la phase précoce de la
transcription, CTIP2 va participer a I’établissement dun environnement
hétérochromatinien compact au niveau du promoteur viral, afin d’empécher
I'initiation de la transcription du VIH-1. Au voisinage du nucléosome Nuc-1, CTIP2
engage les histones déacétylases de classe I HDAC1 et HDAC2, qui déacétylent la
lysine 9 de Il'histone H3. Une fois cette marque, associée a Il'activation
transcriptionnelle, retirée, la méthyltransferase SUV39h1 est a son tour recrutée par
CTIP2 et triméthyle Nuc-1 sur la H3K9. Séquentiellement, CTIP2 induit la perte
d'une marque associée a l’euchromatine (acétylation) au profit d'une associée a

I'extinction transcriptionnelle (H3K9me3) (Marban et al., 2007).
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Ici, nous proposons la déméthylase LSD1 comme nouveau répresseur
de la transcription du VIH-1 dans les cellules microgliales. Au méme titre que CTIP2,
LSD1 est en mesure de réguler négativement la transcription des genes viraux aussi
bien pendant la phase précoce que dans la phase tardive de la transcription
(Publication 1).

Les résultats présentés ici permettent de poursuivre le travail déja entrepris
avec CTIP2, en ajoutant de nouveaux partenaires au complexe multienzymatique et
rajoutant des étapes au modele mécanistique précédemment proposé (Figure A).

Ainsi, CTIP2 est recruté au promoteur viral par l'intermédiaire de la protéine
LSD1, elle-méme fixée au promoteur en se liant a SP1 (Specificity Protein 1). Une fois
recruté au promoteur, LSD1 intervient en tant que plateforme d’ancrage pour CTIP2,
qui a son tour engage le complexe de remodelage de la chromatine décrit
auparavant. De plus, LSD1 recrute également le complexe méthyltransferase
COMPASS, vraisemblablement en charge de la triméthylation de la lysine 4 de
I'histone H3, en adéquation avec les observations précédemment réalisées dans la

littérature (Krogan et al., 2002 ; Schneider et al., 2005)).

Actuellement, nous ne sommes pas en mesure de définir une cinétique de
recrutement des complexes CTIP2/HDACs/SUV39h1l et hCOMPASS par LSD1. Ce
mécanisme peut faire intervenir l’association séquentielle ou simultanée des
différents complexes. Cet aspect du mécanisme reste a élucider pour mieux définir

les modalités d’établissement des marques épigénétiques.

LSD1 et CTIP2 appartiennent a un méme complexe de remodelage de la

chromatine et induisent un profil épigénétique atypique.

LSD1 est connue pour déméthyler spécifiquement des lysines de 1'histone H3,
K9 et K4, pour promouvoir une régulation respectivement soit positive soit négative
de la transcription de ses genes cibles (Shy et al., 2004 ; Metzger et al., 2005). Dans

notre cas, a la suite de la suppression du groupement acétyle sur la lysine 9, marque
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activatrice, par les HDACs, la méthyltransferase SUV39h1l triméthyle ce méme
résidu. La H3K9me3 est une marque répressive sur laquelle la protéine HP1
(Heterochromatin Protein 1) se fixe et induit la compaction en cascade du provirus.

Parallelement, LSD1 recrute les sous-unités SET1 et WDR5 du complexe
méthyltransferase COMPASS au promoteur viral, ce qui va permettre 1’adjonction
d’'une marque triméthyle sur la lysine 4 de 1'histone H3 (Publication 1). Cette
constatation est en adéquation avec les précédentes observations ou LSD1, plutot que
d’user de son activité déméthylase pour réguler les genes, va recruter une machinerie
méthyltransferase, et plus particulierement WDR5 (Wang et al., 2007). WDRS5 est
associé a une augmentation de la marque H3K4me3, notamment dans le
développement des vertébrés (Wysocka et al., 2005). Ainsi, comme décrit dans le cas
du virus de l'herpes simplex, LSD1 peut favoriser l'établissement de marques
triméthyle au niveau de la lysine K4 (Liang et al, 2009). Cependant, contrairement a
ce qui a été précédemment décrit, Nous observons dans le cas du VIH-1 que
I’établissement de la marque activatrice H3K4me3 est concomitant de I'établissement
de la marque H3K9me3 inhibitrice. Dans le cas du HSV, la marque H3K4me3 est
associée a la diminution de la marque inhibitrice H3K9me3 et a une levée de la
latence virale par réactivation de l’expression du génome viral (Huang et al., 2006 ;
Liang et al., 2009). Nous décrivons ici pour la premiere fois 1’association de ces deux
marques, qui habituellement débouchent sur des modifications opposées de la
transcription génique, dans le cadre d’une répression transcriptionnelle chez les
eucaryotes. Cette observation rejoint la récente association de la marque H3K4me3 a
I'inhibition de l’expression de genes, notamment au niveau de promoteurs
cryptiques chez la levure (Pinskaya et al, 2009, 2009b). Les genes cryptiques sont des
séquences géniques silencieuses, faiblement transcrites durant le cycle cellulaire. Le
promoteur du VIH-1 peut étre aisément considéré comme cryptique étant donné la

propension du provirus a intégrer des zones introniques (Han et al., 2004).
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HIV-1 promater

Figure A : Modele d’établissement de la latence induit par LSD1 et CTIP2

HIC1 et SIRT1 participent au maintien de la latence virale dans les microglies.

Hicl est un geéne codant pour un suppresseur de tumeur et dont 'activité
transcriptionnelle est éteinte dans de nombreux cas de cancers (Rood et al., 2002 ;
Pieretti et al., 1995 ; Kanai et al., 1998 ; Fujii et al., 1998 ; Yamamakam et al., 2003). En
effet, 'absence de production de HICI est associée a dérégulation de boucles de
rétro-contrdle intervenant dans la réparation des dommages a I'’ADN, I'hypoxie et la
privation calorique (pour revue Dehenaut et Leprince, 2009 ; Fleuriel et al., 2009).
Contrairement a LSD1 et CTIP2, HIC1 a été associé a un mécanisme d’extinction
transcriptionnelle du VIH-1 ou le transactivateur viral TAT est la cible de ce
répresseur transcriptionnel et non le nucléosome Nuc-1 (publication 2). Néanmoins,
HIC1 a été décrit comme un répresseur transcriptionnel capable de recruter des
complexes corépresseurs tels que SWI/SNF, NuRD et Polycomb (Van Rechem et al,
2009 ; Van rechem et al., 2010; Boulay et al, 2012). Il est essentiel d’étudier la
possibilité de modifications épigénétiques induites par HICI.

Pour l'heure, nous avons clairement pu lier activité répressive de HICI a
l'activité déacétylase de SIRT1 (publication 2). Etant donné que 'acétylation de HIC1

sur sa lysine 314 du motif MKHEP est une condition suffisante pour empécher HIC1
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d’exercer son inhibition, 1'hypothese la plus simple serait que la déacétylation

préalable de HIC1 par SIRT1 amene HIC1 a interagir et inhiber TAT (Figure B).

7 ez X

{HIC1

Figure B : Modéle de I'inhibition par HIC1

Nous avons pu établir que HIC1 et la TAR interagissent, mais sans réussir a définir
pour l'instant la signification de cette interaction dans le circuit de répression. La
TAR pourrait servir de réservoir de HIC1 a proximité du lieu méme de l'initiation de
la transactivation de 1'élongation de la transcription du génome viral. Il est tout a fait
possible que l'interaction entre HICI et la TAR ne soit pas directe et requiert des
partenaires supplémentaires. HMGA1 pourrait faire office d'interface entre HIC1 et
la TAR, en effet, nous avons montré que HIC1 et HMGA1 pouvait interagir et que ces
deux protéines interviennent coopérativement dans le processus de répression (HIC1
— Résultats supplémentaires). Cette hypothese vient du fait que la publication récente
de I'interactome de la TRBP (TAR-RNA Binding Protein) révele que cette protéine est
en mesure d’interagir avec HMGA1 (Chi et al., 2011).

Ces hypotheses feront I’objet d'une étude approfondie.
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Un réle inédit de SIRT1 dans la régulation du VIH-1.

Bien qu’impliqué dans le recyclage de TAT en fin de cycle de transactivation en
déacétylant TAT, et permettant une « remise a zéro » du transactivateur viral, SIRT1
est associé a la restriction de réplication virale dans la littérature (Blazek et Paterlin,
2008 ; Weinberger et al., 2008). SIRT1 réduit I'activité de NF-«B, limitant I'expression
génique du provirus, mais aussi de genes impliqués dans lactivation des
lymphocytes, comme le gene de I'IL-2 (Kwon et al, 2008). Méme si SIRT1 est requis
pour un cycle de transactivation complet, TAT induit une diminution de I'activité de
SIRT1 par différents moyens. TAT est associé a une augmentation du miARN-217,
ciblant le mRNA de SIRT1, une déplétion du NAD+ disponible, indispensable a
'activité de SIRT1 et serait un compétiteur fort de SIRT1 pour ses autres substrats
(Kwon et al, 2008 ; Zhang et al., 2009 ; Zhang et al., 2012).

Une hypothese propose que pendant la phase tardive de la transcription du provirus,
au moment ou les taux de TAT sont tres élevés dans la cellule, TAT bloque la cavité
catalytique de SIRT1 apres y avoir été déacétylé, car TAT apparait comme un
puissant inhibiteur de SIRT1 in-vitro (Kwon et al, 2008). Ce mécanisme empécherait

SIRT1 de déacétyler des protéines essentielles a la réplication virale, comme NF-kB.

Il est encore difficile de définir si I’activité de SIRT1 se limite uniquement a la
déacétylation de HIC1 dans le processus de répression. Il est tout a fait possible que
SIRT1 soit amenée a déacétyler précocement TAT ce qui pourrait mettre a mal le
cycle de transactivation. En effet, nos travaux indiquent également que l'activité
répressive de HICI requiert 1'élément TAR, indiquant donc que les phénomenes
interviennent tot dans la transactivation. Dans des travaux précédents, des mutations
sur les lysines acétylables de TAT ont été décrites comme déléteres pour la
transactivation virale (Weinberger et Shenk, 2007 ; kwon et al., 2008).

Ainsi, en marge de l'étude de l'éventuel impact de HICl au niveau
épigénétique, il est primordial de définir si les complexes HIC1/TAT et HIC1/SIRT1

sont un seul et méme complexe, ou s’ils interviennent de fagon séquentielle. De
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meéme les niveaux d’acétylation de TAT en présence et absence de HIC1 doivent étre
examinés pour répondre a ces questions. Des résultats préliminaires semblent
indiquer que I'état d’acétylation de TAT agit sur I'interaction du transactivateur viral
avec HICI1. Si cela s’avere exact, le role de SIRT1 dans ce mécanisme deviendrait
d’autant plus primordial.

Il reste également a savoir si I'acétylation de HIC1 est a 1'origine d"un défaut
d’interaction avec TAT de maniere directe, ou par l'absence de recrutement d’'une
protéine permettant de faire le lien entre TAT et HICI. Des expériences
complémentaires seront requises pour répondre a cette question. Dans tout les cas,
les modifications post-traductionnelles de HIC1 sont un pan important de la
mécanistique derriere I'inhibition de la transcription virale, comme elles le sont dans
la régulation des genes cibles de HIC1. Le Dr. Leprince et son équipe ont déja montré
I'importance des modifications de la lysine 314 dans la potentialisation de HIC1 et sa
capacité a recruter ou nom ses corepresseurs (Stankovic-Valentin et al., 2007, Van
Rechem et al, 2010). Contrairement aux modeles déja proposés, ou la SUMOylation
est toujours une marque profitable a 1’activité répressive de HIC1, nous montrons ici
que la SUMOylation n’intervient pas dans le mécanisme de répression de TAT. De
plus, nous observons que l'acetylation de HIC1 est nuisible a son activité et son
intéraction avec TAT, d’'une maniere comparable a la perte d’interaction entre HIC1
et le complexe NuRD décrite dans la littérature lorsque HIC1 porte cette marque

post-traductionnelle (Van Rechem et al., 2010).

LSD1, CTIP2 et HIC1, des cibles thérapeutiques délicates.

Méme s’il apparait évident que la perturbation des mécanismes
d’établissement de marques épigénétiques répressives du complexe
multienzymatique LSD1/CTIP2/HDACs/Méthyle-transferases s’inscrit parfaitement
dans la logique de purge des réservoirs, en limitant la taille des réservoirs viraux, ce

mécanisme d’entrée en latence n’est validé que dans les cellules microgliales.
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L’élimination, ou tout au moins la réduction de la taille du réservoir viral
cérébral fait parti des buts a atteindre en vu d'un traitement -curatif.
Malheureusement, nos propres travaux, mais également ceux d’autres équipes,
révelent que CTIP2 et LSD1 ont des activités ambivalentes suivant le type cellulaire.
L’équipe du Dr. Ott a récemment démontré que LSDI1, dans les lymphocytes,
participait au déroulement du cycle de transactivation de TAT (Sakane et al., 2011).
LSD1 déméthyle la lysine 51 de TAT dans les premieres étapes de la transcription,
ouvrant le bal des modifications post-traductionnelles du facteur de transactivation
viral. Ainsi, la déplétion de LSD1 aurait un role activateur dans les macrophages
cérébraux, tandis qu’elle favoriserait la latence dans les lymphocytes, et donc
I'augmentation de la taille de ce réservoir. Cibler LSD1 semble des lors contre-
productif. Cependant, a I'heure actuelle le mécanisme activateur de LSD1 dans les
lymphocytes intervient au niveau de TAT et non de la modification d’histones,
comme nous l'observons dans les cellules microgliales. La possibilité de cibler des
interactants de LSD1 n’intervenant pas dans le mécanisme de déméthylation de TAT,
comme COMPASS, semble plus avisée. De cette maniere, il serait possible d’agir sur
le réservoir macrophagique sans potentialiser la mise en place du réservoir
lymphocytaire.

Le cas de CTIP2 est plus controversé dans les lymphocytes. Une équipe décrit
CTIP2 en tant que répresseur du VIH-1, notamment en recrutant le complexe NuRD,
mais le décrit également comme un activateur du gene de I'IL-2, cytokines associé a
une facilitation de I'infection et dont le gene est également up-régulé en présence de
TAT (Cismasiu et al., 2005 ; Kumar et al., 2005 ; Cismasiu et al., 2006 ; Cismasiu et al ;
2008). CTIP2 serait aussi capable, toujours dans les lymphocytes, d’augmenter la
translocation de NF-kB dans le noyau en provoquant la dégradation de IkB par
I'augmentation de l'activité de IKK (Cismasiu et al., 2009). Dans nos mains, CTIP2 a
un role activateur dans la lignée lymphocytaire Jurkat et aucune activité répressive
dans les lymphocytes primaires (Redel et al., unpublished). La mécanistique derriere
cette activité de CTIP2 reste néanmoins a approfondir et a corréler avec les données

bibliographiques, notamment de Cismasiu et al.
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Le cas de HIC1 est encore différent. Son impact dans les cellules T n’a pas
encore été établit, mais, au vue des effets opposés de CTIP2 et LSD1 dans ce type
cellulaire vis-a-vis de la lignée monocyte-macrophage, il est primordial d’étudier
I'effet de HIC1 dans ces cellules. De surcroit, il faut garder en mémoire qu'HIC1
intervient dans des boucles de rétro-contrdle finement controlées et que la perte
d’hétérozygotie, et donc la diminution intracellulaire de HICI, est associé a des
pathologies graves (Chen et al, 2003; pour revue Chopin et Leprince, 2006 ;
Dehennaut et al., 2009). Ainsi, cibler et contrecarrer HIC1 peut sembler, a juste titre,
complexe et demandera des ajustements minutieux. On pourra alors lui préférer
SIRT1, qui apparait déja comme un facteur de restriction a bien des niveaux, comme
cible de drogues visant a la réactivation virale. En limitant 1’action de SIRT], il serait
possible a la fois de réduire son action anti NF-kB, décrit dans la littérature et anti

TAT par son association a HIC1, que nous suggérons ici.

La compréhension de ces mécanismes s’inscrit dans la dynamique de réactivation

virale

Finalement, méme si LSD1, CTIP2 et HIC1 ne sont pas les cibles
thérapeutiques idéales, décortiquer les mécanismes par lesquels ils permettent de
favoriser la latence virale nous permet de mettre en avant ceux qui deviendront les
prochaines cibles des thérapies antirétrovirales.

Les mécanismes impliquant LSD1 et CTIP2 font intervenir des HDACs de
classe I et des méthyletransférases, comme SUV39h1l et COMPASS. Les HADCs de
classe I, ainsi que SUV39h1 sont justement sous le feu des projecteurs dans 1'optique
de réactiver les réservoirs viraux. En effet, la chaetocine, un inhibiteur spécifique de
SUV39h1 et le vorinostat, un inhibiteur de HDACs de classe I et II ont trés
récemment été proposés comme réactivateur de la latence virale (Bernhard et al,,
2011 ; Bouchat et al., 2012.; Archin et al., 2012 ; conférence AIDS 2012). Ils ont avec
succes, permis la réactivation de provirus latents dans des cellules T CD4+ quiescents

(vorinostat et chaetocine) et des PBMCs (chaetocine) de patients (Bouchat et al.,
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2012.; Archin et al., 2012). Cette preuve de concept renforce l'intérét des recherches
fondamentales sur la latence virale.

Ce travail de these a pour vocation non seulement d’indiquer de nouvelles
cibles, comme SIRT1 ou COMPASS/WDR5/SET1, mais aussi de comprendre les effets
de molécules ciblant des effecteurs pléiotropes comme la chaetocine et le vorinostat
plus précisément.

Des inhibiteurs de SIRT1 actuellement en cours d’essai clinique, comme 1"EX-
527 dans le cadre de la maladie de Huntington (Solomon et al., 2006 ; phase clinique
I, Elixir Pharmaceutical, 2010), pourraient étre, au vu des résultats présentés ici, de
nouvelles molécules a joindre aux traitements antirétroviraux en combinaison avec
d’autres drogues de réactivation comme le vorinostat et la chaetocine. De plus, le
vorinostat et le cambinol, un autre inhibiteur de SIRT1, ont récemment été mis en
évidence pour leur forte efficacité in-vitro sur les neuroblastomes, laissant présager
une utilisation des inhibiteurs de HDACs de classe I, I et III chez I'’humain (Lautz et
al, 2012). Un autre rapport fait état de combinaisons de différents inhibteurs
d’'HDACs de classe I et II (acide valproique, butyrate et vorinosat) avec des
inhibiteurs de sirtuines (EX 527, cambinol, sirtinol) et de leurs efficacités synergiques
dans le cadre de pathologies leucémiques (Cea et al., 2011). L'utilisation, combinée
ou non, d’inhibiteurs ciblant différentes classes d’'HDACsS, est en cours d’analyse et
de validation dans le cadre des cancers, et pourrait étre transposée a l'infection au
VIH-1. Ce qui concretement permettrait de lever a la fois la latence induite par
LSD1/CTIP2 au niveau épigénétique, et celle induite par l'interférence de HIC1 sur

I’activité transactivatrice de TAT, dans les cellules microgliales.

C’est sur cette note d’optimisme que je cloturerai cette partie.
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Publication 3 — En preparation

The cellular cofactor CTIP2 is a negative P-TEFb regulator.

Cherrier T, et al.

Le complexe positif d’elongation (P-TEFb) est impliqué dans des évenements
physiologiques et pathologiques majeurs, tels que le cancer, l'inflammation,
I'hypertrophie cardiaque et le SIDA. L’équilibre entre sa forme active et inactive est
étroitement contrdlé afin d’assurer I'intégrité de la cellule.

Ici nous démontrons que le répresseur transcriptionnel CTIP2 est un régulateur
majeur de l'activité du complexe P-TEFb. CTIP2 est co-purifié et interagit avec la
forme inactive du complexe P-TEFb, contenant le 7SKsnRNA et HEXIM1. CTIP2
s’associe directement a HEXIM1 et, via la boucle 2 du 7SKsnRNA, a P-TEFb. Dans ce
complexe protéine/acide nucléique, CTIP2 réprime considérablement I’activité kinase
de la sous-unit¢é CDK9 de P-TEFb. De plus, nous montrons que CTIP2 inhibe
également la transcription des genes régulés par P-TEFb ainsi que des genes viraux.
En conséquence, CTIP2 controle de nombreux genes sensibles au 7SKsnRNA. En
marge de ces observations, nous indiquons aussi que CTIP2 réprime les voies de
signalisation dépendante de P-TEFb dans le coeur de souris présentant une
cardiomyopathie hypertrophique. Avec le SIDA, la cardiomyopathie hypertrophique
constitue une pathologie majeure associée a P-TEFb. Ainsi, en tant que nouvelle
composante du complexe P-TEFb inactif, CTIP2 se pose comme une nouvelle cible

pharmaceutique dans le cadre des pathologies dépendantes de P-TEFb.

J'ai effectué une partie des expériences de ces travaux et serait assigné au travail de
reviewing.

119



Annexes

The cellular cofactor CTIP2 is a negative P-TEFDb regulator
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ABSTRACT

The positive elongation complex (P-TEFb) is involved major physiological and
pathological events such as cancer, inflammation, cardiac hypertrophy and AIDS.
The balance between its active and inactive forms is tightly controlled to ensure the
cellular integrity.

Here we show that the transcriptional repressor CTIP2 is a major modulator of the P-
TEFb complex activity. CTIP2 copurifies and interacts with an inactive P-TEFb
complex containing 7SKsnRNA and HEXIM1. CTIP2 associates directly with
HEXIM1 and, via the loop 2 of the 7SKsnRNA, with P-TEFb. In this nucleo-proteic
complex, CTIP2 dramatically represses the CDK9 kinase activity of P-TEFb.
Moreover, we show that CTIP2 inhibits the P-TEFb-sensitive cellular and viral gene
transcriptions. Accordingly, CTIP2 controls a large set of 7SKsnRNA sensitive genes.
Beside to these observations, we show that CTIP2 represses the P-TEFb sensitive
pathways in heart of hypertrophic cardiomyopathic mouse. Together with AIDS,
hypertrophic cardiomyopathy constitutes a major P-TEFb dependent pathology.
Thereby, as a key component of a new inactive P-TEFb complex, CTIP2 constitute a

new pharmaceutical target for P-TEFb-dependent pathologies.
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Discovered in 1995 (Marshall and Price, 1995), the elongation complex P-TEFb
(CyclinT1/CDKD9) is involved in physiological and pathological transcriptionally
regulated events such as growth, differentiation, cancer and AIDS (for review see
(Brasier, 2008; Zhou and Yik, 2006)). It has been suggested to be required for
transcription of most RNA polymerase II-dependent genes. However, a recent study
suggests that a subset of cellular genes are distinctively sensitive to CDK9 inhibition
(Garriga et al.). P-TEFb is dynamically regulated by both positive and negative
regulators. In contrast to Brd4, which is associated with active P-TEFb forms (Jang et
al., 2005; Yang et al., 2005), the small nuclear RNA 7SK (7SK snRNA) and HEXIM1
inhibit CDK9 activity in the inactive P-TEFb complex (Michels et al., 2004; Nguyen et
al., 2001; Yang et al., 2001; Yik et al., 2003). P-TEFb elongation complexes are crucial
for HIV-1 gene transactivation and for viral replication. Recently new P-TEFb
complexes containing the HIV-1 Tat protein were characterized (He et al., ; Sobhian
et al.) providing evidence for the recruitment of an inactive Tat-P-TEFb complex at
the HIV-1 promoter (D'Orso and Frankel). However, defining the diverse nature and
the functions of the P-TEFb complexes will need more investigations. The cellular
cofactor CTIP2 (Bclllb) has been highlighted as a key transcription factor for
thymocyte (Ikawa et al,, ; Li et al.) and neurone (Arlotta et al., 2005) development,
odontogenesis (Golonzhka et al., 2009), cancer evolution (Ganguli-Indra et al., 2009)
and HIV-1 gene silencing (Marban et al., 2007).

Here, we report that CTIP2 represses P-TEFb function as part of an inactive P-

TEFb/7SK/HEXIM1 complex.

RESULTS
CTIP2 is associated with the inactive P-TEFb complex.

First we asked whether CTIP2 was associated with one of the previously described
form of the P-TEFb complex. To do so, we performed immunoprecipitations
experiments. We found that CTIP2 coprecipitated with the CyclinT1 and the CDK9

components of P-TEFb complex (Figure 1A). To define the CTIP2-containing
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complexes, we then separated the previously described P-TEFb complexes by gel-
filtration chromatography (Figure 1B). As shown in figure 1B, CDK9 was detected in
the low molecular weight (LMW) complexes ("free" P-TEFb complexes) and in the
high molecular weight (HMW) complexes that co-eluted with HEXIM1 and the 7SK
snRNA. Interestingly, we found CTIP2 in these earlier fractions containing the HMW
P-TEFb complexes (Figure 1B). These observations suggested that CTIP2 may be part
of an inactive HEXIM1/7SK-including P-TEFb complex. To confirm this hypothesis,
we performed additional coimmunoprecipitation experiments targeting the active
and the inactive forms of the P-TEFb complexes. We found that CTIP2 co-purified
with CyclinT1, CDK9, HEXIM1 and 7SK but not with Brd4, making CTIP2 a new
component of the inactive P-TEFb complex. Confocal observations further confirmed
the co-localization of CTIP2, P-TEFb and HEXIM1 in the previously described CTIP2-
induced nuclear structures (Rohr et al., 2003) (supplemental figurel). As suggested
by the gel filtration elution profile, CTIP2 was not found in the active Brd4/P-TEFb
complexes. The 7SK snRNA functions as a scaffold RNA facilitating the interaction
between HEXIM1 and P-TEFb. To investigate how CTIP2 associates with the inactive
P-TEFb complex, we performed coimmunoprecipitation experiments following
RNase treatments to degrade the 7SK snRNA (Figure 1D). As previously described,
degradation of the 7SK snRNA (Figure 1D right panel) induced the dissociation of P-
TEFb and HEXIM1 (Figure 1D left panel column 5 vs 3). However, CTIP2 remained
associated with HEXIM1 upon RNase treatment suggesting that CTIP2 interacts
directly with HEXIM1 and that the 7SK RNA is required to associate with P-TEFb.
These biochemical observations were supplemented by functional experiments. Since
the HIV-1 LTR is a bonafide P-TEFb sensitive promoter, we quantified its activity
upon CTIP2 knock-down, Tat transactivation and P-TEFb inhibition. We observed
that knocking down CTIP2 increased the Tat-dependent transcriptional activity of
the HIV-1 promoter suggesting that endogenous CTIP2 might contribute to the
repression of Tat by repressing P-TEFb functions (Figure 1E). In support of this
hypothesis, treatments with Flavopyridol, a potent P-TEFb inhibitor, abrogated this

synergistic transcriptional activation. Therefore, we conclude that CTIP2 may
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contribute to P-TEFb repression in the inactive P-TEFb complex. Along this line, we
further investigated on CTIP2 function in this P-TEFb, HEXIM1 and 7SKsnRNA

including nucleo-proteic complex (Figure 2).

CTIP2 interacts with the 75K snRNA

First, gel shift experiments were performed to define if CTIP2 interacts with the
7SKsnRNA in vitro (Figure 2A). As shown, increasing amounts of purified GST-
CTIP2 protein shifted increasing amounts of 32P-labelled 7SKsnRNA indicating that
CTIP2 interacts with the 7SK in vitro. To define whether this interaction persist in
vivo, we performed immunoprecipitations of CTIP2-associated complexes and look
for the presence of the 7SK by RT-PCR. We found that the 7SKsnRNA copurified
with CTIP2 suggesting that this association exists in vivo (Figure 2B). Micro Scale
Thermoforesis experiments confirmed this result but also allow us to precise the
domain of the 7SK involved in this interaction. CTIP2 associated with the Loop 2
domain of the 7SK snRNA (Figure 2C). We then asked which domain of CTIP2 was
involved in the interaction with the 7SK and P-TEFb. To do so, we performed
immunoprecipitation experiments with truncated forms of CTIP2 (Figure 2D). This
mapping confirmed the need of the 7SK snRNA for interaction with P-TEFb but not
with HEXIM1 (figure 2D and supplemental figure 2). Indeed, a CTIP2 mutant lacking
amino-acid 355-813 was unable to associate with 7SK snRNA and P-TEFb but still
associated with HEXIM1 (Figure 2D column 3). Moreover, we identified a domain
centered on the amino-acid 350 as the potential interface for the 7SKsnRNA
interaaction. Surprizingly, deletion of the 717 (out of 813) first amino-acids of CTIP2
was needed to release the interaction with HEXIM1 (Figure 2D column 1). Next, we

tested whether CTIP2 may regulate P-TEFb activity.

CTIP2 inhibits CDK9-mediated phosphorylations
To explain CTIP2-mediated repression of the P-TEFb function, we first hypothesized
that CTIP2 may favor P-TEFb recruitment within the inactive complex. CyclinT1

immunoprecipitation experiments were performed to confirm this hypothesis.
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Surprisingly, CTIP2 overexpression did not favor recruitment of P-TEFb into the
inactive, 7SKsnRNA containing complexes (figure 2E). Since the amount of P-TEFb in
the inactive complex was not impacted by CTIP2, we next asked for the inhibition of
the P-TEFb kinase activity. To do so, we first quantified the CDK9 kinase activity in
CyclinT1 immunoprecipitated complex in the presence or not of CTIP2
overexpression. As shown in figure 2F, CTIP2 overexpression dramatically inhibited
CDKO activity (Figure 2F and supplemental figure 3). To confirm that this repression
also occurs in more physiological conditions, we looked for the global level of
RNApolll serine 2 phophorylation in CTIP2 knocked down cells. Accordingly,
higher levels of RN Apolll serine 2 phophorylation were observed in CTIP2-depleted
cells (Figure 2G). These observations suggested that CTIP2 represses P-TEFb

functions by inhibiting CDK9 activity.

The P-TEFb- and the Chromatin modifying enzymes- complexes are exclusive CTIP2-
including complexes

We have reported that CTIP2 silences HIV-1 gene expression by recruitment of
HDAC1, HDAC2 and SUV39H1 at the viral promoter (Marban et al., 2007). To
examine the existence of multiple CTIP2 complexes, we performed sequential
immunoprecipiations experiments. For this purpose, CTIP2 associated complexes
(IP1) were further immunoprecipitated with anti-HEXIM1 or anti-HDAC2 to
discriminate between the P-TEFb and the chromatin modifying complexes,
respectively (IP2). As shown in Figure 3, HDAC2 and Suv39H1 were excluded from
the P-TEFb complex while CDK9, CyclinT1 nor Hexim1 were found in the chromatin
modifying complex. These data demonstrate that CTIP2 associates at least with two

distinct nuclear complexes.

CTIP2 regulates P-TEFb sensitive genes
To validate the model emerging from our observations and establishing CTIP2 as a
negative component of the P-TEFb complex, we examined the genome-wide

transcriptional consequences of knocking-down CTIP2 in microglial cells and HEK
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cells. Using DNA microarray analysis, genes whose expression was modulated by
siRNA-mediated deletion of CTIP2 (supplemental table 1) were compared to those
regulated by expression of a dominant negative mutant of CDK9 (dnCDK9) (Garriga
et al.). Hierarchical clustering of the genes revealed a strong anti-correlation between
the two gene expression profiles (Figure 4A). Clustering of highly coregulated genes
(-1> Log2 values >1 in both gene profilings) revealed more precisely that 86% of
CDKO sensitive genes are inversely regulated by knocking-down CTIP2 (figure 4B
and supplemental figure 4). The comparisons of the genes significantly (p<0.05)
regulated by CTIP2 overexpression, knock down and dnCDK9 expression in HEK
293 cells confirmed the observations made in the microglial cells (Figure 4C, D, E).
Twenty-five percents of the genes whose expression was significantly (p<0.05)
modified following CTIP2 knock down or overexpression were also sensitive to
dnCDK9 and among them 76% were regulated consistently with a CDK9-inhibitory
activity of CTIP2. Note, that the vast majority of these consistently regulated genes is
repressed upon dnCdk9 expression, correlating with the elongation-activating role of
P-TEFb. Besides, we identified 14% (microglial cells) and 24% (HEK293 cells) of the
CTIP2 target genes to be divergently regulated upon dnCdk9 expression, pointing at
a different mechanism, where CTIP2 can potentially also contribute to Cdk9
activation (Figure 4D). Whether this mode of action is direct or indirect, needs to be

further investigated.

CTIP2 regulates 7SKsnRNA sensitive genes

Since the 7SK snRNA has been described as a key inhibitor of the P-TEFb complex,
we further compared the 7SK-dependent and the CTIP2-dependent transcriptome
(Figure 4F , G). About 48% of the genes were similarly affected by CTIP2
overexpression or 7SK knockdown. This is consistent with a repressive role for CTIP2
in the P-TEFb complex and coincides with our model, in which both 7SK snRNA and
CTIP2 contribute to the inactivation of Cdk9. Surprisingly, 52% of the genes were

found to be inversely regulated following CTIP2 overexpression or 7SK knock-down
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suggesting that CTIP2 would regulate a subset of 7SK-sensitive genes by still

unknown, P-TEFb independent, mechanism (Figure 4F).

CTIP2 regulates CDKO9 sensitive genes from heart of hypertrophic cardiomyopathic mouse

As a member of the an inactive P-TEFb complex, CTIP2 should contribute to regulate
P-TEFb related physiopathological events. To investigate the physiological relevance
of our observations, we focused on one of the most characterized P-TEFb associated
pathology: the hypertrophic cardiomyopathy (HCM). Gene expression profiles from
HCM mouses were compared to those obtained upon CDK9 overexpression and
CTIP2 knock-down (Figure 6). CDK9 overexpression regulated half of the HCM
modulated genes confirming the influence of P-TEFb on this specific pathological
gene expression patern (Figure 6A). We observed a significant correlation between
the gene expression levels from both conditions (Figure 6B). By comparing this
cluster of genes with CTIP2 sensitive genes, we observed that 50% of the CDK9-
sensitive HCM genes were consistantly regulated by a CTIP2 knock-down (Figure 6C
and 6D). Interestingly, key HCM pathways are enriched in the CTIP2/CDKO9 cluster
of modulated genes (Figure 6E). Moreover, a network analysis of the HCM CDK9-
and CTIP2- sensitive genes highlighted the major impact of CTIP2 on the regulation
of the cardiac hypertrophy (Figure 6F). Indeed, key HCM pathways, such as the
MAPK, the Ca2+/Calmodulin, the NF-kB/NFAT and the PI3BK/AKT pathways, are
regulated by CTIP2 (Figure 6F). As a final result, we found that the gene of the
sarcomeric b-myosin heavy chain was regulated by CTIP2 consistantly with a
repression of the CDK9 function (figure 6 G). This observation further argue for a
major influence of CTIP2 in the control of the heart sarcomeres sizes and thereby on

the HCM.

DISCUSSION
The cellular cofactor CTIP2 is a key transcriptional repressor involved in
development (Albu et al., ; Arlotta et al., 2005; Golonzhka et al., 2009; Ikawa et al., ; Li

et al.), T lineage commitment (Li et al., ; Li et al.), cancers (De Keersmaecker et al., ;

127



Annexes

Ganguli-Indra et al., 2009) and HIV-1 gene silencing (Marban et al., 2007). In
association with chromatin modifying enzymes, CTIP2 promotes the establishment
of a local heterochromatin environment at target promoters such as the cellular p21
gene- (Cherrier et al., 2009) and the viral HIV-1 gene- promoters (Marban et al., 2005;
Marban et al., 2007; Rohr et al., 2003). Interestingly, both genes have been reported to
be highly sensitive to the P-TEFb elongation complex (Giraud et al., 2004; Gomes et
al., 2006; Wei et al., 1998).

To secure the cell integrity, P-TEFb is dynamically and physiologically regulated.
The small nuclear RNA 75K and HEXIM1 inhibit CDK9 activity in an inactive
HEXIM-1/7SK/P-TEFb complex (Michels et al., 2004; Nguyen et al., 2001; Yang et al.,
2001; Yik et al., 2003). We show here that CTIP2 associates with the HEXIM1/7SK/P-
TEFb inactive complex, that is distinct from the previously described, CTIP2-
associated, chromatin modifying complex (Marban et al., 2007). Our genome-wide
comparison of the CDK9-sensitive and CTIP2-sensitive cellular genes are consistent
with CTIP2 being a repressive component of the P-TEFb complex. Mechanistically,
we observed that RNA pol II Serin 2 phosphorylation level increases in CTIP2-
knocked down cells. In addition, in vitro kinase assays identified CTIP2 as a direct
inhibitor of CDK9 enzymatic activity. Based on these observations, we propose that
when associated with HEXIM-1/7SK/P-TEFb, CTIP2 strongly represses the CDK9-
associated kinase activity and leads to the inhibition of P-TEFb function.
Interestingly, the presence of the 7SKsnRNA is crucial in recruiting CTIP2 to P-TEFb.
CTIP2 is able to bind the 7SKsnRNA in vitro and in vivo assays suggesting a direct
interaction between both components. The 7SK snRNA has been shown to have at
least two major functions in gene expression: it negatively regulates P-TEFb activity
and it acts as a negative regulator of the architectural transcription factor HMGA1
(Eilebrecht et al.). Interestingly, CTIP2 and HMGAT1 both associate with the loop 2
region of the 7SK. Moreover, the results that we present in the same issue (Authors to
be defined) suggest that CTIP2 collaborates with HMGAI1 to inhibit HIV-1 gene
transcription and the viral replication. Since we have also observed that endogenous

CTIP2 repressed the Tat/P-TEFb- mediated transactivation of the HIV-1 promoter

128



Annexes

(figure 1E), the repressive activity of CTIP2 and HMGA1 on this P-TEFb sensitive
promoter is now attested. In addition, this control P-TEFb might contribute to
counteract the viral reactivations in silent HIV-1 reservoirs.

While approximately 50% of the genes were similarly modified upon CTIP2
overexpression or 7SK knockdown, the remaining half showed an inverse
correlation. This subset of genes was identified as activated by CTIP2, but repressed
by 7SK. These genes are likely regulated by CTIP2 in a CDK9-independent manner.
D'Orso and collaborators showed the recruitment of the inactive P-TEFb complex at
the Spl binding sites of HIV-1 promoter. However, no mechanistic evidence was
provided on the way of this recruitment. Since CTIP2 is anchored to the Sp1 region
via an association with Sp1 protein, it is more than expectable that CTIP2 constitutes
a platform for P-TEFb recruitment at target promoters.

Together with AIDS, hypertrophic cardiomyopathy is a well described P-TEFb
dependent pathology (for review see (Harvey and Leinwand, ; McKinsey and Kass,
2007)). Upon hypertrophic cardiomyopathy (HCM), the o-myosin heavy chain
overexpression induces an increasing size of the sarcomeres and a pathological
thickening of the heart muscle. This final target gene expression is controled by
multiple pathways all contributing to HCM (Harvey and Leinwand). Our results
suggest that CTIP2 contributes to the control of the MAPK-, the Ca2+/Calmodulin-,
the NF-kB/NFAT- and the PIBK/AKT- pathways. In addition, we show that CTIP2
inhibits the expression of the o-myosin heavy chain (MYH?7) consistantly with
repression of the CDK9 activity. Taken together, our results suggest that CTIP2 is a
potent inhibitor of P-TEFb functions in twoo of the most charaterized P-TEFb
sensitive pathologies that are AIDS and HCM. As part of a 7SK/HEXIM1/P-TEFb
complex, CTIP2 controls P-TEFb-sensitive gene expression and thereby may

constitute a new pharmaceutical target for the P-TEFb-dependent pathologies.
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EXPERIMENTAL PROCEDURES

Plasmids

The constructs used in our assays have been described previously: pcDNAS3,
pshRNA-CTIP2, pshRNA-control, RFP-CTIP2, pFLAG-CTIP2 and pFLAG-CTIP2
deletion constructs in (Marban et al., 2007).

Cell culture

The human microglial cell line (provided by M. Tardieu, Paris, France) (Janabi et al.,
1995), and HEK293T cell lines were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% foetal calf serum and 100 U/ml penicillin—
streptomycin.

Co-immunoprecipitation assays

HEK 293T cells cultured in 100-mm-diameter dishes were transfected using the
calcium phosphate co-precipitation method with the indicated plasmids (30ug). Two
days post-transfection, immunoprecipitations were performed using the standard
technique with M2 anti-FLAG (Sigma), anti-Hexim1 (Abcam) or anti-cyclinT1 (Santa
Cruz) antibodies overnight at 4°C with or without RNAse or HMBA treatments.
Finally, the immunoprecipitated complexes were processed for SDS-PAGE and
Western blot analysis, real time RT-Q-PCR or RT-PCR assay. For real time RT-Q-PCR
experiments, 7SK snRNA was quantified for each immunoprecipitation and results
were normalized to the EEF1A1 copies. The presence of 7SK in immunoprecipitated-
complexes was also access by agarose gel electrophoresis after RT-PCR amplification.
SDS-PAGE and Western blot analysis

SDS-PAGE were performed using standard techniques. Proteins were detected using
antibodies directed against the FLAG epitope (M2 mouse monoclonal from Sigma),
CyclinT1 and CDK9 (Santa Cruz), CTIP2, Brd4 and Heximl proteins (Abcam).
Proteins were visualized by chemiluminescence wusing the Super Signal
Chemiluminescence Detection System (Pierce).

Gel filtration experiments
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3mg of microglial cells nuclear extracts were concentrated by using a Microcon YM-
10 Centrifugal Filter Unit (3,000 Nominal Molecular Weight Limit) and separated by
gel filtration on a Superose 6 PC 3.2/30 column (Amersham Biosciences) that has
been previously calibrated with protein standards (dextran blue, 2000 kDa;
thyroglobulin, 669 kDa; ferritin, 440 kDa) from Amersham Biosciences, as previously
described (Topark-Ngarm et al., 2006). The 29 fractions collected were accessed by
SDS-PAGE and Western blot analysis. PCR experiments were also performed on
each fraction after RT-PCR amplification, and the presence of the 7SK was visualized
after agarose gel electrophoresis.

Micro Scale Thermophoresis (MST)

Total cellular extracts from Flag-CTIP2 expressing HEK293 cells were diluted with
total cellular extract from non-transfected cells. For MST experiments a series of 16
successive dilutions was used ranging from 1:0 to 1:24. 5 ul of each dilution were
incubated with 60 ng of Famé6-labeled 7SK L2 RNA (5-GGG CGU CCC UCC CGA
AGC UGC GCG CUC GGU CGA AGA GGA CGA CCU UCC CCG AAU AGA GGA
GGA C-3’) for 10 minutes on ice in EMSA buffer (10mM HEPES/KOH, pH 7.9,
100mM KCl, 5mM MgClI2, 0.25mM DTT, 0.1mM EDTA, 10% glycerol and 2 mg yeast
tRNA). MST experiments were conducted using a Monolith NT.115 (Nanotemper
Technologies) as described previously >* (Laser-power 12%, Laser-on time 60s, LED-
power 30%).

Transcriptome analyses

For microarray analyses, RNA amplification, labeling, hybridization and detection
were performed following the protocols supplied by Applied Biosystems using the
corresponding kits (Applied Biosystems, ProdNo: 4339628 and 4336875). The data

obtained were analyzed as described previously (Eilebrecht et al., ; Eilebrecht et al.)
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FIGURE LEGENDS

Figure 1 CTIP2 is associated with the inactive P-TEFb complex.

(A) HEK 293T cells expressing Flag-CTIP2 were lysed and immunoprecipitated with
anti-CyclinT1 antibodies or with Non Immune Serum IgG (NIS). Input and
immunoprecipitated proteins were probed with anti-Flag (f-CTIP2), anti-CyclinT1,
anti-CDK9 antibodies. (B) Protein complexes from microglial cells nuclear extracts
were separated in 29 fractions by HPLC gel filtration. Each collected fraction was
submitted to Western blot analysis with the indicated antibodies and processed for
7SK detection by RT-PCR. Before all separations, the column was calibrated with
proteins standards (dextran blue, 2000 kDa, fraction 9; thyroglobulin, 669 kDa,
fraction 14; ferritin, 440 kDa, fraction 17). No proteins of interest or 7SK snRNA was
detected in fractions from 1 to 5 and in fractions from 26 to 29 (data not shown). (C)
HEK 293T cells expressing Flag-CTIP2 were lysed and immunoprecipitated with
anti-Flag antibodies. Input (line 1 and 2) and immunoprecipitated proteins (line 3
and 4) were probed with anti-Flag, anti-BrD4, anti-CyclinT1, anti-CDK9 and anti-
Hexim1 antibodies. The presence of the 7SK snRNA was accessed by RT-PCR
amplification. (D) Cellular extracts were treated (+) or not (-) with RNAse before
beeing subjected to immunoprecipitation with anti-Hexim1 antibodies or non
immune serum as indicated. Inputs (line 1) and immunoprecipitated extracts (line 2,
3, 4 and 5) were probed with anti-CTIP2, anti-CyclinT1, anti-CDK9 and anti-Hexim1
antibodies. 7SKsnRNA degradation has been controled by RT-PCR. (E) Cells were
transfected with the LTR-LUC (HIV-1 promoter) epizomal reporter construct in the
presence of Tat and/or sh-CTIP2 plasmids or the respective control constructs. Cells
were treated with 30 or 100nM of Flavopyridol 24h post-transfection and subjected to
luciferase assays 48hours post transfection. Efficiencies of CTIP2 knock-down and
Tat expression were controled by Western blot (data not shown). Results are

representative to at least tree independent experiments perfomed in triplicate.
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Figure 2 Associated with the 7SK snRNA, CTIP2 inhibits CDK9-mediated phosphorylations
(A) EMSA experiments were performed with a 3?P-7SK snRNA probe and GST or
GST-CTIP2 proteins as indicated. Shifted complexes were visualized by
autoradiography. The control GST EMSA has been performed with the same
quantity of GST as the maximal input of GST-CTIP2 (B) HEK 293T cells were lysed
and subjected to immunoprecipitation with indicated antibodies. The presence of
7SKsnRNA was quantified by RT-Q-PCR after complexes elution and RNA
extraction. . (C) Micro Scale Thermoforesis (MST) of Famé6-labeled 7SK L2 RNA in
exponential dilutions (27, n=0..14) of FLAG-CTIP2 transfected in non-transfected
HEK293 cell-lysates. All mixtures were verified for protein content and for every
other mixture. Quantification of the relative expression rates of tagged proteins using
Image] Software has been performed. Coomassie staining and o-FLAG immuno-
blotting is shown. (D) Mock, Flag-CTIP2 wild-type or Flag-CTIP2 constructs
transfected HEK293T cells were lysed and subjected to immunoprecipitation with
anti-Flag antibodies. The presence of 7SKsnRNA was quantified by RT-Q-PCR after
complexes elution and RNA extraction. Detection of immunoprecipitated proteins
was determined by Western blot analysis with indicated antibodies. (E) Mock or
Flag-CTIP2 transfected cells were lysed and subjected to immunoprecipitation with
indicated antibodies. The presence of 7SKsnRNA was quantified by RT-Q-PCR after
complexes elution and RNA extraction. (F) Flag-CTIP2 or mock transfected cells were
lysed and subjected to immunoprecipitation with anti-Cyclintl antibodies.
Immunoprecipitated proteins were incubated 1H at 30°C with GST-CTD and 1uCi of
P32 labelled ATP. After SDS-PAGE electrophoresis, labelled GST-CTD and
endogenous CDK9 were detected with radiosensitive film. Film quantification was
performed using Image] software. Presence of indicated proteins was determined by
Western blot analysis with the indicated antibodies. The level of GST-CTD was
assessed by coomassie staining. Specificity of the GST-CTD substract has been
controled by using mutated GST-CTD (supplemental figure 5). (G) Extracts from WT
or CTIP2-knocked down cell lines were subjected to Western blot analysis with the

indicated antibodies.
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Figure 3 P-TEFb- and Chromatin modifying enzymes- complexes associated with CTIP2 are
exclusive

Mock or Flag-CTIP2 transfected HEK293T cells were lysed and subjected to
immunoprecipitation with anti-Flag antibodies. After washing, antibodies-bound
complexes were eluted with Flag peptide and immunoprecipitated with the
indicated antibodies. Presence of indicated proteins was determined by Western blot

analysis.

Figure 4 CTIP2 regulates P-TEFb sensitive genes

(A) Samples of 250 ng of RNA from CTIP2 knocked-down microglial cells and wt
cells were amplified and labeled with Cy5 (ela) and Cy3 (mock) (Perkin Elmer),
respectively, using the Agilent Two Colors Low RNA Input Linear Amplification
Labeling Kit according to manufacturer's instructions. Labeled RNA was hybridized
to the Agilent Human whole-genome array (G2534-60011) and analyzed. Expression
data were extracted using Agilent Feature Extraction software (version 9.1.3.1). Raw
data were natural log (In) transformed and signals from multiple probes for the same
gene were averaged. Each array was normalized so that the mean was zero and
standard deviation was one. Data from three independent replicate experiments
were averaged. The profiles were clustered using spearman rank hierachical
clustering using the Cluster software. Shades of yellow and blue represent relative
activation and repression respectively. Genes modulated by the knock-down of
CTIP2 were compared to the genes modulated by an inhibition of the CDK9 activity
(expression of the dnCDK9 construct) (Garriga et al.). (B) Genes highly sensitive to
both dnCDK9 expression and CTIP2 knock-down (modulation average: log2>1) were
clusterized and identified. (C) Transcriptome heatmap of genes statistically
significantly (at least p<0.05) opositely regulated genes by Cdk9 and CTIP2 :
comparison of the expression of dominant negative (dn; kinase dead) Cdk9 with
CTIP2 over-expression and knockdown in HEK cells. (D) As in (C), but for the

statistically significantly co-regulated genes. (E) Table showing the number of target
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genes differentially expressed in each of the comparisons from (C) and (D). (F)
Scatter plot of logQ values for 112 genes significantly (p<0.05) co-regulated by CTIP2
overexpression (black arrow up) and 7SK knockdown (black arrow down). The logQ
values of the same set of genes upon CTIP2 knockdown (grey arrow down) and 7SK
overexpression (grey arrow up) are illustrated in grey. (G) Same as in (F), but for 105

genes anti-regulated in these conditions.

Figure 5 Model for CTIP2-mediated repression of P-TEFb
CTIP2 interacts with HEXIM1 and the 7SKsnRNA to repress P-TEFb kinase activity

and P-TEFb sensitive genes.

Figure 6 CTIP2 regulates P-TEFb-sensitive genes in heart of hypertrophic cardiomyopathic

mouse
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SUPPORTING ON LINE MATERIAL FOR

The cellular cofactor CTIP2 is a negative P-TEFb regulator

Thomas Cherrier?3, et al
Files included :

Figures. S1 to 54
Table S1
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Supplemental figurel, related to figure 1

CTIP2, CyclinT1 and HEXIM1 colocalize in nuclei.

B GFP-HEXIM1

GFP-CyclinT1

RFP-CTIP2
RFP-CTIP2

Mask

GFP-HEXIM. Merge

GFP-CyclinT1 Merge

Cells were transfected with GFP-CyclinT1 (A) and GFP-Hexim1(B) alone or in the presence of RFP-
CTIP2 (C and D). Subnuclear locations were observed by confocal microscopy using Zeiss laser
scanning microscope (Zeiss, Jena, Germany; model 510 inverted) equipped with a Planapo oil (63x)
immersion lens (numerical aperture = 1.4).
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Supplemental figure 2, related to figure 2D

Immunoprecipitations of truncated CTIP2 constructs

Flag-CTIP2

Anti-Flag _1gG

CTIP2

1 145 350 434 610 78

Zinc Zinc  Zinc Zinc
fingerfinger fingers fingers

Flag- immunoprecipitated CTIP2 fragments used in figure 2C were visualized by Western blot
analysis with anti-Flag antibodies.
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Supplemental figure 3, related to figure 2F

Specific phosphorylations of the CTD Serin 2 and Serin 5 by purified P-TEFb complexes

mrvwl

- - <}~ Phosphorylated GST-CTD

<} GST-CTD

ast SRl KTt LD Tl

GST-, GST-CTD and S2/S5 mutated GST-CTD were subjected to phosphorylations assays with co-
purified CDK9/CyclinT1 (Milipore ref 14-685).

(stock diluted 10X = 250ng , 100x = 25ng and 1000X = 2.5ng of purified proteins per assay)

GST proteins were separated by SDS-PAGE and phosphorylations were revealed by autoradiography.
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Supplemental figure 4, related to figure 4 A,B

Quantifications of CTIP2 sensitive genes in control and CTIP2-knocked down cells.

12: 3: 30: 30: 12: 300: 30: 15:
8 : 2 : 20: 20: 8 : 200: 20: 10:
- AW o o] 43I 100] 10 5
d J J J J Y d d d

Relative mRNA quantity

CCDN1 EDH1 p21 SALL1 CASP10 SSBP1 EEF1A1

> - - - - - - - -
E 154 604 12 80- 600- 604 124 12004
<

Z 10~ 40+ 84 60+ 4004 40~ 8 800+
E - - - - - - - -
g

= 519 204 44 404 2004 204 44 4004

HistlH2AC DUSP1 118 BAMBI FLRT3 CHMP2B Gadd45b TMOD1

[l Contro cells
U CTIP2 knocked-down cells

Total RNA were extracted from control and CTIP2-knocked down cells to be subjected to RT-Q-PCR
quantifications of the indicated mRNA. Results were presented relative to the house keeping EEF1A1
gene

Supplemental Table 1, related to figure 4A,B

Exel document available
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Publication 4

Human-Phosphate-Binding-Protein inhibits HIV-1 gene

transcription and replication.

Cherrier T, Elias M, Jeudy A, Gotthard G, Le Douce V, Hallay H, Masson P, Janossy A,
Candolfi E, Rohr O, Chabrieére E, Schwartz C.
Virology Journal 2011

La HPBP (Human Phosphate Binding Protein) est une lipoprotéine découverte
fortuitement et capable de se lier au phosphate avec une haute affinité. HPBP
appartient a la famille des protéines DING, protéines impliquées dans divers
processus biologiques, comme par exemple la régulation du cycle cellulaire. Nous
rapportons ici que HPBP est capabable de réprimer la trancription et la réplication
virale dans une lignée de lymphocytes T, les lymphocytes primaire du sang
périphérique et dans les macrophages primaires. Nous montrons également que
HPBP est efficace aussi bien sur des souches naives que des souches résistante a
I’AZT. Dans nos résultats, HPBP se pose comme une nouvelle et puissante molecule
anti-VIH inhibant la transcription virale, étape du cycle virale actuellement non ciblé
lors des multi-thérapies. Ainsi, HPBP ouvre la voie a de nouvelles stratégies dans le

traitement de l'infection au VIH.

Ma participation a ce travail a été modeste.
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SHORT REPORT

VIROLOGY JOURNAL

Open Access

Human-Phosphate-Binding-Protein inhibits HIV-1
gene transcription and replication

Themas Chamer ), Mikael Ellas™ . Aldia leudy | Gulaume Cotthard”, Vaentin Le Deuce!, Bauda Halay
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Intraduction

Homan immunpdeficiency 1 {HIY-1), dentified (n 983
[17, remains-a global lealth threar respansibie for
warld-wide pandemic. ‘I'he introduction of the highly
active antiretroviral therapy (HAART] in 19% exhibited
thie potential of coring acquired immsme deficiency syn-
drome (ATH), Even though an efféctive ATDS vactinge is
still Baclkiog, HAART hay grestly exlended sorvival (20
ATDS pandenue Jus stabiiacd onou global seale ln 2008
with s estimated 33 wlllion people bdveted worldwide
ydata rom U, 2008}

However, several problems have been enconnrered
since the intraduction af HA AT, and impravemeants in
thie design of deags for HIV-1 gare neaded. & drawhack of
HAAR 15 that the treatment 15 very expensive with lm-
itatinm of ths use to western comntries. HAAR' has.also
several setious side offects leading to trestment interrup-
tior Another major concern is related to the emergenoo
of multidrig resistant viruses which - has been reported in
paticnls receiving HAART [3-5) Tlerelucy, new anlivicel
elruis ace peeded with aclivities wraiest both wild type
el trbinl virvses, Two maejoe cellukar tirpels lor HIV-1
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are currently known which have critical rale in HIV
pathogenesis, i C1M4 T lymphecytes and moneortes!
macrophages including microghial cells, which are the
central pervous system tesident macrophages [G-H]. How
gver, severnl drogs bieing active in CD4= | lpmphocrtes
are ineffective in chronically infected macrophages(ie.
soveral reverse transcriptase inhibitors) (9], and protease
irhibitors bave stpnificantly lower activities an TN T
phages compared o lymplocyies (L0, Thally, mand
olservations sleongly suggest ot even long Lo sup.
pression of FIV-1 replication by HAART cannot totally

elimingre HIV -1 The virus persists in cellalar reservalrs

hecase of viral latency, crvptic angaing replication or
poor dmg peneteation [11-13], Moreaver, these cellalar
reservairs are aften found i essue sanctoary sites where
penetration of drogs is restricted, like in the hrain
[14-16). All these consideratinns (exdstence of several
reservoics, Hesuessanctuary sites and multidruog resis-
tapcel urse the search dee new and onigioal anli HIV-1
Lecabmment sletlegies. Currently Uiere are seven clisses ol
antireirovical [ARY) deops aeatlable n the reatment of
HIV L dnfeeled patients: sucleosdded nuclectide reverse
transeripease (nhibitors (MRTs) nocleotide reverse tran

seriptase inhibitors {MIRTEs), non-nucleaside teverses
transeriptase inhihicors (K MNIRTIS), prorease inhibitors
[Misf, entrvfusion inhihitors (Eis], cosredepror inhibitors
[T =) and integrase mhibitors (IMEs) [17] The thorapy
af LY -1-infécted pationts is based on 2 combination of
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Uiree or more deugs from bwe o inore classes (18]
There have hegn attempts withour sneeess ta develap
vaccines against HIV- | and this field of research needs
new directions [1%27]. Improvemeant of HAAILT is
therefire crucial,

W heligve that new drogs shoald target ather steps of
the FUV-1 eyele such ss transeription sinee there s no
drug currently available rgeting this step, An mcreasing
nurnber of sudics suggest that inhibitors of cellular LTR-
buneling factars; such as ME-EB el SpL repress LTI dree
wen tmnscriptlon | 19,2124, Recently, ot has been shown
thal proteing of the DING family are good candidites Lo
repress HIV-1 gene transcription [25,26].

Adare than 40 NG proteing hove now been plrified,
mosthy from eukarvntes [[277 and personal communica-
tinn] and most of thein are associated with hinlagical pro-
cesses and some diseares | 28], 'The ubiquitous presence:in
ctikaryotes of proteins strudurelly end functdonally related
tr bactersl virofence facbory-is intriguing, as is the shsence
af culiaryetie peoes enceding DENG pn':Luim.. inn datsbises,
Huowewer, eoretioat arguments wogetlwr with experimen-
tal evidences supported an cubiryolle argin Toe DINIG
proteing [29,30], A member of the DING family proteins,
HIBP, was sérendipitously discovered in huwman plasma
while performing structural studles on anocher target, the
HI3l-agsociated homan passewanase RICHNT 731-33] "'he
‘structure topolngy is similar e the one described for solu-
ble phasphate carviers of the ARC transporeer family
|45 that makes HI'BP the first potential phosphate
trunsparter dentificd i human plasma. Meceover, the
association with hPOXL has been hypothisized Lo be
mvalved momlummation pnd atheresclerosis procusses
[37 .. Lator, the ab (e seguencing of HFEP by tandem
uge o mass spectrometry and Xoray crystallograply con
firmed that its gene was missing (rom Lhe seqoenced
huuntnn genome (387 Immunahistochemistey studies per-
farmed in monse tissues demaonstnte that [MNG proteing
are present in most of tasoes, spanning from neurons o
muscle cells and their cellular Incalization is larpely vari-
ahle, bemmg oxclusively ruclear monoegrons, or nuclesr and
cyvioplasmic in muscle cills |, Adrogether, these localize-
Lhorae e consislenl with the bivlosieal foncten thal was
associaled Lo those proleing, cepecilly the reputation)
adteration of vol cucle,

T tesl whether HEB is a potential HIV -1 repressor
e pppeied out dxpements i a lnpboblastold cell Hne
Uurkat) and in peimary cells (Peripherial Blood Lineage
angl maceophage enlmres), We report thar HPRD represses
HIY-1 replivation through the Inhibition of its gene tran-
soription. Furthermone, HPBE is also active sgainst mutant
viruses, Evidence that HIPGE can block HIV-T LTR pro-
muted pxpression and replication should lead to the design
of new drogs which larpgeta ool yed tarpeted step ol the
wirs cyele Lo lrsnscripdion.

Fage 2 of ¢

Materials and methods

Pratein purification

HIBEPHPON] contalning fractions were albtained follow
Ing previoushy described HPON | purilication protoeal
[39], T'an HPRE was puriﬁed fram: these fractions accard-
ing to Renault et wl protoool [33], HPRPSHPON T -cottain-
ing fraction in 26 mM Tris buffer containing. 0.1% Trton
=100, were injected on Bio-Gel TP hydroxyapatite
(Biskad Laborstories, Munich, Germany) eguilibrated
wilh 10 M socdium phosphate pH YO0 This slep was ol
lewed by washing with Lhe same buller and clution by 400
i sediim phiospliate allowed Lo sepacale the bwo pro-
teins, HPBP was not retained on hydroxrapatite egquili

brated without Cacls and was collected in the flivate: Cn
the contrary, HIMONT was retained and subsequently
sluted by higher phosphate concentrations.

Cell culture

16 vells (o Jorkat stable cell line for LTR-lueiferase)
wore srown in REMI 1640 medium supplemenied with
L% feted eall seruomn and i the presence ol penicillio
and sbreptomycln (100 LT mi), Priouey Macrophiages
wiere ciltueed and prepaced as previously describesd 1407,

Antiretraviral compounds

Stock of A4 (Glavo Wellcome) was prepared as (L1
mad solutinn In direthylsulfxide {Meres) and stored a1
=700 Stock solutions were further diluted in coltore
mudinm immediately pror to ose

Luciferass assays

LG5 cells (o Jurlat stable cell line lor LTR-luciferase)
weee transtected (5« 10™ 107 cells/transfection) using
DEAE-destran fransfection method withh HIV-1 pNLE3.
T dines Liter, calls were collected and luciterase activ
ity was determingd using the Dual-GlaTM [aciferasze
Assay Svstem |Momega). Values correspond fooan avers
age of af least three independent experiments performed
in duplicate.

HIV-1 infection and viral replication

L5 colls fa Jurkat stable cell line for LTR-lucilerase)
wiere transfected (5« 107107 eellsftransfiction) using
DEAE-dextran (ransbection method with HTV-1 pMNLE3,
Alter 2 I indieated anount of HFBP was sdded o cell
cultire medinm, HIV-L ceplloation wias monitoved as
deseribed previoushy [11].

Purified PRLs were prepaved from peripheral blood of
healthy donirs as described previcosiy (42] For purified
PO preparation, Ficoll-Hypague (Fharmacia, Uppsala,
Swiden)-izolated PEMCE were incubated for 2k an 2%
gelatincoated plates. Mooadherent colls, $68% thet wer
PELs, ws wsscssed by CD45/CDN4 detectivn by Mow

cvlomeiry analysis {Simultest Lewcogale, Beelun
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Dhickingon, San Jose, ©AC LIBAL were [rvested alter
Ficall-Hypague isolation and adherence. 'ELs ware cul-
fivated in RUM I with 10% (vevl FRS supplemented with
human recombinant 1L=2 G ILIm) fallowing trent-
ment with 'HA {5 pgiml) for 8 b Cofrored in 2ewell
plates, cells were glectroporated {Biorad Gene Pulser X
Coll] with the complebe HTIV-1 imnfectious molecalar
¢lome pHL4A For infection expeciments, cells were
infocted (50 ogimillion cells) with a wi lvmphotropic
stroin pHL43 o an ALZT reststant lvmpholropie stealn
ppurchmged by NTH ATDS cesearch and relerence pro-
grant flot nuinber 0014 AQLB G106, post AZT lso
latesy [43], HIV-1 replicarion was monitored as
described previonsly (407

tacrnphages cells were rultured and prepared as pre-
rinusly described [40]. Cultored in 24-well plates. calla
wire transfected using Lipofectaminge 2000 reagent
tlovitrogen, Carlshad, CA, USA) with the complete
HIY-1 infectious moleculsr clone pLAeS For infectien
wapurimernts, cells were Infected (50 o/million cells)
witl the peudo byped pINLE3-VEV L vibus: Vesicular
slomukitis vicus G protedn [VEV G) peeadolyped virions
wete procuced by cotransfection of 2937 cells with 500
ng ol VEV-G expressed with plasnibd pHCMVE along
with 2 g of the provieal clone, HIV-1 replication was
monitored as described previnusbs B Values corre-
spond to an average of ot least three independent
experiments carried out in duplicages.

MTT assay

Turkat cells, as woell primery cefls, Lo PBL end macro-
phages, were Bevded in 98- well platesand indicated
umount of HPEF was edded to cell culture mcdiom. The
possibile cvtotoxde effect of the antiretroviol compounds
tearer] was examined using o 3 [1.5 Dimethylthlazal 2
yl]- 2.5 dipleeny tetrazolinm bromide (MTT) assar (447,
Cells were gronen at 37°C5% CO¥2 for & days in the pre-
sence of antiretroviral compounds af individoal concen-
trations of 100, 20, 5, ar 0 oM, before removal of the
supernatant and meplacement with 0025 mygiml MTT
imigma} o phenol red-free RPMI- 10440 (Life Techoolo-
pdis ), Aller moubabion sl 37°CH% C02 for 1 b, the
MTTcontuiming supernitunl was remdved and the cells
Ivmed wilh 5 mb ol sopropanol- LD HCL (%64 wiv), Tripli-
cale 100 | voluowes of dye-contuinipg superpabant were
transferved to a %-well ELISA plate {Mune) and the
ahsorpticn measured at 570 nm. using hackground sub-
tractinm at 630 nny,

Statistical analysis
Values are the means and 505 of independent experi-
ments, Statstical analysis wes performed by Student's
fest, wnd dafferences were considered signilicant al o
value of = 005,
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Results

1. HPEP represses HIV-1 gene transcription and
rephcation

I order to adsess the antl HIV-1 activity of HIPBI, we
tested HIMHP, HPOMT and the camplex HPBP/HPONT,
froi: thieir activities an HIY-1 gene transeription and repli-
cation, The complex HEBF-HPCR ¢ Figure 1.4 and 1.6
lane 2] and the porified PONT (Figore 1A and 18 Lane
4} did not have significant impact noither an HIV-1 repli-
catmon nar an HIV-1 gene truosenplivn. Howeser, purilied
HPBF stromgly repressed HIV-1 replication and Lranscnp-
Lioer frespeciively a0 and T0% a5 shown In Taguee LA end
LB lage 37, AZT treatiment (10 gy, used as o cantrol,
wag etflelent to repress HIV -1 peplication byt not HIV-1
gene rranacriprion {Figure LA and | B lane 5. Heat-lnacti-
vared HI'BP, used in another control esperinent, had no
effect an HIV-1 feplication [data not shown),

2. Dose response and cytotoxicity assay for HPBP

Figure 2 shows the dose response elfecl of HPEF on the
Turkal cells witl an T30 (50% infulilory concenlotion)
cgual Lo 5wl To measure the cytsloxic ellecl of HPBP
ol these cells we wsed the MTT (32085 dimethylthinzol
2-vly-2 5-diphenyltetmazaliom bromide] eyratovicite assa
[44], Wesnles, shown in Figure 2 (green linel, allowsd s
to caleulage (S0 [50% toxicity concentration] ta be
squal to 526 nhl. We next performed dose response
exporiments and MTT cytatoxicity gsagys o primary
cerlls. in [—’r_'riphl.:nca| Blood Colls (PEL), the ICR0 15 esta-
mated bo 5onkl and the GO L5 estimusted to 2M nbd,
Comperable results were oblained o primary macro-
phages with wi 1C50 ol 5 nd and o SO0 of 140 oM
[gee table 1)

3. HPBF |5 efficient agalnst drug-reststant straln of HIV-1
To nssess the anti HIV-1 activity of HPEED against
mutant viruses, we performed a dose respanse effect of
HPBEE o PBL infected with an HIV-1 A7 T -resistant
strain (lot number 014 ADTE-GA10-0, post ALT fso-
lates) |43 Asshown in Figure 3, FIPBE s active sgainst
the mutgnl stotdn with an [C50 05 nM) to the same
extond ay observed lor the wild Lepe striin,

Discussion

HEBF 1 a member ol the DING protein Guoly identi
fiee in etlarvates for theiy mplication in diverse biolo
gical processes [2R.371 Here, we show thar the human
phosphate binding protein has o patent anti HIV-1
activity. Previnus ohservitinns suggested that l:iE'T-'l”,
anther member of the DING protein family (sofated
from the-plant flypericim perfinasn, Tepresses FLV-T
replicativn and transcoipivn |25445,46]. However, ib iy
notewecthy o proclse thal thiy ohibier elfeel s dose
doprndenl Indeod il was shown by the seme group al

152



Annexes

Charmier et af, Vinology doomal 2017, 8352
hitpdtameairulugyeam foanien 1A 1/352

Heludby e Tenmuerigiitm
HabaitvelepBeatlmn

TRRRT L S0 AL TR TIPSR B it i IR C50 LY nel 13 AT 1 ||rLf_- weikh e 24
recanen 2y wang rromtoEd 44 b pest tranafection Valem comoesors 0 F avcrage of gt kot tmoe Indiporcent sipetments cormad. eut in
el ares Thie faeedig ool Ui Sk Gl p g e =D PR e cagon e lestd brec S0P AG il Cetnigee e L wainingg 10

Fage 4 of ¢
b
[SERT T
Bl fl
Ll
SHFET -
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by wagre triarmileston walh the pRIL= 3 mowiras (19 Biack 570 | IFIR
sl ARG i T e bl LY arn ) HIRT

FZ?E' has g dual role on MOPTimonecyee chemoal -
tanl protein 11 geoc dranscriplion being gn aclivalor al
Iow conventeallon and wg nhibilor et high concentea-
tion (A7), This lead us 1o hvpotheslze that HPBEP might
also have antiviral activitdes, Simce TG T lymphocytes
aned cells fram imonacvte- macrophage lingages ave major
targets for HIV-1, we assessed the e witro antiviral
acrivity of HIFE in lymphohlastoid esll fines {Jurkat),
primary monocyte!macrophage celis and peripharal
alood ymphocvtes presenting Isboratory and alinical
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solates of HIV-L The inhilstery cffece of JIPBE en
HIV-1 replication s very streng, Uie TS50 value being m
W panze of 5 obd Lo 10 nbd, and elsu compared (o
olher cantonical doogs corrently used in HAART (15 ndd
o 67 pd Jor AZT and 40 oM o 85 ph for temalivie)
[48]. &t this concentration HPE i alsa o gatent anti
HIV-1 drg in 'Hland in primary macrophages, which
is not trise for several nther anti HIV-T drogs, For egame-
ple. & W1 inhibitors, e, Lamiviadine, enricicahine and
AT have different 1O values when assessed for their
antiviral activity in PBL and maceophages [49]. Farther-
meore, the CCS0 veluvs for HPBF were in the range of
L0 vl fw 200 o and the selectvily index CCS0TC50
[Fallo Between e toxic dode s e inhdbitory dose) of
HIEE was it the raoge of 25 to 40, This high ratio mdi-
cittes Lhat the therapeutical ndes should therefore be
ligh enaugh e use in dy vivo stelies,

HPBM also amerged a5 a promising candidate for drg
development as ir rargets HIV-1 rranseniption; a phase
af the HIYV-1 cycle nat yet targeted by ather drogs. In
prodoctive cells, the transeription of the provirms DA
in regulztdd bythe interplay of a combination of vira
and cellular trapscraplion factoes |#E55] Darbinian and
coll, have identitied Lhe profyin F‘!?ﬁr. which belongs Lo
Lhe DINEG protein Gamily snd Inbubits he activity of the

Table 1 CC50 and IC50 values in peripheral blaod

Iymphocytes and in primary macrophages

Peripharal Blood Lymphocytes:  Primary Macrophagas
ALK ikt 141 ik

A % Tt 5l
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Figure 3 Dose response of HPBF an an AZT-resistant HIV-1
strain, “BL vz infoctod witn ST resstant st of H
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HIV-1 promoler by lerlecing with NE-ILG, BNA pol 11
and Tal |45:46). Targeling cellular Gotors, 1o, NT-ILG
has U adventage that ressstance W these new deups
shoudd evolve with a lower probabillty. More npor
tantly, mnferfering with Tat will ensuce a sttong and
selective repression of HIV-1 replication.

Since it introdacrion in 19496, antiretroviral therapy
has changed thie elinical coorse of FHIY and ALLS, Howe-
ever drupg redistance has occurmed with all of the antire-
trivviral agents. It is now 8 major public-health concern
and it 15 crocial to design new antiretroviral drogs
[543 ). Thise new drogs shoold mhibie FITV replication
by tarpeling new sleps within the vical W cwcle O proat
mlercst HEBE, whach terpets transcnplion, 15 oy effective
agnst diug resistant HIV sivains as boowild vpe stiading,
highllghring the patential therapentic advantage of
HEFRE The molecular mechanism of action is uinknown
bt cnrrently under invesrigation, In the future, pharma-
caphnres. (“part of a malecule that is necessary 1 enaure
the optimal Interactions with-a specific hinlogical carget
and to trigger {or block} its binlogical resporse’) can be
mierred from the characterization of these hinchemical
sbuclicn,

In vonclusion, this work ndicales that HERP bas o
patent amte HIV getbvity wosal the inhibition of tran-
scrlption o pol yel ladgeted phase of the virns cycle,
However mlditonal experiments vegarding the HERP
tmpact an HIV replication and gene transeriprion Fave

Fage 5 of ¢

1o be perlormed on other vical steains nclugling several
ather muant straing (KT s, NNRTs and protease
inhibitars). We helieve that this protein or ite derivarives
are potentially intevesting molecules and deserve further
studies. As auggested for X-EANG-C24 [260], this work
could also pnoover & new funcrion for proteins |'u=2|nng-
ing te the DING protemn family, thet (s 8 role in the
innute response Lo infection incloding HIV-1, New
Investpations will be needed in order to precise the
bmportanee of the DING protetns. I ey been previoosly
shown Ul HPBF s Ushitly associated wilth HPON] [54],
The'seacch of o coreelillon belween U HPBP abun
donce, its biologic availability, the HFRPAHPOM ratia
and the nan progresslon in the disease AT In the
“dlite non pragresanrs dohort™ will he of great interest.
Fimally DING proteins may constitte & marker for
A5 peogression sinee it has heen shown thar batch
FIPCYS aotivity end It concentration hove been altered
in the presence of THY-1 [67.58].
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Annexes

Publication 5

Molecular mechanisms of HIV-1 persistence in the monocyte-

macrophage lineage.

Le Douce V, Herbein G, Rohr O, Schwartz C.
Retrovirology 2010

L’introduction des thérapies anti-rétrovirales hautement act{itd$ART) a grandement
ameélioré la survie des patients. Cependant, ces traitements neapialble de soigner
définitivement les patients et ont permis de révéler la présdaceeservoirs de virus
quiescent, comme celles de la lignée monocyte-macrophage. La uinigeit au moins une
réduction importante de ces réservoirs viraux durable est une corsiliBogua none pour
esperer atteindre I'éradication totale du virus. Cette revumieentre sur les mécanismes
moléculaires responsables de la persistance dans les cealilda lignée monocyte-
macrophage. La polémique entourant la latence et/ou la replicayjotiqae chronique sera
tout particulierement évoquée. En marge de cela s’ajoute lquites cellules de la lignée
monocyte-macrophage infectées par le VIH-1 restent partieol@gmt resistantes a
I'apoptose. L’incidence sur I'éradication virale inhérente decstactéristique de ces cellules
sera également discutée. Comprendre les mécanismes de pegsidte VIH-1 apparait
comme un prérequis a I'élaboration de nouvelles thérapies visasbenplir I'éradication du
virus.

J'ai réalisé l'intégralité des figures présente dans cette retiest activement participer au
travail de rédaction
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Molecular mechanisms of HIV-1 persistence in the
monocyte-macrophage lineage

Walerilin e Douce! Tacrgey Herbesd, Jileie Rebe® L ard Copslia Sckwarizt -

Abstract

i

L]

i

Thedntechaction of tho mgaly active antbemmovirad thempe U ASETT hasgeary imamser survenl coseewer, these
Treatmienty L ettty Suee the parienss and il e presenee of aodicsennt HIY
ranecyhe rracmahags lresae A plsae of at least aigaitican edustion of tress ona lved HVGL wasamsir will bie
acoded te raise the hopa ot thevical cradication, This sevicw foruses an 108 moidauisr mecha nismsressans b o
viral persistence in calisot the monooyic- Tacrophaae Hneage, Cortioversy on letency andior oneat o chmnic
melication ol be speciToally avokas. I acdition, fince == Infecied monocyte-racroshags cails appear i be o
{ETART 10 Ao soeis, This obstacle o thevikal eradicatior will becigouszad. Unoemanding the (rtmate micchanisms
Ht=] jpermishancs iz a prarseguizine o dedine naw atc ofiginal tharspias aimng toechiowe viral eradication;

reserelss ey cells o

Introduction

Human imrunedeficlency 1 (HIV- 1), identified in 1983
[1], renwming a gloebal health threat responsible for a
world -wide pondemle, Several advances have been mace
in enring acquired immune deficiency syndrome (AT
since the infroduction of the highly active antiretroviral
therapy (HAZIT) in 19%6, 4108 pandemic has stahilized
on a glohal scale in 2008 with an estimated 23 million
penple infected worldwide [data from LN, 2008}, Fven if
an effective ALTYS vaccine is still lxcking, the introduction
of HaART greatly extended survival, This therapy can
meduce plasma vitus levels helow detection limies (= 5
copies/mil, [t indueis a biphasic decline of HIV-1-RNA
with a rapid detline of infected CDEs T ocolls thall e 0.5
dayv) followed by a decline ovigmating from infocted tissoe
mucropheges (hall like 2 weeks) (21 However, with very
semaillve methody %3], % residual siremia by el deteced
in patients on HAART. Morcover, HIV ENA retwrms Looa
measerable plasma level o less Hoe bwo weeks wlien
HAART Is interraplod [56], These obscrvitions stpgeel
il even Jong e suppressicn of HIV-L replication by
HAART connel totally ellmiiate HIV L, the vligs persists
i cellubar reservoizs because of vical lapency, cryplic
ongoing replication or poor drog penetration [7-9] In
[ace, the persistence of infection 1 not <o surprising since,

Rt T LT R TR TR e

INEEARY il B9, Fattpanyminkegy s Cerme Mepes e i ueal
W e U Koebeds, s dhasho oo Fanes
Fib Het OF goti N Cmiiatlon b sheataly sl im0 Of thieanioks

feom an evelulienwey pobont ol yview, tis s e best form
af adapraion of virises o the lost epviionment. There
are easentially twa theories of pecaistent infection: latency
and angoing replication, Latency is best described as o
lack of provieal gete expression, On the sther hand,
ongoing |'epiimti:_'|n requires continpous wiral EXprEssion
withont cvtopathic effects. [t is impartant to distmguish
hetween the two possibilities since they call for very dif-
ferent therapeutic infarventiond, 'The theory of angaing
replivation suggests thar drug resistance o treatnient
may develape In this case treatment ntensification and
the deslgn af new anti HIV-1 molecoles are needed in tho
Ity term. On the other hand, if virnses are nileased by
buorat from steble roservolrs, malti drog resistance dods
not dovelop, howewer HAART alone iy ioeffective. Inthis
case new -strategies are needed W opurge the reservaoirs,
which o combinabion with HAART should by able Lo
cradicate the virds anomlvcled palicnts.

Resting memory T8 T cells are the majar eellular
ariel bl Best claraclerlaed cescrvolr oo e oatueal hosl
[7,00-13], The presence of Jalenl provical HEV-1 DNA n
tils cell populatlon lss been undsulitedly proven [10],

Bt there ave other reservolrs, Genetic studies showel

that during vebound vicemin (when HASRT was [nter
rupted}) the virus could be detected lrom another peser
vair than the T+ T ocells [14-16], It has been propasecd
thar peripheral blood monocytes, dendritic cells and
macraphages in the lmph pade=s and haematppoitic stém
cells i the hone niwrrow can be Infected fatentiv and

; " 3 2010 L Dowze et al lieensas ichied Centrsl L, This =2n Open fczessartice distrlbuzd under the t=mms 6 e Creativs Cammors
L Biolied Cortral anriran | eense (psemanssmnmnnnd ar st 200 slveh pemies anretncted 1o, dleribuitiecs 2nd ropradieton in
4 oyt eovssifinnry gl eorigivil veor K iv sy <in=l
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heeretore contribate to the viral persistence [17-23], 1L is
still debated whether ar not vieal peesistence in these lat
ler eeseivairs 18 due o e lateney o b low level anao
ing replication {23.24].

Lt thig peview, we ocus e the molegulor mechanisms
responsible for viral persistence in cells.of the monocyte
macrophoge linexge since they are believed o be an
inrpartant source of HIV-1 (14,197, Several features miake
calls from this lineage o porential HIV-1 réservoir. Con
trary to CI T cefls, HIV-1 infection is generally nat
Iytic for these cells [2526] The particles produced in
miacraphages are budding into. Intrmevrtoplasmic com
partments which may represent fvored gites far HIV-1
assembly, [27.28] iseealso the accompanying review from
Benarach et al). Mechanisms underlying HIV-1 budding
that mvobved Gag and the ERSCIT pachway, were recently
resdewrd [29]. Cells from momocyte-mscrophage ares also
more resistant to-cymnparhic effects and they are able 1o
harbar viruses for a langer period. It may arvive thar
infected tizsme macraphages. such 65 micragiial cells in
thie hrain, produice viruses during their total lifespan [30].
Finally, a major ohstacle for the eradication of the viras is
that HiY-1 makes infected monacyse-macmphage oells
more resistant to apoptosis, Understanding the intimate
mechanisms underlying HIV-1 persistencein the mono-
cyte-macrnphage: lineage will he needed to devise new
and nriginal therapies to achieve viral eradication,

Evidence for the constitution of an HIV-1 reservair
by cells from the monocyte-macrophage lineage
Cella of myeloid lineage meluding monoevtes, mac-
rophiages and dendetic cefls (figure 1) play an imporeant
mitle in the iniislinfection-and therefore comrbute to it
pathopenesis throughout the conrse of infection. This iy
mainly beciuse these cells are critical immime cells
responsible fora wide range of both innate snd adaptative
imamurse fursctions.

Infected mmonocyees have been reowvored frome cho
Blowd of HIV-1 infected patients, even from those oo
[HAART and with a vired load below detectable limits
[1921] Eerlystudics have shown thet monocyies harhor
latemt HIY-1 peovical DWA 325 Intecostingly, @ minor
mingcyie subset, the COVNG+ |8 more permissive fe the
infection than the more abundant CD144++CD16- muono-
eyl subsots {33 Although HIV-1 provical DRA R only
i less than Vol circolating monecytes (botween G001 1o
L), thiwe cells st mmportant eical reservoirs and ane
responsible lor the dissemination of HIV-1 oty sancliss-
dessuch pe the bram | 1223,31,32,35), Inlecied cireulating
huiela HERT L EET (U wlse recruited to the 5arer-;J|!1lL~:slirLa] track,
They latvr ddlvrentiate inlo macrophages and loem the
HIV-1 peservoir ol e dnlestioe |36,37), Some sulhors
supgesl il these cells are not lae letend cells: since
monegylos rooain o cieculutlon foe only up to § davsand

Page 2ol 16

replication competent viveses moy be recovered Toom e
blowd of patlents. They rather suggest that & recent ongo
I [nfecting of these cells ar thelr precursors tkes plice
[38]. In favor of thle suggestion & the vical evalution
within this compartment [19,

[Fenclritic cefls are also invohved in the dissemination of
HIV- | following prinary infection 139], After capluring
viruges ar the sice of infection, mature dendritic calls
roigrate inte lymph nodes where they participare in the
mansmission of HIY-1 o Cd4y T cells [40] Marure
myelodd dendritic cells located in lymph nodes can sos-
tain a very low level viros replication and therefore havea
potemtial role in HIV-1 fwency andlor ongoing replica
tion, The mechanism of this viral persistence is nat yer
lenewen [41-43],

Macrophages harhoring the CId receptar and CORS
corecepror Are now recagnized as early cellular targers for
HIV-1 [44]. These cells are ahle ta produce: and harkaor
the virng for o longer periad, This is partly due o the
lvigher resistance of these ceils to ovioparhic effects. [Eis
less clear whether macrophages hove & role in HIY-]
lacency [22.45] or not. In patients on HAART very few
lymph node macrephages are Infected (ahonr 1L005%
Hpweerar, the finding of fo wive reactivation of thess
inferted macrophages in response to opportunistic infec
tinns 15 n favor of macrophages as HIV-T reseryiirs
|46,47|, Finally, resident macrophages of the centeal ner-
vons systern (OS] deserve pttention since they ore
invalved in the pathogenesiz of HIV=1-associated demen-
tin [4HA4% Four types of macraphages were described in
this CMS, the meningeal macrophages, the macrophages
of the choroid-plexus, the perivascular macroiphages and
the microglial cells (48] Among these four types. the
perivascular macrophages and the microghial eells zre the
paain targets for HIY-1 moche S [49], These cells have a
low turmover, 2-3 months [or the perivascolar mac
rophages snd several vears for the microglial cells: Thise
features make those colls potential reservonrs for V-]
[ELRATR

IMuematopoitic cells {1 TPC) have also boen proposed toe

Herve A5 s vired peservain since a subpopalation of CTEd+

HPCs express CDd and CCRS and/or CXCRS and these
culls are susceptible w HIV-1 inloction |51-534]. Forther-
miore, THUY-1-infected CEN+ TIPCs have been doetected
im some paticnts [55056]. Interestingly, the D344 CDds
HPC subset hasan mmpamed development end growth
whwen HIV- 1 s present. This HPC will then penerite a suls
population of monecyles pecmisstve Lo HIV-1 mlce lion
with o low level of CD4 receplor and bn ineresse ol
CDLg recepter (CD 14 CTHE— ), This popolation ol
moneeyvle may dillerentiate in dendritic colls in Ussoes
suech ag Bamph nodes [(57-59], 1L is nol vel woll undersioael
whielther the aboormalities® leading w0 the generaiion ol
s peemissive cell popalation are due Lo diect o any
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e g s et g () st sl et i, i sty e Al ol o s st
2 b Aersntiate N3 2 FRnans MomoRtssmigraion 1o spedific tisess ane thelr o fersnipnien sozurupen astulicn ofa oiffersnt cttaney,
e e e e ] A T R el S e e
%ﬁ“mﬂ‘ﬂﬁuf@fmﬁ ol il - mehr e ¢ an ey Betenuine sanq e e deeci ol e peasmarytoid
Indirect lnteraction with HIV. 1, A further investigation is  and the pre [utegration complex enters the nucleus where
needed, since these HPCs generate an infected cell lin- the proviral mnwmmmm cell gename.
eage that may spread HIV. 1 to sanctuniies, In productive %m'mmﬂﬁm of the provirus DNA
s vegulated Ly the interplay of 2 combination of viral and
of HIV-1 latency in the monocyte- cellular transeription factors [60-63], However, cells that
Mﬂ‘"“r Hi = lack ar have o low level of HIV- 1 expressian are alsa pres-
m‘ tmﬂm fusion-mediated entry into the hmk‘ﬂ} the et and contritute to viral persistence. It is still contra-
wirus is ancoared, the virus genome is reverse transeribed  versial whether or not true latency occurs in infected cells.
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Trom Che monocyte macrophiage: Mieage, Tor this reason,
butalso o aveld confusion, the ward latency will be used
L the following sections, nol sbeicto s as previoushy
datined, but in a largee sensewhich includes tone fntency
and low angoing replication. Contrary ta the CHB4 T
cellz, in which the mechanizms of the establishment and
the nraintenancs of true ktency have besp well described
[84], our knowledge of the molecular mechanisms under
lying latency in the monocyte macrophage lineage is
oot Like in C04 T cells; two tvpes of latency acour in
cellz fromt the manecyre-mactophage linegps,

Pre-Integration latency

Pre-Intepration btvney s [requently observed in CD44 T
celbs This form of Inlendy hay s very Umuted comtribution
Lo vizal persistence since ihe ball Bives of tie cols s very
shorl (1 dav), Uhn thie contrary, this [otm of latency in the
mondevle-macrophage Hoeage may cootoibule G the for
minthon ol ceservoics ooa langer extent and may partici
pate o vical disseodnstlon This leem of latency is
chinrselerioed by o poor reverse anscriplase polivily and
Mhepelire b bs uodable o synthesiee e provicus DAL
Wiriows mechanssms wae mvelved n s foro ol ltency
such s bepennotation of he DNA leduged by the
euslrictivn faclor APOBECE, a luw level ol dNTP pool
aned o pnpeired poclear lopostation of e pre-liteprs.
Lion complex associated L g low level of AT pool (63
68|, Several reports peinted oun that mecrophages can
hachor lopge quantities of unlilepraied vieal DNA in e
clicular form [69,70], Mareover, Wese uiditeprited DIRA
rernain stable for wp to twio ponths inonon dviding mae
rophages [6%) Interestingly, che accessory vical provein
Wisr b lmportanl for vicel replication i the monocyte:
maceophinge lneege, but not loe non diading CHdy T
cells [71]) Indeed, deletion of YWper decrsases ranscription
from unintegeated HIVOL DNA up eo [0 tmes [72), A
pecent report suggests that nfected humsn naccaplisses
cin spport persistent transcription fom this uninte:
geated DA [T3] These civcidor forms of episomal DA
mgy therefore account for persistence and expression in
non dividing cells such as maciophiges [74],

Past-Integration latency

Puost-intepration lbendy oo omew the viral gonome has
bevn reverse Lranscribed and has boen stally fnteprated
into the hust genomie. At thet moment, the level of tran-
seription i very liw with g oo or 2 dow Jevel ol vitis meple
cubiven, dechantsmy penerating HIV Jaleney o the G0
T veths are well described 17576]0 Viea! penome Inbegre
e in pepressive belerechrmmatm may secount oo the
establishment of lalency insome ceses [77] Transerip-
opal fnterlirence may be cosponsdble [or the establishe
menl ol HIV-L dutency [7879] when wiral genome
Integrates Inuy actve cuchromalo peglons, Severad mech:

Page Aol 16

aoisinsacting ot transcriptioonal wnd post ceanscriptional
level that maintain the post-integration latency in CDdy
T cells have been deseribecl, but U Ls unlaown whethey
these are also effective in cells of the monocviz mac
rophage lineage However several mechanisois generat
ing HIV: | post-integeation latency have been described
I the menocyte-macraphags, including the luck of, ar
dvsfunctional Tat, the lnck of lost transcriptional activa
tors, presence of host transcriptional repressors, influ
ence of chramatin enviranment and hpsr antiviral
processes sich as the anehased on microlR™NA (MIRNA L
Mechanisms invalving Tat transoctivation

It hiis been proposed thar restriction of the intégrated
HIV-1 genome transcripoion is due to the lack of 'Tar
transactivition,  The recrnitment of the positive tran-
scriprion =longation fetoe (PIEFR), which s composed
of twa proteing: eyclin 11 (Cye T 1) and oyelin dependant
leinase 9 (CdkD) (BO-82] makes this transacrivation effec-
tive: & lack of tansactivation could be doe oo s low Fevel
of Cvolin T expression since itsexpression |5 limiting for
p-TFER funetion, Indesd, vl is undetéctable in undif-
ferentiated monocyses but activaced in monocytes-differ-
entlated macrophages [83]. Hewever, Gyl is not the
only limiting factor involved in the transoriptional inhihi-
i of HIV-1. The phosphorvlation status of OIS is
alsn imporeant as it increases during the differentiation
provess of monoaytes into macrophages 184,
Mecharisms involving Rost tronscriptional factors

The lack of host transeriptional activatiors or the presence
of host transenptionel repressors may o also explan
lateney in these celly, |£hay been reported that distal [TR
hinding sites upstrean of the NE-EE binding site a7e
ergential for the efficient transeription in mooocytes snd
macrophages. In additinn to NE-EB and 5pl hinding,
ME-IL6 andfor LSF protein bindiog to-the TR modols-
iry region ame essential for TTIV-T trunzeription [85-87].
In gontrast, in microphial cells theccomws rogion and the
ME-EB sites are sufficient [or tramseription 6] Partiea-
larly, 5p1 protein plavs an essential rofe by anchoring
directly or indicectly several collular transcription factors
wi the promoter, such ss NE-TLG, CRED and COUP-TE
[ss].

The inhibting form of CfEBPRNF-ILG (LIF), 2 16 kDa
inhibilory tsoform that i stroctoraly Close w C/EBRy, =
enprissed in macrophages dunng differentistion. LIP
exprossion i linked to the suppression of HIV-1 replica-
ton (89]. Althgugh CEBPEMNNE-ILG acts av un avtivalor
il HIV- L tremscription, LIF and//or C/EBPy actl db o domi-
manl-negalive inhibltor of WE-TLG medisled (ransactiva-
Linn |&5]. lnLL'm.lilmr:',ly. this falter mechansm bas been
proposed Lo explain the cslablishment ol Ganse raptional
HIV lateney in oicroplial cells of o mucague model, pro-
viding e fiest mechanesm of HIV lateney m thie brain
[90], The TRAT signeling pathway can activate NC-ILG
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i the P38 MARK pathvway ancl is involvec in the et
vatlenof lrcently infected macmophages (91,

The elie-finger protein OKRTLE, which be prodiuced
during HIV-1 infecton of macrophages, suppresses HIV
L teanscription theough dhi vieal LTR [92,93], This pro
tein exerts ts role through the suppression of Tat-medl
ated HIV-L LTI activity, [94] and thiough twe DiNA
hinding damains which Irave been recencly identifisd in
the LTR: The negative regulatory elenient (NEE) and the
Ets bandingsice [93]. It appears that chis regufation i3 cell
tvpe specitic since It hos been veparted that QKTIS
expression s only detected [n hrain perivascular mag-
rophages bur notin microghial cells [95] This absence of
QKT8 expression in human mmicroglial cells is due to the
down regilatian of YY1 and upregnlation of Foxid fol-
lawing HIY-1 mfection, which leads to'a repression of the
OICI1E prommoter activity [96] These resnlts paint to
rinc-finger proteins as important modulatoes of HIV-1
transeription and make them srtractive for devising new
drugs to control AIDS [‘J?,‘Jﬁ]

HIV-1 transcription is alse modulated ba prateing of
the Spl family which differ in the namure of the Sp protein
baourd to the [IFR and of the eell type. Indeed, Sp1 and
SpA-are hoth expressed in microglind cells, unlike C34+
T-cells, which express only Spl. In microglial -cefls,
althrugh Bpl acts as an activator of HIV-1 ranscrption,
the Sp3d protein represses the HIV-1 promoter activife
[9%1. S factors, e I -6, or hydrooyures could syner-
gistically Hiv-1  replication in fatently
promomoecytic cells by moreasing the ratio of Spi/Spd
[1iMl]. serpin B2, a sering pritease inhibitor induced in

reactivate

activated monocytes and macrophages during inflamma-
tiom 15 also ableto increase the bpl/Spd ratio by inhibit-
ing Rb-degradation, snd thus may reactivate latenthy
infocted cells [101].

Importance of the chramatin environment

[t iw now well estsblished that viral promoter activity
depends on the  chromatin enviconment  [102]
Wuglensomes are precisely poesitiomed st the HIV-1 pro-
mioter [ 103,104, Nue-1, o nocleosome located imomedi-
alely  downstream the trenscription mitiatien sike
impoedes LTR activity, Emgenche modibcations and dis-
rugation sl Muc-1 are o proreguisile wsctivation of LTR-
driven transcription and virsl cxpression [L02] Tran-
seriptional reprossors, ke Mye bind the HIV-1 promocer
and reerul histone deacetvlases (HDAC] topether wath
Spl angd [nduee Dwereby provical latency | 105 Recently il
was shiown thl recrulbment of deacetyleses and mothy-
lases oo the LTR was associsted with epigenetic modili-
cutliens  {deacetviation ol H3KS  fallowed by Hiksd
LelerveUrplation and rocruibment of HPD proteing In CTREG
T lymphocyles | 106, Some stiudies supsest thal Uuwe collu-
lar  signaling  pathway  which  involves  the eceptor
Lyresinge kmase RON could tregger Uue establishment aod
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malntemnce of HIV 1 Latency in monocytic cell lnes, &
correlation was fownd between BOMN expression and inhi

Litinn of HIV- L cranscilption. Transcription was affected
at different levels, Le cliromatin organlzation, inltition
anc elonigation [167 102), The retineid signaling pathway
mmay whso be invobved in the inhibition of HIY -1 reactiva

tioiy, The retinoid pathway inhibits both Muc-1 remolel

I and teanscriprion [LL10],

The transcriprion fctor COLUPTE intergcting pootein
2 ECTIPT) has been reported [T11] to plag an - essential
rofe in promoting wiral latency in wicreelial cellz, This
factar Is o recently cloned transcriptional repressor that
can associate: with members of the COUNTE family
[T12] This fctor iz expressed in the brain and in the:
[pmune system [1137 We have previoushy shown that
CTIP2 inhibits: replication in human microglinl cells
[114175% Recently, we have shown that 11172 inhihits
HIV- 1 gene transcription thromgh recruinment of a chro-
rratin-madifying emeyme complex and by establishing a
eternchramaric environment at the HIV-1 promorer in
raicraghial cells [171]0 Indesd. this wark- suggests that
L1102 reeruies histone deacetylases HDACT and HDAC?
to the viral promoter to promote local descetvlation of
the lysine ¥ from histone 3 (HAL In-addition, C11P2 has
af=n been shown toassnciate to the histone methylrrans-
ferase SLY39HT, which induces trimethylation of lysine 4
from HA therefore aliowing the recruitment of heterp-
chrnmatin primein 1 (HPT), heterachromatin formation

and HIW=1 silencing (fgore 2] Interestinghy, by using a

migroarray. anabysis with a microghal oell line knocked
doven for € TR, s hosve shivwn an up regulation of the
cellular cycle independent kinase inhibitor COKMEAL
P2 funpublished data). This latter ldctor hos éen
regently described asa plvotal facilitator of e HIV L life
eyile in macropheges [L16,117]. Tndeed, HIV 1 ulection
netivates pldl expression wnd Dorces a cell ovgle avvest
is” highly permissive for vival lanscription In e
rophages. W lave recently reported that CTIP2 & a key
trinserlptions] regulator of P21 gene expression [LLB],
CTIP? pecruited to the p2l promoter silénces p21 pene
ceanscriprion by inducing epigenetic modifications ss
described thove for the HIV-1 promoter, Thiseffect indi
rectly favors HIV-1 |atency since activation of p2l gene
etimilages viral expression in macrophages [117], More
ovel CTIPZ counteracts HIV. L Vprawhich is required for
P21 expression [(see the accompanying review from
Avinde er al for more detalls regarding the role of Vpr in
racrophage infectian). We have suggested that all thess
factord contrilate together to HIV-1 teamscriptional
Iarency in microglial cells [118]. However, p21 may have
warious effects along the replicative cyele of HIV-1, awery
recEnt FEpart from ]-I-ergamm;‘-nhi"et al hias described p21
as:an inhibicor of the HEV-1 replication [179]. Indeed,
rher have shown thar Foylt activation can interfere with
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U pre integration step ol the HIV 1 cwche and is assoeci-
ated o the induction of p2l expression. This rofe of p2l
s e mnhibitory factor y maceoplinges has alsa been
reported for other Lentivicnses such as S1%mac and HIV
2 [119], As cliscusséd in this latter report and in the
accompanying review (Berganmaschi and Pancine), p2i
might have different effects an HIV-1 infection of mai-
rophages depending on the targeted vieal life cvcle step
and therefare on the time since infection.

An origino! post transcriptional mechanism involved in
Iatency: the microRNA

The host antivirsl processes using microRMNA (miNA)
ag g defense machanizm are now considered as fonda-
mental far regulation of animal and plant geneexpression
(1240 Jindeed milkM A, 19235 nucleatide long non-coding
Az, are tnvolved in various hialogical processss in
elaryotic cells: [121,122]. The mikMNAg interact with a
complementary  sequence i the 3-LTR of target
mlth A5, that leads eicher to miN A degradation, or e
afren t tranzlational inhihition 122], e has hesn shown
that millNAz are involved a5 well in the regulation of
virus expression |123], These processes are mampulaced
ar guenched by HIY-1, and this favars the establishment
and maintanance of ln:Enr}' 1124]. Recéntly, it was shown
that milMAs: regulate the expression of the histone
aceryltransferase Tt enfactor MOAF and HIY replicarion
[125], Morepver, an enrichrent of mikkAs in clusters
has heen ohserved only in resting CTd+ 1 celis and not in
active CN4= T cells [120], snggesting that these milihA
chisters inhihit HIY replication and cherefore contriboee
for HIV latenoy in resting primury C044+ ' eelly. A similar
mechanism, hased on coellular miRNA, has-also been
described in cireolating monsertes: [1270 In another
recent report Sung & oo have identified o milb A imili-
144 that i strongly diswn-regulsted when monocetes are
tnitoeed to differentiste. Moreover, thoy have shown that
this miRMA restrices HIV-1 replication through - tho
repression of CyeT 1 exproession (124 This result con-
firms previows observations . that translaton of CyeTl
mRENA iy inhibited in monocybes 129 [dentification of
additiong]l miBNAY invalvied in the repression of host
and/ar virgl Tectors ther could be iovolved o 1IV-1
restriction wre necded, Altogether, these data indicate
thal miBENA wre crucial in promotiog HIV-1 lstoncy and
suppest aise that a maenipuletion of maBAs could be ase-
lulin thurapies aimeng Lo purpe seservairs [130]
Influvence of the microeniirenment In esfabiishing latency
Finully, it hes been proposed thet e estaldistmoent of
latently infected macrophapes soouars mog supprossive
mucroenvirenmenl mede ol spoptotic colls [131] Apop.
Lotie wells Encduee an inbibition of HINV-1 transceiption o
e indected macropbagses by a sipnal ansdoction wlidel
involves ELMOL This molecule s indeed invalved in che
plizpoey losis ol spoplotic cells [131],
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Mechanisms of HIV-mediated apoptosis resistance
in the monocyte-macrophage lineage

Another strategy developed by (he vieds In ovder Lo per
giat in infected ceils is o render Uwem resistant Lo apopta
5i%,

The NF-KB pathway

Suversl reports bave pomted out that WE-EB zetivily pro-
vents cills th underpgo apoptesis |15, 00 The pathway
Ipvelving WF-ED s sctreated upon V-1 infection an
momocybe cellaand in primary maceophapes [ (See
hso the aceompanying review [eom Herbein of al), Whas
buen propoted thal TNFa-induced WE-EB activity mipght
b involved (o the inhibitdon of spoptosis and the survival
il muscroc vt and mscrophsges even i Tumoor Necrosis
Factor alpha (THFwd s best known as a pro-indlamma-
tory motinter capably (o induce apoptosis: Persistent
HIV-L nfectisn of macrophapes mesulls bningreesed Jev-
vls ol the transcriplivn Gicter nuclear factor kippa B (NT-
kB i e nucleussecondary weonceeasod TG By, and
InBye degradalion, o mechanism postolatod w sepulale
wirul presistence | 136,136) KT-£B is ivolved o Uwe resis-
Lapgce Lo TINC-induced apoptosis Wl muphil resull ina
decreased susceplbillly to apoplosis of mucrophage ver
stis T dells I tie comlext ol chironic immune acllvation
Lk b HIV-L bndeccion. Tlis clbcates cleady it HIV-1
ciltimwndpudate e gpoplotie oraclinery 1o 08 sdvanlage,
Moreover, HIV 1 can lnduce o dual segulation af the aitl

apaplotic sroleln Bol2, resulting o persistent mlection
el aritsmoeyibe cells [ 137, HIVE L lalecton st peaulls ia
decrense of Bel 2 andd thioredodin, peomitiing mn initial
boost of replication, Then, as the synthesis ot the an

scriptional level proceeds, replicatlon bs degatively con

teolled by Bel2 to ceach o balawee charscteeized by low
virus productien and hiagher Bel 2 and thioredoxin levils
resulting: in low but sustained viral procuction comrpati

[sle with cell survival [L37,15380 Heceutly, the absence of
ppoptosis in HDY Dinfected  primary human oo

tophages has bgen reported (o correlate with an Dcrease
in anti-apoptottc Hel-2 and  Hel-XL proteins: and a
decresse of pro-apoprotie Bax and Bad proteing | 139

The role In apoptosis of viral proteins ks often dual

The prowin Mel s a rogolatiog protein exprissed carly

und abundantly throwphiut e cowrse of FIIV-1 il

vy, Thaw procein has dual eleots depending on the stape

il indoction. In the carly stage, WNel conbriboties to the con-

sututhen ol reservairy with susteined vicos production. TL

s Ui scteon ol TIRTo with subseguenl activation ol
ME-LB and MAPK 140,041 En latlor stgpes; L s
[ovalved in the inhibilion of spoplosis ininlecled cells by

Bliscking TR -mediated spoplosis |122-144] The Kol
protection (o the HIV: induced  apoplosis correlated

with the lyvper-phesphorylation and consequent inactl-
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vation of the pro-apoptotic Bad protelo | 143 5 Ploally, Nel
|5 also involved Ly the blockade of p33 medinted apopto

sy [145], Therelore the Nef antl-apoptotle éffect could be
a refevant part of the mechanism of the & vivo establish

ment of the HIV-1 macrophage reservoirs, Macrophage
express L0-times lower numbers of cell surtace T3 than
CDas T oeells [ 140], and therofort might be |oss suscepii-
Ble by HIEW-1 superinfoction. S high levels of cell sur-
face O on HIVSinfocted colls reportedly indooe o
drematic redoction inthe mfectivity of releassd vidons:
by sequestering the viral envelope by CT2 (147, Low loy-
els ol G4 oo the coll surface of mecrophsee might
Tevour the release of mlvctions virions from the Infected
coll, and thoreby coold oplimpe ransmisson of vicans
o the cells present in the vicinity, Third, the viral |k
wyche of HIV-1 s 6- Umes slower in promary mecrophage
than m promury T cells doe Lo @ shower revessye tangorip-
Lt provess, sopgestiog that the rate of virion production
might be lower i mocrophage than in T4 T cells,
thereby allowing macrophage ta form long-lasting vinis
reserveirs [1E8,1149].

Tat and gpili have alsa doal effects on apoptasis
depending of the cell npe. In the central nermons system,
HIV-1 triggers apaptasis in nenrons. This iz aleo seen
when netrans are expased o extracellular Fat o gp1 20
[180]. Om thie other hand, microglial cells, the (NS resi-
dent macrophage; do not undergo apoprosis upon HiV-1
infection ar following exposure fo sxtracellular viral prio-
teinsg such a5 'lacor gpl 20 [157-153]. Tar-medizred regis-
tamie to apoptosis momicroglisl cells iz due 1o the
activation of the [l-3-K/AR T call survival signaling pach-
wiry. The protein Tat alan decreases the activiny of paa.
I'he proeein ‘Fat has also been shown to mediate apopto-
sis resistance by up regulating Bel-2- This anti-spaptotic
factor inhibic UWFo telated apoprosis-induced llgand
(TR AL mediated apoptosist [154). ' 'his combined actinn
of Tat will therefore favor long eerm cellular survival
ohserved in rmeroghial cells throughoot the corse of
V-1 infection [152]

Urer-mpression. of O P2, deseribed as an anti-apop-
totic factor [156], m microghal dellsleads to & repression
of p21 expression [118], This s partly due o the mhibi-
tiom of the phd activity o pid] transcription and also to
the fact that CTTP2 awnteracts Vpr This latter protein
has betn shown to rigger apopotic events in infected
lymphicvtes and i newrons [156-158]. Taken together,
the deta supgest that CTIP2 might be invalved in tho
apupbisis resistance of microplisl colls, besides s oole in
the establishment and mainteoanoe of TIV-1 latono
Sameanvestipatary have shown that pdl ramscription iy
slightly incregsed in monocytes recevered frome chroni-
cally-infected pationls and s assvcsied with an anti-
apopliss sipnsture [15%9), The apparent discrepancy in
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Lhie robe of p2] i apopesis I nonocyies versus e

olial cells needs to be-clacitied, It might arise fom the
dependence of the detivities of p21 an the cell type, sul

ceflular locatlen, sxpression level and phosphordation
status, Moreover, p2l expréssion is repulated by both
paa-dependent and pS3-ndependent mechanisms. 4n
[mcrease o p21 expression medlated by Boy B activation
in macrophages was not due toan induction of p53 since
its silencing did pot Block p21 indoction by lmmoane
Complexes [11%. It should he noted that it is-not clear
whether p21 is an oncogene [1600 {which could be
[mrnlved in the mhibition of apoptosis) or an anti-onog

pene [161] fwhich could ke involved in the mduetion of
apaptosis),

The protein  gp120 prodoced by momocyte-rae-
rophages inhibits TR AT -mediated cell death by inducing
the expressian of macrophage-stimulating factor (M-
C5E) This envelepe protein also up-regulates expression
nf saveral anti-apoprotic genes such ag Bfl-1 and Mael-1
[162], A stahl&signature af anti-apnpoesis, comprising 38
penes incloding ps% MAPK and TNF signaling networks
has also been identified from civculating monocyees of
HIv-1 infected patients [1549), CORR co-receptor hound
by FHY-T can lead to apoptosis resistance in monacyts
cultures. & récent report hias also stressed the central rale
of CCRS durimg HIV-T wnfechion [163]. Thas paper
described o case of a HIV-1 positive patient, who received
home marrow tranaplantation for leakemia: In che follow-
up-study there veas no evidenos of the virus inthe biood-
stream even after 20 manths. dyeloablatinn and ' cells
htation were supgested to favor the elimination of the
[ong-tived reservoirs. Indeed, trapsplancation was done
with cells from a hermuosvgous donor for mutation in the
-1 po-receptor CCTRE, This mutation is well known to
b associated with resistanoe to 1IY-1 infection. There-
fore development ofnow maolecuios to inhibit CORS core-
ceptor furction will be & great chatlenge in the next vears:
It will ke alsecinteresting to mvestigaee whether the mtor-
wotion between CXCRS co-recoptor sod TV T could sl
Lripgur apoptosis rosistancy. Apart from the critice] mle
CCRL playi-in maintaining TV anfoction, this stody
idsn rases the possibiliby thet the mmn target to coee the
patients [rom AIDS ane the peripherical ciroulating cells
including the monocybes {and by the way the infected
HPCs Indeed, whate-body irradistion lésding Lo com-
plece remission of acate myeloid leukems will munly tar-
pel madivsensible cells soch 2y HPCs and periphirical
carcubuting colls, Thi face thet no vices has been detecled

bt month 20 of (ollow-up, might supgest Lhat reservisics in

sanciuarivs could not sustwin vired replestion alene
Hiwwiover, the importance of These reservoles in Lhe physi-
olugical contexl ol infecled WT-CCRS putlents should
minl b nsvgbe el
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Discovery of a new anti-apoptotic mechanism based on
miRMA
Finally, o new mechanism bog been propased that protect
cells from apoptosis and therefore extend the litespan of
infected cells, This mechanizm is based oo thesuppies
sion of the cell's BNAL activity by synthesis of o TAR
miRkA, @ small hairpin BNAL This BNA (2 capable to
sequester the miRNA processing machinery of the cell
and thetefore impedes the functioning of cellular antiviral
miltMNAs [164]. Moreaver, this TAR milRN A& has also heen
shown ro be involved in the down regulation of the
expression of saveral proteins related to apoprosis [1AS].,
O knowledze of the mechanisms invalved in apopto-
sis resistance is far froncomplere. The diversity of srrate-
gies wsed by HIV-1 o nianipulate the apaptotic pathway
emphasizes the capacity this viris possesses to survive in
its hast, We note that mechanisms involved in apaptosis
resistance, ar lease the mechanisms imvolang the "™ F-
signaling pathway, are alsa invalved in virus production
It =pems that the nature of thiy reservoir is rather differ-
ent friom the latent reservoir 'T'he therapeutical implica-
tions are rherefore importane since stimuli sach as
phorbal esters will not be suitable to purge the resarvoin
Indeed, this trestment will Tezctivate the expression nf
HIN-T In latent reservair but may increase the resistance
to apoprnsis novital reservear that exhihit o sostined
predocton of vivions, The survival of vical reservaira is nf
grear impartance since i€ is alyo an obstacle oo 1HY-1
eradication. The mechanisms underlying this spoptosis
resistance are essentia] for devising new and ariginal
therspautic strategies b purgy the resirvoirs, hut sre fur
“from being complotely known,

Implications for therapy

The introduction of HAART in 1996 has  greatly
fmprivied survival, bt it has been unable th eradicate the
virws [oovm latently infected réserviies. A principle: cansg
may he that besides the best cheracterized collulsr rosee-
vkt oF memory D4+ T-cells there are other reservairs,
such as the monocyto-mecrophage. rescrvoie. Moroover,
these cells gre often found in tissue sapctoary sites, lke
the bram, that sre peotected from drog penctration |166-
i6d . Forthermory, several severse franscriplase inhibi-
Lors are fedlectve m choonically mlveled macrophapes
[34] and protesse nhibitors heve siaoilicanty Tnwr
avtivities i these colls compared w lymphocytes [169),
The cmurpence ol multidrog resistanl veiruses b béen
reparted in sn morcasmg pomber ol palionls recelving
HAART [130.270,871 ], Fioally, the netore ol e reser
virles alenl reservetr with oo oe low vicos replivition
virsws productive reseovolr witich are ceslstant Lo gpoplo-
sied bas o0 Be taken mlo accounl These constderalions
fexistence ol sevemal reservedrs, Ussoe-sancluaey sites and
mudtidrop resslance) encougage e sonrch for new and
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original anti HIV 1 treatnent stracegies, New methods

showld be developed which tasger each of these reser

volrs. We belleve thinl eracication of the virus could be
chisvil by specifically pucging taegeted teservoles and
concamitantly eliminating the virus by a reinforced
HAART, Another woy to control HIV-L replication is to
re-inforee the latency status by using ceanscriprional
Il britars,

Uise of transcriptlonaf inhiblters to contral HIV-1
progression

AL present thoe thorapy of HIV-1-mivcted  patients: i
besed on o combinetion of HIV gpdl, reverse bean-
seriptase and prolease inhablors, We bellese Hod oow
drugs shoold target other steps of the FIIV-1 evde For
erarmiple; they could be directed gpatnst proteins myolved
i the ranseoipon of the inserted vions genoeme. Tal los
g oeritical fole m ranseoplion, and constiloles 4 major
Larpet in thesapoatic intervention m e HDV deplicative
cvile [1¥2-174) Moreover, drups could be desiagned o
Laepet cellular cotactocd inyolved in e delvation of Lean-
sceiplionn This strategy should Beoable e by- pass deup-
restslance which wrdses with virul protcms, Therelore,
wiys Lo syathetbee drugs which ovesfoge with HIVE L sep
leatbon o monocyle-oucrophepe should be devised
[L75), Several ansceipUonal lebibilors sheady chuad-
Lepieed suclh a8 O lerminally (runcaléd STATS, Stal 50,
Frothvmosin o and tuoredogin recuctase [ 176 179)
coule b wsed [or conteolling vical expression o the
[yatnin maceophages. Inhibiton of the KTATSLTE inler
pcbion by using seall nveclering RNACis also promising
since it suppresses HIVS L replicatlon w polmary mag
ruphages wnd thepelore progression of ALDS (180), The
discovery thiat only macropligges nee alle o repress HIV
1 wanscription and replicaton in response to 1LI0 need
further investigacion since we conld specifically contrel
HIV- | expression in these cells |129181]. The deinon
siration thar teatnrent of HIY-L infected Iymphocyres
with the Q-GleNAcylation-enhancing agent glucosamine
repressed vical transcription apens the woy to metabalic
treatment [182], This treatment might wistk Lis the niona
eyte-tnacrophage lneage since this chemical comppownd
affiects Spl and therefore inhibits the activite of the LTR
promuoret. According to several reports, QK TS, a zine
finger protein, can rednce HIV-1 replication In-human
mracrophages by the suppression of Tat-induced Hiv-1
TR activity [33,1683], New approaches: bazed ‘on engi
neered transeription factors are now emerging with zine
finger pratein as an atteactive candidare for antiretrovin|
therapy simee their binding to HIV-1 | TR in 2 sequence
specific manner is associated with the repression of KR
activity (9TNRL  Interestingly. winc-finger prorein oon
influence the chramatin compaction and nuclear nrgani-
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wation theaugh regularion of proteing invalved in epige-
netic regulation [4H].

Finally, new drugs must be designed with properties
that allow them to penefrate tissue-sanctinry sites such
a5 the brain 166,

Strategies based on virus reactivation from latent
Teservoirs

Recently, & oew and oripinal stralegy has been proposed
Lo eracicate the varus foom nfecled patlents, The maln
leee 15 Lo Lacilitate (e eeactvaliogn of viuses loon teal

reservoirs, which are then destroyed by HAART (figure
A Many factors have been involved in reactivation
including physiolagical stimuli, chemical compounds like
pharbal esters, histone deacerylase inhibitors, p-I'EFh
aetivarars, and some activaring antibodies (anic3E),
Many eradication pratocals passed prediinical studies [2]
but o date all failed in clinical triels, Some protoools
failed due to the anEHTiﬁ1 toxicity of treatments hased an
nom speific cell activation such ag 112 [1H4. The rElj.FﬁT
discorvery that an slternatively spliced form of the cellukar
Eramscription fctor -1 ean aceivate [atene HIV-T inoan
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WE KB ioclependent méaniser haos highfighted the thers
prewitie potentil of cellular fectors for the reactivation of
Latent HEW- L 185, Future eradication protocols sluslil
use . combination of drugs tivgeting all the viral silencing
inechanisms identified to feactivate HIV- 1 from latently
infected cells, A protocol wich a similar approach gave
promising results. |n this study, the association of o
HI3AL inhititor or o INA methylation Inhibitar with
prosteatin (phorbol ester that stimulares protein kinase C
activity) proved 1o hove 4 synergistie effect an the activa:
tian af HIV-1 éxpression [186,]87]

Strategies based on increasing apoptosis susceptibilicy
Increaning the susceptibiliey of the infected colls b apop-
tosis is also of preat interest. Essenbally, Qw V-1 pro-
teanes Eat, el and the c'm'clup-u provein gplEtshould be
larpeled, sy Lhese proleiny hove & croclal Danetlon i dil-
Jvrenl sleps ol the vicuy cvile and alsg ome thie seguireed
rosistunce weapoploss A beter comprohension of mech.
amsmes myvelved moresistanee Lo spoplosts hes also
atllovseted Lo devise deups apalost host lactors which render
cells suscoptible Lo die, Tor esmmple, molecules whicl
interlere with Uwe chemokine receplor CCRS wre promis:
Ingsinee these molecules are botb myvolved iovicns entey
s inupoplosls reslstance, Seviil CCRS anlapenisls are
alveady used b clinlend teals (188,189 A chemolbers
povdic dreog, Tmatibil, restored apoplolc sensitivite ol
HIV- 1 macrophages through the inhibition of the activity
ol the pro-sievival cyteldne macrophage colony-stim
lating dactor (M-CEF) 1621 Flnolly, seversl AKT inhibi
torg including Miltefosing are also promising molecules
Tow argeting hong ived viral reservoles [ L#),

A deamatie peduction of meaocyte mmeroplinge reser
viirs mdght Be schieved by steategle nterventiong target
ing both the resistance of infected cells 1o apoptosis
the reactivation of loeently nfected-cells associated witha
relrfoveee antleeteovieal therapy.

Conclusion

Cells from monocyte-macrophage lineage are-an ideal
peservoit for HIV-1, This | due to several features of
these cells inclading long lifespan, absence of direct cyin
pathic effect, apoptosis resistance of infected cells: exds
tence of latently infected cells {with low or na virus
expression] and their localizacion In sanctuaries. The
purging of this reservoir is therefore crucial since it con-
stitutes one of the major ohsracles to HIV-1 eradication
from infected patients: & drastic reduction of this reser-
voil might he achieved by the develnprment of new and
ariginal therapies which target specifically all the reser-
voirs, indluding the monacyte-macrophages: These treat-
ments might nat lead ro g complers eradicarion of HlY-1
tut there 18 hope that a draseie reduction could be
achieved with levels of expression comparihle to those in
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Publication 6

HIV-1 regulation of latency in the monocyte-macrophage

lineage and in CD4+ T lymphocytes.

Redel L, Le Douce V, Cherrier T, Marban C, Janossy A, Aunis D, Van Lint C, Rohr O,
Schwartz C.
Journal of Leukocyte Biology 2009

L’introduciton en 1996 de la HAART a donné l'espoir de l'éradication du VIH-1.
Malheureusement, la découverte de réservoirs de virus latent dans les cellules T
CD4+ et dans les cellules de la lignée monocyte-macrophage a ternis cet optimisme
prématuré. Ces réservoirs viraux durables consitituent un obstacle majeur a
I’éradiction du VIH-1. Dans cette revue, nous nous concentrons sur 1’établissement et
le maintien de la latence dans les deux cibles cellulaires principales du virus: les
lymphocytes T CD4+ et les cellules de la lignée monocyte-macrophage. La
compréhension des mécanismes d’établissement, maintien et de la réactivation de la
latence virale inhérents a ces types cellulaire est cruciale a 1’élaboration de thérapies
efficaces. Une éradication totale du virus, le saint Graal clinique, ne pourra étre
atteint qu’avec des interventions stratégiques visant a la fois les cellules infectées de
facon productives et latentes. Nous proposons ici que de nouvelles approches
combinant différents activateurs de la transcription des provirus pourraient aider a
réduire significativement la taille des réservoirs latent de virus chez les patients sous
HAART.

J'ai réalisé l'intégralité des figures présente dans cette ratiest activement participer au
travail de rédaction
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Review

HIV-1 regulation of latency in the monocyte-
macrophage lineage and in CD4+ T
lvymphocytes

Laetitia Redel,® Valentin Le Dowee® Themas Clhierrer,” Céline Marban, ¥ Andrea fanosse®
Dominigue Awms,® Carmve Van Linkl” Offoer Rivhr, ="' and Christion Schuwartz®

Ty SERM Tt 50, f‘Alll-':.p'llmlnlugg.' Ol Cenrral Mo rwsis Aynreni, bnsdinine al 'l."h.'nlng'. :-illushmqu’. Frgawe, NIT e
Selidiigloe e Selaldg b, Fravee: uid "TEMM Universion of Brossels, Gasselies. Belgionm
WECEEYET APRH 1T, S HEVESED A 1GINT S Moy STEFIFIEE SIS S, S0adl TeaE Dk FERIE o odiied

ABSTRACT

The introduction in 1296 of the HAART rased hopes for
the eradication of HW-1. Unfortunatsly. the discovery of
latent HIV-1 reservolra In CD4| T cells and Inthe mono-
oyle-macrophage lineage proved the optimlam 1o be
premature, The long-lved HIV-1 rasarvairs constitube a
major chstacle to the aradication of HIV-1. In this ra-
wigw, we foous on the establishment and maintenance
of HIV-1 [atency in the two major targets for HIV-1: the
CD4+ T cells and the monooyle-macrophage ineage.
Undﬁrﬁﬁn:ﬂng e -::a‘ll-type malecular mechanisms of
astablishment, maintenance, and reactivabon of HIV-1
latancy i these reservoirs is orucial for ethcient thera-
peutic intervention. & complate virsl sradication, the
hoky grasal for clinicians, might be achieved by atratenic
interventions targoting ateatly and productively in-
facted colls, We suggest that new approaches, such as
the combination of different kinds of proviral activators,
may help to reduce dramatically the size of latent HIV-1
ressrvolrs In patienls on HAART. J. Leukow. Biol B7:
675-588; 2010,

Introduction

Lhe HIV-1 that covses ALDS, idendbed dn 1985 1], remalns a

gltl:lli'!.l leessadil thdssn sviely 3% il [EEETE Hler tiedd s lel-
withe {elann fromn Lindceel Monmonss, SGSS, Tlee Dol octicn 4

=aerizm s A hEine o FeA-] =rp iy active lrerIurs sy,
aT=lbdorgmacytagy, | TAC=h e kmoondien, | Eadvt=
Sesppehyy eretizassemde-rocize | =1
P =il stk v, 15=lalE aliqe s, |
mESA=rmirn-RNS e e issmsmsne 1
[Mntos PTE L= e g1 anpalicn) edor el

PP ey gy )
= Risa

ferer o 1] 380 = TR Fasaac alad daeth domnain. THANZ = T TFassn-

iy e 2 T trpriter el mewewry 7otk

T | FEIEO ISWTERT TR 0 A e 0 | errnsstin Sk

PEAART v 1996 R mmpeoved apoadity, of Tife greatly and ex
eniled survaal, This theeapy s based onea combinaoion of
thiree or more s selected from 22 componnds thia beleng
o thieses eleng classes Dnhilsitors of W, EERIEEE ark g’p'il 1
[ Acconding to clinical trals. HAART can reduce plasma
sarne levels biclow detection s (=50 copbes il plaserng,
l'a':.r.ing hl.lpl.'n tor the eradication of HIV-T. Tnitially, HAART
induces a biphasic decline of plasm FLY-1 B3 As—a rapid de-
vl ol oleeteal coTls ol thos G0 T oells Shal 1T 45 gl
lodlewed by o decling o plasma virns BNAs originating from
liefec tedd e mozcraphages (TadDhfy 2 weekst [570 Basedl an
these arnglles shoseing biphasie deeay i chive leval ol viccmin
abter BLAAKRTE treaoneny, some quthors presdicied vhal the e
destbon gl B achiessal Tyoo Sweeiae cecaiome ol AL Dafaenn
nately, HIY-1 BMNACremmed: to o measurabie plusma jevel m
lestes hiam 2 wesehie whient FIAART s imterropued [6, 5] In
dece - the Iong-erm suppression of HIV-1 replication has un-
veiledl the presence of ltent LUV-1 pesémvoim,

Tl Tirst vesspervanne T s gsdneg G0 T eplls [ 4,
oLl It comprisey o popitatons Ibe naive and the mom-
vy CIH T cells, Uhiks Batenin seservoir isestabibbshied very el
ruring acure inlcooon and theve e, limis the clliciency of
LEAARL. even when sutroduced e the vosey of FHY-1 mfeciog
[rog T B Vieal Bitens g deatore ol ey viviss, dichol
iy other Tecrovirgses as well I appears thac THY-1 Eatewscy
ehte s o leiw I'rl_'rl|1|-|||'\ 1 e DT dpdese e pell=). A thibs
litkection is camblished carke with X4-tropic viroses and as
CIM - T el e OB aepive T11], e s difficull i poder
standd o these cells sce indected and why they are lntently
Intected, Some imestigaiors proposcd that nave G4 L eells
paprress i oy Tove] ol CORD aoel dhaviefinee, soe provinissive fon
Eh-tropic viruses [15] It has boeen demanstiraced thar ingerac-
P ikl preve 10 T eells witli folhewubar PHs alsie ienileis
them pormizsiee 1o V-1 infocinn | 1600 However, thein rela-
twely short lifespan ds ol congistent wich the B e chey can
Tadiid Finiy a5 4 A= i resernl of HIV-1, O b oot Toer Taibied,
the presence of latemt provivel FIV-1 n the memore cells has

I T T R AT S B UL e R TR T T R B

o 837, M 200 Journal of Leukocyte Brology BB
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lieern preorcen [810 As o diiee colls these ey cells e
CORSnegative, By now asoamed that LUY-1 Lemor oecurs in
dcthaned Cla+ T eels sehach aoe bnthe proscess ol severting
wi e mestinge state 117 A recenl repont om the Bsboraiary
of R Fosckaly | 18] showed the exisenes of oo suhpopila-
Weitis il TCLHTRTS T iwll= ~|.1--r1|.-illg| dm vemervimes fisr HIVE. Thiese
cells are belicved o be 4 major cellnlar resepmir tor HIV-1
wildi dilTeeent mcehani@ms involwed e cnsaee vienl poesisienee.
Fhes first reservair—eenial memory | ooells—cpn pemase for
desades. 1 i malneened chrough T eell sarvival and fow-leved-
dviven peoliferarion, By conirasn, the seconml resenvanr—Tionm—
persists by hoemeostatie proliferacon of fnfected cells
cotild b roediced b aaing deugs provensing memeey T oells
Tz dhvaling,

I'here is now evidence for the existence of other rescryims.
e prlhylogedic s disilysaes Al Uil o siistiieies) prcicling
o ef chee viris Covdel incesd onriiee Bem anotler pesemvoirn
than the €14+ T ool L1 20 It has heen proposed that pe-
wrprheeriad Bslael sy, 1H0s msd rocrosphisges i the
Iymph nodes-and homatopoitic stem cells in the Bome oiarmow
cany b nleesead Ttethy and therefons, cooieilote 1o the ol
persisience | 1Y, 21-45]

The mencoyies are the peecwssars of thie APCs, inchiiding
1|:;1r'11'|i|1|'.|y||*ﬂ s T Boonl sioalves Teece shossen dhom vevianies
ovtes farber koot UYL prowiral DA (261 The detecton of
HV-T dn circulaniveg ssooacyies oom patienis ander HAART
(42 251 confirmaed s observinaon. 1 appears thae compaced
with the mre ahnandane CO4++, CDLE- M evTe s hse
[2E], ey g panioese STOVE ooy e sulisel s ponene [me Trkas e
tn the mbectdon, Even it che LIV-1 prosamal DG @8 present
vy = cirvulaing mangs vies {hetweon L0015 ol
[ 5y, thiese cellscomstioiie an mmporiaol vival seservom, fn-
deerd. the wathicking of these bane marrow-derived monocyes
s byt v e ebsse oo of FITVOD bedie st imees sonrh
an the brain [29,027, W 500,

Mlrure e lond DEs leannd in Jsripaly posdes can sussn m
very lom=level vines replication and thecebores, Bave o poceal
role i V-1 Tateney, The mechanizms involved in this ey
wee ol e bogwn | $1-351

10 leess clenr whether macrspluagres e o potendal cole in
HIV-E laeney [250 34 Paticit on HAART have [ew limph
nele mmeraplges inbec e approsomely e m 107, Tow
grer, fhe Boding ol in vive reacdsadon of these infecied mac-
icirliages in I'i:'vir;-mm: L wrgipenciimisbie infed s aiges D
mneropates s HIV-1 reserins [53,496], Ahough mfecied:
o yies aml fnacrophages conccibude anly a few perecid n
ahie pestal vl Tesad, b s Chisogehin hean doese cells dre mporianid
in the ransmission and the pathogenesis of HIV-T imdccdons
L5, 57—20]

B sededipbion bis e pwis momn wpets, b, COVLE 1 cells e
coells from the monocyte-macrophages liocage, HPCs hove been
i||'1|||1|'=r-r| Py seiye s oo vl seseirvonr, ds HIVGD CRAL HIM =
hawe beon detected in fome patients- (40, 41, Interestinglv, 3
HPC sihect (OT¥ 4+ O3 hias an i||'||‘:l.|ir|.'|:] |'|.|.‘:'|1-:||>|;I|I||'.1II
sl peoawtbcwlien HIYOD s pedsesil, Thiss FITCS sl thers gerer
ate a subpopulagon of monoovees permissive o HIV-1 intec-
e wid o ko Tevel o CTHA secspston amd an jncvease of
G recepior (LI DR L s mot st well uneer-

L7E Journalof Leukocyde Biology Youme BT And 2010

stvs] selwetbier il slenasrmmadivien Teldeg ta e generation ol
this peemissive coll populaticn wre a yesult of 3 ditect or an
tnkiecet avtoenctlon swirh HIVSTS A Torr b il'l'l'l".l‘]?.'_’_‘}l.ll.lil'l I
reeded s these TIPS preferite an indecied cell loesge Ul
miay spresEd HIV-1 to sancouanes: The importance of HPCs as.a
|a||l|'||I'r.1| Pt feir FIEYST heis heweni '||ii_-_r|'||'|i;.;|‘!|l1'||. '|'|:|' thie i
very teport of G Llivier et ale [958 They showed tha oy
T pogsible woccmndicade the reservears for HIV-1 By myelnabie-
thermn st T el sibalapberrs Beliseesmeer, s et Lieseierrids pestsiunl
Ly FEV-L Infeetion, as chis oeaoment was followed b g ropopule
P aed cell el (he: vomsene svsteon dbeficienn o CORD (437,

Tor vhns rewiew, e focus oo the trosleculie toechmsms of the
capblishmont and maintenance of HIV-1 ntcnoy i the o
e vgets of HIVE: il CTR0E T ool ke e iy
macrophage neage Vhe geo sinssintecned argets ane ditter-
et In G T ool vieal partiches sescmble e the lasma
rvernbirmme i bed con of U cell, el b macropbeimes, g
substinoal gmeunt of virs pardcles is budding mto the inm-
cuteplasaie comprtinen s 4%, 4] To eontest e anlveelons i
CEv b 1 ells THVSL antecooan of macropiages 5 aenerpdy nog
Ivtic (45, 6] These later cclls are alao more neslstane wooeveo-
prathile el Teens, il dhey goee while o Dorbnse wlecises Toe o L
peciod. Someimes, infected lissue macrophages prodace vi-
riscs during the total Wespan. Beciphoring tho maleoalar
prechymisms of FUYSD Liteniy s (herefare essentip] for develupe
ing-original serategics based cen HIV-1 scactimdion in associa-
tovaes wathe s eoMMeend satasisownl I|||:r.|||'r witly, s o alinmaie

poaal, the erardicagon of the vires from infecesd patiens

ESTABLISHMENT AND MAINTEMNANCE
OF HIV-1 LATENCY

Maodels of HIV-1 latency studies

Several mewdels have been created o osoudy the mobecolar
ks oF FIVO T Dateavews These aee wsonls s sl in
viernr erpodkeds, Lattesic D prritoaey. cells by seuchied Jess begase of
the difficiilies toogrow mned mainmain them moex vivo concli-
viens e soeby o Toa by devsay thin b FIEY Ftemigse wan e
owven with a low Brequency. Below, we disciss brictly only the
inpeesd bt imcibels ol Tatosey than e i ||-:|:1'1i|.l|1’: 1 bt
ter anderstamd e woleculo basts of THY-] litency,

In vitro models of latently infected cells. [he fimst three
inirslel cell Hines aleveloprel (Ach-2T cell T, T e
cva cell e, and JAT1T D eell ling) were churacternaed e a
sl st cxpreasbon of HIV-1and o these, yvlros geme
pression ol D mereiseil be reimenis with oviokings
and/or mitogens | 47-50 | These ool lines contained vims:
g b wegre iitaied b Tod pedidein (T peotiisniestis pall
Livpe y, DABRNA Ach-2 1 cell Dred, aodd dhe ME-eB-birding
aite (JAT T el line). Experinients suggeseed that these Bom
AtE i|'|||a|r|'|;.11|| i r14.|h|in'||i||!:; I'.Ill."ll!il.' [0, 27 Teedesl, i hise
elementy are invilved in the mitiagog (NEsB or the elonga-
tiren il 1 :||'|r||!l]||1i1'||| (T v e cactivse om e TAR L O3
vl T, wathionnt ek tions o dhie ol gieme, were sils e
ated, which betier reproduce the phvdalogy of infected cells.
WareeTlo wr al, [5A7] pmeal @ (R val e o ||'|'|.|i||i|1g arl
intict LIY-L promoter deiving G expression smed o LR

sy b LR
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tiaed ot i, Deciphering the molecular mechanisma underlying latency

e —r

trdven T, wlieli sl the Sefiecriomn ol several oliamal cell
limes ([-L00 ) thar showed neodetecubie GF expression i
funsial ecsrieTitveeris Tt |H.H]1 Teard ol 43FP AP ERI wlhien
weate] with oviokioes wod Sor mibpogeons 7317, e otber miodels;
coells wore imlectod wich HIV-1-based reporter vinwses, In-these
cutlls, HTV-T pespprossbonn was sl e, Bt thes e e sisisitivie
i eviokine-dndpoed veactivaton [F3] VYarous oo viees cell lioe
moodels, Lo meeleid cell lincs ar difterent degrocs of dilfcren-
Ao, D slsan Beedn ereated oo cepaodies TIV s
phage larenoy 5461

Ex vives miodeds ol ]nhﬂllT’y mlfected cella. Too vite models o
e et by retlect Lieney wider a0 vho canglitions, by vivo
mnodels of priney T kmphoode and primacy-dorived mucro-
gl vetl madels e Tieen deselopal ve esammne e cele
sane signiling pathwyz of LY latency in more physiological
comditians |57, 58], Howeser, these mkedeis ae dechmmiendly G-
fieulr o escalilishy wredd o sdncnn, explauing whey diey are sl
confidendal, Development af these ex vivo models bs necded.

Adsviinal models of HIV-1 bteney. A eafrrl il prliny n
armprerbaneg pole o oaoderstandisge LY pachepenesiz, Indeee,
these msdels provide an in viyo spstom o investigare the im-
groorbimete el dbe FIVO L paesbmennrs, Foii example, Baooks el
|5 bave - developed g SCID o msnee meodel, which provided
niw lnnighr into the cstahlishoene ancl maletenance of HIV-1
Taneenay, Aalvinves biave dlse Desen moide withe desorstionieed mne-
rine madels horboring stem cells of luwean origing For exun-
||1|:'. st Bres ol Toonmmagen b SOTE senbe s sToms that the Fanetian
al Bemaopoieae stem cells s afleced imilirecty by LHV-]
[Fgh] . This meode] beadse o poserful in viva seaem Tor poeciing-
el whohes Jivecteed wowpedd e '!‘:1""'1'1F]""‘"'| ul n;lrl;_l||.rl-i1'| slrmfe
ies i LUVE] rescovathon. The Siy-macagque model wan used
s showe the eamblichiment ol tangeripeicnal HIV Lienee n
mmcraphages restdent m the GRS (e microehig cells) il
prswided the first mechanism of HIV Laenoy in the Brain [64],
This toesled Teas alses Dieesn e o Nl teials te esn LI
sivee antirerroviny therapy [G1-050 Pinallv, 1t s been con-
firmerd o SIV aeacanues thae the manevie progenioor CD54+
CIN L b= affecies] early 1,]I,Ir'illl_|l the virus anfecion [HD B5T e i
wits found previoushy inpaoens inteceed with FLY-1 |66 ]

Establishment of HTV-1 latency

Lves elifterene torme of LY -] Bwewoy e been descriled m
CO4 1 eells, The brse o is ohseried in nafve cells with an
atiniiegembel TONA il i iallel |r||::r|::!1:!_':'|:.|l'r|:-ll. Tadend s [T
Lo latensy 35 characterized by o poor BT acgviey, wd there-
fores e bsoaemably fo sentheslas thoe provines THS AL Sevcral
e han s e ipveclved] o s Do of Litaeey, such s Liy
permnuaton of the DA induced by the restriciion lacuar
..JQFT}P-F.F_’.-. i love L] vl il (ANTP |'.||m|. Al s il11jlcdi|'|!r| i
clewr oporsaticn of e peednlegraeon compltes assoeialed
with-a Tow level of the ATP ool [GE=T1] However, this form
il ||'-Irr||'!.- el sl visl relevimii, s cells ri|1'|'|.-i-|:57r a fall
length imtegralcampetent THUV-1 bave short ladt-lives (1 o)
andd theeelore, cannot arooanl e the Il:u‘:g-h’:l T '|:1h_:r|r.":' fikw
servied il FIAART, This 1r|'r_;-_l|hl picil B L bt mabiero
phages (7Y TH|

A barend rescivioir, e aostablo |Hﬂ-|i|||f:"gl":1|l(hll ol 1T s
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indircetle as acivation of (T |r21 gone stimplates vl expoes
s1om i rseropingres | 125], Moresver, CHPE connme s
HIY- Ypr, which i required for pl expression, We SLEECH
st all ol these Tt cestiioilinne legethe e oo HIV D frnoseag
totad lateney o microghal cells (1217,

Mechanisiis preyveding resciivaton.  Mechanisms o -
biibatt Wl v tivation o PIV-] espressiont s comtribsane o
latemey, Reactivadon of HIV-1 from silent, indeceed cells To-
4|||i|'|."\s m.':]lu.'llr.'la'l visvrnitinent ol eelhbes Dacicis o jhee [
st vepion of e vivus (Fg, 40, Dhe imitial oo leosomal o
ganizaton of the HIV-1 LTR prevens the BNA polvmcrase 11
aned b GTFs dia i 1he vtk A preclEomrime verminliel
ing by chronuin-moditting complexes i o preveguisite Lor
Iranse |-I_|'|ri|'|n|'| Tl fd'r|1|!:]i:3-c1:s| ||.'|5\|'I||:‘|1 tha |'|'r|rl|'|:-'u:l.n’:|T rhio-
rimtin sl grives stevess o the Bai] trnnseriptional danchineey
complex, Twn major climses of chromatin remaodeling com-
|ﬂ|:::-u;':-. can i :'Ii‘iul'll'lg'llild'l(:l:l. Tz Nt class comsisis Gl ATP
dependent remodeling commpleses Uil alter Ristone-DRA
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Figure 3. l'u:gr.i.uu:gml.i.nn Tbeney i mdgrawghial cell .-\.!'I::l mggraton i s st eI e, VIT 1A i b pravii i loedd as Fangg i e Sl wm
an epdgoneds oper sate Gereen]. FITVST UTRS s Lghnfy packed (g cocheomadnie sooctee, doough actwpung epigencte works defsen by paoo-
viernw Ak e HAL For [IEL T RS I.‘HI'.-'i.-!‘.ﬁP.L i Ilull_m:rl]:-_ri-:!-!:l:l.l cxurchnatioe, feas soe roerse AL by acnd s S| |'n..' Iun'r..u':illg sl
Sl boennd o HIV-1 LTE. Howier, b dus Boen sl thiat o sderogdisl ool CFRG p00 can be teplaceed B aliebitors Gicboes, foading to ol
HEV-1 T, h'!:'-l, Lietazeied fii Hrli“l".hl:: abtis st thiet IV LR, ez eeerie G0N E, whic by iiteects with G0 L8R o B |r.|.'.:|'-|'|1[|11n:l|1: i
prwgsal ol HIAG L gl <20 Hletiee, hiaone peotcin ® Dsine 9 1esi e decndation io Bwvoe of o idmmetbsTaticn mank indaccd by SUVIOLIL, swincle
irlﬁ: a1 brnoa |r.|1r~.|'r.||'|11||:||.|.'|1' bz Wi |1:-[rr|-'-'|.|'.r- stubit, As il sl tog Litteriay eatabilistomnend i m:l.l]1|||r raleenile IR stalsifizes B |
vk o Yot son hcotinne <t Coedd by argeiing the ncedy produced oot lodabion,

ineractions, Ensvmes of che second ches regulace AT,
Cellulay events, such as activaion by pliorbol eaters §PMA,
P e b e mop brobsol- D S-pee e ) mmd Sor ovtskines (11 -
18, 1L=n, TxF-o), mitogens (FMA, prostracind. ancd antibod-
vk bane-OITRS ) V250 van semmoedel thie micdesmomes [Fig.. 43,
FIA L pepulating protelons, such as PEAL, CB1, and B
NG, are recrmited tollewing TMF-a treatment (Fig. 2]

[ 1267, The epaeneie modilicnmms tocoeel e IATS Tead
1o hesier :l.rc;:_sisil:iilits-‘ af DMNA Lor BNA polvmerase L and

G TR ol allow carbephose ransccapizon and loalls. the
prociuction ol Lal

This carlv-phase canscripion = ncduced by divect bind-
tiig ol st Grctoni's 1 thaie gt FIN A st s a0 h:.
madieet bindivg v PRNA-Brund protens: The abibity of the
sizal genome fee acdjost i s riptiomsal mechaolsmea g apue-
calic cell e biis heen veviewed e lior [12770 I e ek
phase of rapscripton. multi-spliced mENAz encoding the
siral Pegalaiary pesbers (Tan Rev, andd MNefl e drnsen el
weily Jowy effciency (Pl b Aming Oiese viral procens, Bal
cnhanecs gone expression by hinding v TAR-BENA and asso-
DTS wilh r.‘:.'II'Tl. whibel Fecriniis Celks [91-96],

Chie Lite phose of ensenption 35 theretore undeor the con-
frel of Tar, wlhieh porenrly cohunces gene expression ooogh
woikbinl ey e r_'|.n|:r|_f.lli|'|rr ol tsenpiiciin (R A) [12ET The
s steps of HIV-T ranscription accnr in the o major cell
Vpes Iul'gqﬂ.ﬂ'l ilf.' HIT a0 ool Iy—imﬂﬂmt:iﬂr mareneer, Thars,
mrnseripon bsorerulated by thee fneerpliy of distinet vzl i

EL G FE LA T |

cellular transerption facees [ 127, 1297, which bimd o che
LTR cegion off HIVEL 180 E3T ] Mechanians proveniing rear
thystthurt e pet g irnmseripeiani e o pusl-immseripranl
lewel.

Mechavmsms A ftvE o T.'r.'n.w.'.lf;l’.l.l'.f.'mr.:nr et D Wity 11 1T
Lk Lgeenge aof thoe vigns Bs wosegquestrate ol Sor degrade fic-
torn thint wiendd narmally induce expression ol the virs.
MTRE | enevndes o poesem ovedves ] oo e evtopiasomn seiques
tration of X k-l Cherexpression of this proein o memory
O Tooells decrcises HIV-D expiession deancaieally, O the
anllser hand, kooekdewn of MURR-| up-reaulaes THV-| expres
sion. Thie procsin Mol presents the preofeasomal degrmda-
that ol DB whibel e ity witli NTF- B dol ihieelsy i|||r|-|'||.|.-.\|
recavition of BLY expression: 10 believed dhan iy mecha-
iksng erertribes o the maletenanee oF HIV lateacy |23
Severse stufies poinl Lo e bmpottocs O INA G ey
ation in the repression of transcripion. These methvlaced fe-
dpuamees Favor eeeinibment of wditional By Teading o hie
vectoitorent of TIACs [155] The use of methiylase inbibigors,
sich as Seara-cviosing, indoces hvpometlylation and np-rogu-
Lites ipmripcwnpriineet. Thiese vesilis sty stigzest (il (ERY
methyiadon is mvalved In the regubation aof manscripon. As
sligsw it i the ACH-2 promcsonocyiie cell Tinesy i may Te b=
Gt v i develogemenn G Liteney o [EFL 18] Hoeer,
ACHTIE rr:]wlrni do not srpport chis mechanism of FIY-l latency,
an e I'I'Ii'”'l}"l.l'\ﬂ' andhilsinee 5-'.|.?:I-|'_!.'|'|r]illl: nliires c||11]-' wizik
LUV expressson in -LAL cells, o model cell hne fir kiteney
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sl TITIAL &, Mrmerwer, rrn'||1‘r|'|1l.-'|rlnl| iw atan rrrn1|1mg ]'u.lrtlrg Trrieeiris, eich o TIPT, awhdedy svhimes thee chormsminecbosed grabe TITRA s ame boeinin]
inetlr e HIV-L LTR by dueinaeong wify e g0/ pfi Bowsocdioer, alse g g, Qi SPsites Do odile p0oi, s o e, Thans Lo pays
e renwes A EE o TIERA S aitrienemshe O8] i el BOGAT TRE, 8 comples ol copermakr gl TIAT, anen the TEVS LR UL This roose
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1ITwS1 [ .1l.'l-n[|r.= A rebvded] snrhmmatm Finn E;THI'IE nuctrdstmes !, For tlis vemson, vral T e areesdble 0 ofher tacrmirs, sies as [r'l'T"FEL L T
ol s e LT 170 ah st iz ol e HIV-E peplicoinn saclephzac, Procotos of moadigay spliced vird oot Tollowiog the bigiaoing of e
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[PRAT O the ot by Tl somse bivestipz oes eoesedas ol o
el Acsereen m =LA eedls for genes chat ceacenare Lv=1 and
bives Irleantilecl s trassseciptione ] oo paroased mgv-Cpebinding
o pootein 2o whoch binds anethelaged DA Fordiermaone,
thiw b showmns thar the sssnciation of the DNA methyindion
wililstiee watle pessteiivn, o NFaeB fndoeer, oF TSF libs o sen-
erpistic elfict on reactivition of TIV-1 expresjon | 147 o
vinay srodies s |-::-||||i|'|':|i 1y nsscss e iIIIF:IIiIrL"IIIfi' ol T A f'.J'rl_-'
mietblation i more phvstolosial comditions,
Mecluienistes Anting a8 o P Tegnseriimanol Ll
W& I-[Il il meehianising ane i||||'t|:|:-|'r:-|||l i |'||:|i|||||'|l||i||_!;
PIL ey, he discovery of BN s mitieed mime stosd-
Scw ol trarmcriptionil mechankans, I the pronccring work o
o Meblo (U nmteasiiy oF Mussochoasetts Medical Schoold aml
Andrew Fire (Smnford Universite Schonl of Medichae ). BNAG
st et el s a PR AT Ii|‘:l'r|1rlli] IFEETRISTEE R TR AT R
doubie-suunded ENA i Deenamiebding earans. They alse
shrwed thot B¥AL S involved in the ru:gul.'l[]rm ol grne expres-
st Thete dee bwo chasses of %A Che demonp oF BRAL bis
an exagenns origin and Is ealled siBRMAL These are clesaze
|||'c|-;'|||1’ 1= frmm |.'||.r?|||'.|li| r'|:-|:r||:|i|.-'lu-!~c L wl o Theesr o] T
KA ot thie secumel @by 15 encoded by the Bosi genome and
5 thossghe 1o Be s cnedigenans rogulanor of gene cgpression.
These v RS A wre-slon, Isirl;-_!‘|11-l-||'||r|-|1r'q| R¥%A&s of 19220
cleneites cha are imvolved in wrions bloligdesl procesés in
ecukarvoric cells L1538, T, The miRMAY fnteoacn with g dons-
plemengry sequence in the 3aunimmalated region of oorget
RN A which beard s mBENA degradation of mare alten, o
wrarsbationel mbilnvon [T200 adB SN A dee fovolvedd o he 1EE
wlation of virns expression g well | 0] Recenily, it was
s thal miBNAs pegulate B aspressuse ol the HAT Ta
cobactor PCAY and FIY veplication [111], Morecver, oo ele-
EARE CXprrment usng misraarmy echnobogy, oo enrichment
ol oA A b clsters P Dieten olmeverd oy b resting €1
U eells amd mot b active 1+ "1 celly [ 1Y ], Phssse eval
L E42] Fronad vk soveral ol tho miRNA chesiers it HTY
pephcation, Uhey spgpested ghal mutNAs contriboe we Y
fareney in restng primacy Cod= T cells As multispliced BN s
oo o o] R aree powssent i cestig, Tooeflse e 40 sl
ey, ey e that degrdation of these ENAS by milNAs
comtribures o he mumehanoe of HIV latener [143). Sucheoa
mmeckrrgm Tesedd o celfnlee mal A s ol leen e
seribed inocirculating moneovies | 1440 Another post-iran-
scviptieral eeTioiisin ddvolies the regalatn ol the BT
tudiet of virad B3As doclear retenoon of muld-spliced
™A T e fooo] in meowry G+ T cells, The mech-
arsags winferbving this muclear celention 3 woclear Dol ooy
mvirlve the down-regulacion ot the profein poly mack-hing-
g, which interacis wich BNAw This Tietor b preseni i
wvee CLRLE Dgedls, amsed overesxpression of Uis protei in
resting cells allowed reactivarion of HIV-1 expression | 145],
Thie vielee il ivec s ol the esihilsBinesn i i
midntensnce of Lieney in che two madn targees for LIIY-1
ore mado-factecal and ore tnvolved acvanoos wages of the
sipatl Nbevyg b s ilbsciiz=ed alicve, Puassibly, saine Tarms ol
lateney are the resole of the counwer-reiaction of the intected
cell o silemes HTVT T s r|:||||:|lir|g Tt Iq'u:l'u]:lll: hiat e b
sive mechinisme arise mocells atver o longe hiswory of coevo-

Several pemt-

e e L

Deciphering the molecular mechanisma underlying [atency:

P s L e e rd e 1 S e v L e W e L

Toeginses el nirmmeniadiog cedls ook veleedroses, Teosicablyv, these
meihanisms contribute o the porsistence of 11Y-1 in in-
lertseil pratisciiea,

NEW PERSPECTIVES OF THERAPEUTIC
INTERVENTION IN HIV-1 INFECTION

Qe the discovery ol HIW=1, st researcl has been Jone 10
[presven wiel w cure ATTES, Moch reseamch comeeniaied oo the
development of vaccines against FUY, Unfortanately, all HIV-L
v nes hive Bl 0 el peasd 25 visie, hiswing thad o preoe-
tire, thiv appreach W ool working, Manw aetors of e sdentbc
wirrled, inchiiding e ness Nethel Pedee wonnee i phyvsiolegy
aneel rnsilbctne, Frincaise BorreSomsesst, vislced (the e foie o
new directon in PUY immunology cescarch | 146-149 ] The
Meibimne ool thee corrent HAART 1o comTicia 1'|||‘:.\-[|||5 apiganas
pirehy im the troby Gitenr reservolo [ B2 150 1517 Hlowever,
phylagenerie approraches also paine ooan aageing replication
b Do Tewel boceevieie infegied cells Moreaser, (hese cells
are often foand In tlssse sunciooary sites, where ponctricon ol
ili b s agati Hoteel, i Lhe b [ ER2-104 ], Fovitbed i i,
severil 1 inhibitom are ineffecive in chronislle infeceed
macrephages [29], and protease lnhibitors have stgnificantly
lemver yetivities dn ese vells compmired with omgplecaes

153]. Fimally, emergence of multidryg-resiscant vinases has
|t r|']|-:||'||'|! i ||.'.rmu|g|!. m RS |i'ir:1'1.-lug HAART [T02,
Eah, 171 All el theve constdernition (existence ol e e
FERCTUHRA, Tasie-saneianey sines, and modidog resistnee) en-
virnrge Lhe development of new gl omrgial ame DV dread
L SErale s,

Tinbay, the I1I|:1:I|r1' T VTGl [u:lirnlx i Lasaal cin
combimation of LY mpdd, B and proeease mhbibdtors: We
Peleve elal e doaga alonde farger oahe sieps ol e HTV-1
cocles For exgmple, they coulel be direeie] dpnrse proiedns
involved n the tmnscrptien of the nsered vines genome. Tar
Feivs e cniaeal vole i psse e peion amed constioaies soeor
gel in thermpeutic intervention inthe THY replicative onle
LR Moreeseer, drpgs consdd e designeed moomeges eothe
larr wofie tars brseslveed Ino thie actwaion of trmscrigron, | s
strategy shoald be able to bvpass drgp resistanace, which orises
willy wtenl protens Ao mereisimg e GF stoglies sogires)
thiat imhibitoes of cellufar LUE-binding fctors, soch as S E-xl
anib Sple repies TTR-diven randeripitinn [ 158, Fo0-T63]1,
Proteins such w227, purdied Tvops S Jolods Wort, which b
bomgs fo the DHNG Lambby | 164, are good candidas, p27 sep-
R I|.|.m||'r:f|:i:||| anel peplication oF IV By e le g
with the tuncticn of cellholar tactors (e, BRELL) and the vival
|i||a|1'i|| Tud [Eeda, T0ea], Hoveewsa, 1l 1|.I|1..':{:~ this fwl e rgms thie
Dshereied Larinime barrver esisaly [ 127, omed (hile sivictues est bae
changed 1o render them accessible woothe brain

Woar silse Tliawe Pl nnckedstinedingg thit smelisculiae e
riisns pyveelved Do the esbsbmen, matnenanee, and regct-
vaninn wa-critical for designing new reaimenr stracegaes. HIV-]
prrneratien frehibd tons demilel b fiset] e prievenl resicbisilbo
andd keep the vims in it dermiamt state. Floswover, will mot
allass (e |'|:-|I|r:|[|‘:h’: eridiEitiom ol HTVS1 modd o Tilel i willi
therapy psocized with drog side-ettects wd development of
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theng vesiatomee, aol Tigh deeingm cost wonshl W e e
qquined.

R!'I'\11'I'|.|."_\r., R LTSI T [T} 1||'i1.l|ll'li'|] Al gy Tz Isicicin |||'l:'|]|-f|:i|.'|!| I
eracdicite e viras from bodecied patbene The ooin e st
facilitare the mactivation of virses froome lnfene coserioiis,
hiiety see 1 Tien dlestroyel hy HAART. M Bictoes Tetve Taen
mrolved b rescdvicdon, Inchodings phsiologicl stmuli soch as
TNFeie, T0-15, 119, TLof TFMy, or (DG4 (49, 1R7=171]
ezl run1||[;-|=-|,|r|r|': suehi as phusrbas] espers TIA sned priss
wratnd, IRAC inhibitors §orichostating valproic acid, sodium
Tiatvrare, and sulwsroylanilile Tisdvosoamie acal) [112°772-
IR], epspase dndbites [ER17, e TERD seiviocs [ 1527, he
drocovurea | 153]0 and sone actbating antiboclics fano-CIe)
[0, 155 ] A ceeend zuniafonggal agent, aophostevicioe By et
wattes virmses tromy the LLIFSSCE P monooie cell loe, oomodel
I“I!L'III!J]Lul_u.L vl Tine ol HIV-T |.|'||L.|'Il'.:| | 180]. This |J||-I'|'||'r|'r|||l|.|.
v spectfic tor eeeropboges, Do b T cells, o oy e seas
dradom in troms when cocnliored with the amphotericne -
ance B ee] i |.-|_‘:lh|.1.§;4‘:'f | 18], “.’ul:. riaclietlnn fIeiin itls
s preclinien] stodiey 3], bot e date, wll falled inclinges)
mrlals. Valproic ackd, which & o HIALT inhibioor, dvmas [reemis-
s, s L e b beliivele s eSSt ot e i
jor resesvoirs (U T cells and mscrophages;. Indeed, val-
grooie acld was described as eliective inothe liest clinicad trind
[0, 18T], Ll veven ) climeal a4 oo comfirm (hese e
sules | 184, 18U, The p TEFb activamer Bexanmothvlenchisices
ande wsealae u i|1-:|11||'4ire'hl miilicenle |'||.r4|'|||'|:|.' wnihe :\1|||[:|. In
pileat stwrties, 1w able v reaodvite Bnendy imleced cells and
prevent veindocion b devwn-regalating CTH CCecplor expees
sinn [ HE] FIII:-I”}'. s |H|r||'-|,:|:-|1- [l i ol vl ol e It
venhil toxicity ol freatments based an nonspecitic Co4+ L
vel achvationyaoeh as TL-2 The vocain -:]iuflll.'d:l!.. that an al-
mabive by sgaliced bomm ot the cellular oamscrption e P |
can acrivare lawenr HIY-1 in a ME-gB-independent manrer has
'||i§_l,h'|'||_']'|lr'1,'| v I|‘1|:-|'.||_:-r_'|.1l,ii_ [.1|:I|:_-'||Iiid ol el Gt B ke
reactbvation of e LUVSL TIE0] Fumre emadhoanom proto-
vols shondd rombing seveml doags able o rescivane HIV-D
feim Batecitly indeeied cells, Such an :¢|'|r|1-||x.]4_'|| Tias Beeri funnd
i be promising, us che assooaton of o DA inhibior or a
T A et Do inbiTiten wirh |.||l|\||'.1|irl s i ~.'.1||'||_1I.-.li|
eftect on the aotividon of TIV-1 expression [137 191] Vil
eradicartion might also he achieved by strapege mervenisns
Bl |_|t'||r|'-; e resistaeseet sl rodee e oo lls i BTN wilm o] el
cues anvolved in Gaeney rebctvanon, Fmally, according o ne-
vent dag |'||__|ﬂ]1|5h!ll'|g the exiaenea of rwo subseis ol meoery
I owells serving s o reservisie [ERT a0 combimed bse o strdesi
nterveRtom mrgeing viral rephicarion dtheough reindnreed
HAART Y and .|||l|'|||'ﬂ|i|'r::m|'l:|:! I‘||||g_!- el pEanecan e
elruigsl Dias Beem proposed. Moreover, s deatmetil s i be
introsbuaced very carly oo the cowsse af infectian (b the wav,
r'|1nf|r|||ir||7r e IR il reil.ﬂ:\.-' l|||;:::|'||f||lr|' HilETeEnlinsl,
ny it reduced the consrtuiion o the profifecidve reseroir
esstiealle (Tom memmoey el

CONCLUSION

the mmolecidhar meckzoisios of FIVCT Lsgenes = 0 i i sl
boor desigming wew treatments that aim o chimdate the teser-
st The ey hanibsins pisvelvca T the cstahlisbinae i, aiwd

o rpenanee of DHS-1 Btenoy ave diverse sonl ot wodersgood
fuilly . Eradicntion of the vimg from miceted paticnts will re-
U lrsmtie redietion ol e peseeesiis mas e i s
FLAARY , reinforced with new, potemtly anoretrovirl drogs’ -
geting chramcally infecied colls. There now drngs need 10 ac-
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Publication 7

Achieving a cure for HIV infection: do we have reasons to be
optimistic?

Le Douce V, Janossy A, Hallay H, Ali S, Riclet R, Rohr O, Schwartz C.
The Journal of Antimicrobial Chemotherapy 2012

L’introduction en 1996 des thérapies antiretrovirales hautement actives (HAART) a
transformé une maladie léthale en pathologie chronique, associé a une chute
drastique de la mortalité et de la morbidité des symptome liées au SIDA chez les
patients. Cependant, la HAART n’a pas permis de soigner l'infection par le VIH du
fait de l'existence de reservoirs de virus quiescents. Par ailleurs, les patients se
heurtent a bien d’autres problemes liés a la HAART (tels que des effets secondaires,
une observance stricte et le colit des traitements et 'emergence de souches virale
résistantes), ce qui motive d’autant plus a 1’élaboration de nouvelles manieres de
traiter les patients. Cette revue fait le tour des dernieres avancées prometteuses dans
le domaine et qui pourraient étre la clé d’un traitement curatif. En marge de ces
nouvelles stratégies concu pour éliminer le virus, des efforts doivent également étre
fait pour améliorer les thérapies antirétrovirales actuelles. Nous supposons dans
cette revue qu'une cure pour l'infection par le VIH-1 ne sera pas accessible a court
terme et que des stratégies basées sur la purge des réservoirs se doivent d’étre
associ¢es a la HAART.

J'ai réalisé l'intégralité des figures présentes dans cette review et ai activement

participé au travail de rédaction
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Achieving a cure for HIV infection: do we have reasons
to be optimistic?

Volentin Le Douce!, Andrea Jonossy!, Houda Hallay?!, Sultan AllY, Rophael Ricletl, Olivier Roh*3
and Christion Schwartzli*¢

Unlversity of Strasbourg, FALGIE, Tnstitute of Pamsitaiegy, Stiasbaurg, Frenre; LT de Sahilfigheim, | alée diAchenes,
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Ceesnparad o cuthor Tl B ET-3ERREEG T Erinil st i Lo i isLineE il
{Thase =ilhors antribui=e sosaily,

[he niraduction of fgaly oothee antirgticeio: therapy (HSARTH in 1958 kas trensformed o leihal ciseose too
rrmme palhalagy wih e diomols decrease o moen ity ared moricily of ARG etnted syoatorms e infeied
pabicns. Fosoeor, HSART hos not aliowsod tha cure oot LAY Indoctien, the mwin obstacia to HLY cradicatsn bairg
I =nislenee of quisstenl eesraies, Saeeml ol bar probierrs R been encouri=red wilk HAART surt a= side
efeces. adhesence to medicotion, emercence of resistance and cost of treatrmert), ond thesa mativate the
senrnl) for pie vy Lo Ureal [hese pabianls, Recen ] adeinces beid prormise for e olbireole curs ol HIY infso
tigin, which is th= topic of this reviow, Berides these raw steatedies aiming taeliminote the vires, etfors miust oo
e b g o currenl AR We belleve 1t e cure of HIY elTectior svill rot be atlalned in tha sbr Lo
and that o stroteqy basen on puming 19 resers hos 1o be astocinket with or cogresses HEART stroteny,

HE_"IIW'IJI-I:IE CORE, reservairs, infency, purge, HAART

Introduction

Higmen mmiunadeticiency winis tHIN =13, igant Fed 28 yeqrs
ara,' mmeirs o gioonl health threot responsinle for oo workdwice
pondermic with an estimatad 23 illion acaple infocted.” More
e PCO0 e N Infeclions poear each diy, and he rurribe
of mewly dingnesed rfecllors emoirs fr grecter (han |he
number of peaple lasunn 50%) who hove cooess oo hiokly
actue patinsteovizal thaigpy (HAART). Advances kRave: boca
e i tranting ALDG sirce e introdoction of HASET In 1996
Tha b transfoomed o ethal dsseass inte o chranic palholooy,
with o drmomnlic decrease of martality: ond  morhicity  of

AIDS-reoted sympioms inintectes potients,

Why is achieving a cure important?

Trnedezbe, Cha orog wmy in ol pobenbsmiected will HEY reaesonn
carbiration ot drige that aos af differert stages of thawiml lite
cycle, preventing the vinas trom replicating: These mabocules
torgat four stoges of the cyvcle wiral entry, reverss transciplan
o P viral gesore, inleciation inka e gerarme of | e bost cel|
art mlurior of Jiml pmiens. This thempy cor edurs
plozmo virgs: lesels bolow detection limits (=50 copiesiml)
[lpwoer, with yvary sensitive but edpanaive and sechncoly cnal-
bungiy msethods, o residad] winseniio i st cetected i palients
ar HAART S Marsaner, H1v R tepienlly rebuers Lo mansumble

peesm=d levelin less than 2 Wweaks when HAART 5 internuptad, sug-
gocting thot avoer leng-teny sdapprossion of HIY-1 replicatian Dy
HAART Tils Lo Latolly edminaie W 1L These Dwo lulier phienoim

enn ore mainly due 2o the exisence af Y resens s, ™ Tha ex-
istorco of ineeroted latent viruses or wids reolicating at g wery
lea L e e renit eetlubar recervoirs 15 an abstocls ta the srad

cotion af thasrus anr tes the fotal soevey of patleis oo
requires strct adhesence to feteng sreatrment '™ 7 19 adeition
Lhace callulor rememvile are oflen fownd In hEsus sorcluonss,
sich os [he bmir, whers drug aesstartion mimy be o sesen
orders of megaitude lower than iF other tssues, ™ Yim, elapr-
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ore paually neffectie and armtecse innibhors homee signiflcartly
laweor oetivities In these cells than in ymahecytes.™ " Moreover,
erpargesice of mody Side eTecis mdy redaie e cessation of
treatment,” " Furthermore. the develgament of mony bypes of re-
elzipnoe, relannd [0 the extreme mutobiiny of the s gnd in oo
to treabmest nteragbions, hos been describad o0 the btera

=" Angtaer mcjar cancen s wlated B e AIRS sverts
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Havlanw

Leet but mot lecst, o mojon probdem dalated o HAART iz the
cosl of Lhe Dealmenl Been (b ocesl ossocioled wilh [he
cheapsr geaede farmes af (ke dnegs for esceads the oblies of
many resourceimited coyrtries 0 providieg, treotrment. The
cost ef this wroamment will be incrzasingsy imporent in the
Pt witly on cwarall glabo, bodget ragalemeant b oddiecs
ihie prabbermy Troe ooy (o 2037 being estirmalao o) 55397 -
727 hillion " Since, o dats ne effective HIVS1 vaedine is il
abie™ ** it-cppears crucial to improve HAART and to deveop
niEw strotedios fa Sura I A0

Which cure is needed: a functional or a sterlizing cure?

A sterizing cund recd s the total ercdzation of all HIv-infeced
cedls, inclading quisscanl reservirs, On et hooad, a fei
fioral cure mome (oo B osiuolion 2ncoontErsg e somE
speriol natients solled eite controllers” whio ore gble to contml
vittl realzation ang have: less than 58 caples/mibk of the Wrus
witheul @y bedbment Althodoh @ sterdlizing  cure would be
the rristsl apprapridte arel destmbla, ey b e e rmpos
sibie o really achiee, Orly one mporled cose, (he Germoh coses,
I5 kmown I the liceratuse shot sugeasts o possible eradicot an of
the winas! & funedioral cune opacars more foasilbic Tros it
seeiris impodsie o ges rid of KU Troer lolent cetls arad Troe
sonpiunties, We hmie o kesp i ming hosever Lhal the: cnroric
inflamreatior descrined in potients under HAART hos tlsa baen
dosciged in some 2iite contolors wna Raws Eeseatod Wit
rasdaal wirgenic ard Fagher Tmimdine actieation comooied with
hiecllby patlents™ =" 11 g very lkaly thal hese patiznls will
devenn more roa-A 05 swerts compned with those wha nre
urinfected o actuaally cured

How might we gchieve o cure?

Tre bisst scenario” would B2 to erodiodie the wiius from ol
infiectod egts, Dven thauch this dppoads wory -difficult, wo
abald e alble Lo drastically decmdse e AV razerolr by iden
Wiy oovdd Lesneirmnasing | k=, Residioal on-going vienb sepl
catian, whatever e arlgin, alsg Fas to oe reducec to prechice
nor-S105 ovanka

In thiz articie we will discwss new streteg ec under investioo-
Hesin Lhiaal i L eradicile HPY fror il ied pelanls, Srsl
will msuss o ecenily descnned cose thol sqowed a0 poss hle
ermdcation of HIY faliowirg marsnlantatior of TCR5-dsticlent
ermateocicthe stom celiss This strotegy Moy opon ey
dyariges 1o cure HIVAnlecied ootents. We will also discuss
i sl il egies Bosed an puroirg resereoirs Tolossd by aogres
sive HAART, This opprooch - hos alstdy bean used o sévem rlin-
ical rrials, Fincily we betiove thar HASRT kas 1o be ireorovss ancy
atfrtensifed; PoWwewen, sl hiove 10 seep 0 mind Dat HAasR ]
ailane woll motatow Tar o s,

The critical role of CCR5 in maintaining
HIV-1 infection

A proof of concept

A teport of 0 Gemman patient heing tronsplanted with stem o=ils
tromi g donar who cared the A32 CORS mutation and then con-
mralied nis HIV infection has Mghlighted tha critical rale of RS in

rnaintering. HEY dection ™ Lt fs sl o thas HIY-1 anters
cells by tming CO0 receplons crd CCRY o UCKCRE corecaplon
ard pessams bamozygotle for o 12 bp delelion mo1he gees
coding for CORS ore resistant o HIY=1 infection, ™" It i noke-
worthy that the orlgic of the CIRE-A33-cortalning ancestro
Figalatype 35 recanl jastimated mnge ol 275 1825 yemis) and
righil be retnled Lo o bistors slrong salscl va seenl cach as an
F'_'.I'il—.h:"-rllr -—|f'.-| pnlhr}:lpn ';hnTl i'k;l H-['-l,'-ll |_J|_|||'-'F'-T FTRE, Tnis _h_','r;l-
thatical epidemic has incregsed the trequancy of this mutaton in
crozstiol Laucasion poaulations,” Hutkar undesstomd the sicnfi-
conee al 1he CURS meutalan o soggestec tat transptontation
of stam eslls arngnating fram o danee ‘.1nrr|:1?:,~gnl o frar The mu
bation could etfectively eradicote the vims. Afe the wlopse of
[Eukmcain i the Gorman paticnt with S e Wees no othies
chirice but bo nansolant aliogeraic stem coks 1o this. parse,
The oobenl, o= suggssied by Hullern received 430 (RS
mibnm =tem relE Fr}ilmwing |hE medicn! intareeEntion, [he
patient nos sopped HASRT aad HIV RRA hos remmaimed below
1 copwimb for mow evior & ovears: Inoaecent popar this grouo
shidinied evidence wjen Tot o passlble o of BO-1 nfeclian in
i polsnl Indsed, ey demonsirated reconsiiution of bath
rirculating ord muensal C04 ¢ T cells skat da mat express CORS
whille the agtiznt remoined troe of the virus., Moreower, thoy
chao faunc evidence thot long-lived cels such as mocaphoges
bapmme A3 CCRY, since Hhese celle grs seseroolirs Tor 1B dirds
clorg with Ta— T marmory cels, i oppears That the sire of
tha viral resesvalr hos decrénsed. This esult wos Lnsepectedd
sirce the pationt’s C0&s momory coelis o sl susceptiolo to
preductive (nfaction by [émiphobooe (GRS frapich B, Tha
corib natie of mdiclhemny ond osmolhemmy b olowed
the amdirotion of Inao-led reservnis, which bns preventer
HIW soboand durng the process of imrpane meoanstitution follow-
irg stern cell ransplantotian, Athaugh shis specifiic cose is o neo
sageess, sbarn call lransalantolion o8 o genel sliolegy o cars
inferted palierts 5 ol yel fensible das i ke high mor oy
of tnis teectmant (20%-30%), This rapart eorstitites o procd
of concent and opans the asveloomont af now - stratogics
borgeling the CORS Corecenton

CCRS gene therapy

ArTiorid o treatiments, CCRE gere therooy could be o poteritial
Creatrent 1o ocure HIW (bigure 1) b peclhoecal  fracs,
Hiv-T Irfecied  mice sngmfled  with src fnger  noceoss
ZFemadified Cha s T gelie hod ower vl (pads anc noghes
COE - T 2ol cobnts than mice eraofrod with wild-type (0t T
cells, connistert with the ootential 1o ecansiti s mrmaee Tuac
Llii o ipd ol with Beavials Ly \he mraiitlenanes of ar HIY
resiskant T4+ T el papndotan =" Praliminary results af baa
Frcse 1 cinico! triols using this attractive ooprooch wers pee-
sopibed of thie 2011 Corforence an Ratiovinises ord Dpoortunistic
Infeetons (CRCUY Lolezn presented wolo gr Lionsiorraed
(i T ealle Thawan Ivoe C0A4-4- T rals wers onl orad  [rom
sy patients won hod aan ving with HIV Infecton for
=E0yeors, Poricipanis chassn hed continuec low CO& T el
courh (kard g Tiome 200 to 200 cellslmm ), dispite recaiing
e lisatreiil [hampy, which redoced HWV viral lood Lo anoun
crrertnhla lpvel Soth studies snowen o saceesshi ond Folerten
eagrottment af the tronstormes T4 | T oslls, A1 the Intescenos
Confercnce ansdntirlcsstiol Agents ond Chemothoropy (CAAL)
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o th#upgu -mwibch DINMT infibicors:
@wmﬂ“ﬂﬂ . Ell
mwﬁmnﬂm @ Mirﬂ%ﬂ:m

! TNFa-riediatsd NFE =
@ @ aetmlin, @biﬂﬂfﬂmhhmm et

(&) Potanyial targets for
~ e lvetlon.

Figure 1. [roisng new oooroesnes 10 e putlm._ ot AIY- L mnleculss snshanisms ot the macmohons l2vel Besios increas— the paol of naw
s e A I Thnml:rr-r‘lrg,. USETE I T IR e eipprenchins e redine o ssaenon S resawnny fromn | =T arfeetian e dnbe FLass
cofe ey cambrl snd presen ml rtcabion, bl led e -,||_hu_'-..|.: sl wiril Cletnnie. Soww et ol stroldgies ol wieos erodicilen Uheugh g
Terepy ana cleorance of the wieal r;!saf-.n:lirs. Tre first srrazegy derived fom the oossreation of the 432 CORS sone momow fransplonted 'E-Eg-—r:n_
patient, whe seems = he Feeof (063 Inféction. Dwing rothe lab sk asaociared . wlth suigeey and the imssssind e ol usies this methos in g
leroe romibior ol pollenls geas Lheepy could b sy e distupl e CORT nedialit] infeclan n eecer! looriimie e prsdous fesalle of e
I}Ermur cotleat | 1_I Tre =acond stratsgy reiss on n=s£c+:t|ru;| e cument AAART with malect Les activating the viral :t.'r-:scnpl:u:r :rrdr,crurgEtlng
Fo=s pretEs s fedEanng BIY=T lakency. Sin the pne hnnd he ey '-TTJ'.II',]‘F of Wl '?1:'|r_"n|n|1 IF'_"].J|IM e - PranRcHpbsn oty Mgl s
Cylirgs sath e THFe i atow T nigany ol 1y ulrul crarrripot 0 obenk reservers (210 G L otbsrbesd, caemalineodilyivg o
Fawve been aszociated with HIY 1 tr|:|'=.-zrl|:IIJm'l matinction. Sirough fing —odificotiors of the-epigenstic code on the virdl promater. Limizsg ONA
mesmlotion of the Cpl sands- {3, ||'|I.TE|:IE_II'I|:| cotiviman marks, such ns-aeerdosion of Fetanes fram tius-1 04, andeie aealding morks nssocioted
w0y heleracknommoting Suck og b el bon of feined o Beaie 8 (5E of Nistore B3 in o1 mdd meverl e tolently (=t
wims bock Lo productively imtected mgoephiczee. This flgurs coosors In cplourin theorlng veson ol J47 ond 6 bleck and whisz i o =5l
vargica ot 00 '

dota fromy anothof cliricol g woe glsg prossnban 0 which will b salectod and will moolace she msmal SCRE G colls, sinca
sinauliecis hoviog Dobally =450 (A4 Toellaiminy ueder thereeass of viras o hese CORS calis wol nol be able (o
HaART were fedowed for 10 weeks afer Plasion of g2 e nfecl the tramshise popalinbion of CORS - mulania & muach
mromgtormed 06 T celis, Only one: actert T this dimical tiol - loncer tollow-up is reeded b confirm taese expectotions:

biecomc ungetectoblz for tha winds, Hawever, this potiert Tha lgng-term cortrol of HIV oy the C2rmen potiznt woo
et Hie cliniceh atuoy with o 232 CCRS atotion. There  received o bonspion of CORS deficest hoesoiopalalic stem)
Fra 0 Tarcliand) et will s gene Dharopy was rol llorsl cells bolds proimise Tora el doe ™ bul dus Wil fexdelly, 1 s
&5 axpioinec durng this corfersncs, orly 5% of the totol T4+ not o realistic one as dairmed oy Lewie and Rauzaue=" Furthes
T melis weres transformed, In cantrost o the 1D0% ' the  ineestigetions T order to Jndeestand rhe meﬁnnlrm by wilich
Gorman patient whiva benelited friom stem cell transolantotior.  HIV was credicased have to be porforrned. [twauld clao ba rter-
There & hope Pavewer that this simall factior of calls el dsg esteg Lo eoeol s approoch 1 olher aolients, '-l'lnl'lllj"l will el
in he iy, smra il = supecterl aal e TTRG= sl Infecied e bnmake further cocs L aians Y T swen niees questiors auch
by HIY-L will gle over fimes IF s possibie thot CCRS - midtants o3 why there = no HIY rebpund fom lorg-lheed viml reseroi
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oroducing CACRS-Lroaic wirgses dr whot the rolo s .of the rrans-
plaritation ordcedure et =% 0 thig grodication of Lhe viris.
The dehote, reoning whether 19 fredlmanl nf the Garmnn
potisnt represents a stedlizng care o nat, |5 far from over,”’
Gene thergay (ircuding CCRE gond thompy! s incecd o yeny ot
irdctve coproach Lo oafe HIWS1 infection, but it e nal for jfaome
chiate use. sven theaoh corsidenchla progress i gees delivery
hirs heen made = Moreower, the dehats as (o whel reror ot
this.gane therapy wil lzad to @ starlizing cure s 56l apen ™

Purging viral reservoirs

Tre mon arowback af HAAET §s that it is unable 10 purge the
wiels fromm gquisscent reserveins, Lo uly otent aalls M0 ane
ar fram cels owith ergotic e gaing BV eplicolbion, LEAAR
from - sorctunres =ach as the brainc™ " Besting memony
Ch& | T eslie arg the maajor cefdutar and the best: cromctenzed
rasapirs i the natdeal most O The oreseres af lotent pro-
wirnl HIV-D Ena o this calt popolotion s definilaly Bees
prear,

Otaer reservrrsthomresting T+ Toets hdavaaso Been pro-
poged "B R Geretlc studies showen ot durimg rebound yie
Ao fduo b HaART interuption) the virds could be dotocted
froen smsepealrs olber (hon COAE T calle ™S00 o laaier ey
prae] Vhal oerpient Blomd morocyies, derddie sl ond
macropnaces: in the lymph rodes ond hoemctopaietic stem
cesls i Lo bain rarrew can oe infected lokently and CRensttee
caplribute tooviral persisteace, S s sl gabated
whiethier ar ol viml peresiEece o Hhass glier mesnolrs i dos
tn true latency or to o lw-leval po-going replicat g ™=

Deciphenng tna moleculor srechanisms urdorying HIY per-
sistence is a promguisits fo dovise newe| Teatrments o ming to
puics Lhase pemenan s Sevenol moent eviees describe Inomce
detail [he mackanisms af HIV pesstence with implico
the develnpment of new thempeutic srobegies, S
Bietore LEiNg stsategios taat aim ot purgirg the resordoir Tn-corn=
blitiar with an plensifed HAAR T, we aead: (1] 1o ldantify ond
chomciense |he maisiulor ooiom rwolved 0 be persisteics of
Intency, whlch reliss an e Srrmatin envimnment; anc (-
urigerstond the mecharismes ot reactivation in grdar ta pravent it

Persistence of latency

Cnce H=1 TN& bas mtegrated into the nost genome, ond
totency has boen cstadlished, maintenonds of Hiv-1 lotenoy
denendsan the chriemoty envreomant. The ehiometin ongon
celiin ol the HV D promoler wilh orecsely il iinsd qucled
somes ! has keen owel describac Mucsll a mudlessome
[moated (mrmediotely o nstream of the sranscription inisiotan
sitg, irmpodaes long termine | ropeat [LTRY activicy, Epiconezic med-
imcatiors and deerupbioe af Suc-1 aes o arsrequisils of octival s
af TR dowen fronseripton o siral a:q:‘aqsliinn,"" 11 wscs= rmeenl ly
faurid thot recruitment af deacetylases and mestyinees o the
LTR waos associetod wity cpigonctis modficotions (eoccatylatian
of K389 fotlowwed by HIKE trimelhylation ard recritinert of HRL
orotaing: In C04+ 7 oella In [hase srperirenis e melisvlose
Z3ISHT ond the HP1y pmtens were bnocken doem by =moall
imterfering RAA [sRMAT, Tre-dapietion of these foctors incranged
thesievel af HIV-1 exprescion ®

Epigeratic modifications of tho TR hovealso boer gesoribad
irninicrocicl celis: (he GRS rasidanl macropiages: e cells drd
majar cnrgabs for HIV ond comstilte lolerily infactas cellulns
reserveits - the brom" Previaus work fiam our labaratone b
saawm that a COUP-TE mtenccting protoin 2 (£T0R2), o ooty
clarwed  ransoipbcnal  reprazsor  that  dan dssoccte with
ek af (B COUPTF Sarmoy ™ miniie HIY1 renleation in
hismon microgling oall= "0 s hseqiently wee shoseed  that
CTIPZ irnibited HIV-1 gane trarscription in these cells bysaonuit-
ing. o chramasin-rodiying comples " As demorstotad in |
lyrrpcyles, oo wars sungests a corgorlanl receiliment of
bistore groce dosss HDACT, KOAC? and melbglose SUY3EHT
bz the virol prosmoter by CTIPE. Ordered histong mocications
yecrald abioy FIPL binding, beterockrometn farmotion a0d, oz o
corsoguance, HIY Slencirig. The  seteiochromating farmotion
gl the S gemrole hos fseed linked oo pos|-nkagmtion
leatercy, omd Ihis suggest ol bmrserpnionnl repressars such
o5 CTIFE are Imolvied 0 the ectotishment ond maintanonee of
virdl persistence ardpast-intearction leteray Inche brain.

Ihe porapressar CHEFZ hos wr ever e plealropo gckion by
requlating ine sspeession of genes of infecl s celis, Recruited 1o
the rcellular oyclindependent kinese inhibitar CHEKTARZ 1™
{pell promootor, CTRE siloroos o2 goas transcription By indu-
cing eplgonetlc medificetions, as descrbed obavs, far tha
HIW-T prroimiolar. This effecl ndireclly fovaurs HIVCL lalenoy
sinee grtivation pf the p?1 gene stimulotes vienl esoression in
macrophages © Marsowor, CTIP2 soanceracts HIV=1 Yar, which
15 roguieod far pEL axprossion Wo-sugoost thet all those tactars
contrbute tgethel Lo HIV-T lranseriptione) lotency rinzisgla
el The sicth e seonting e rmporlares of p2 7 e e ealicn
bive cyor of HIY-1. 15 for mors complicat=r since p2 1 hins baen
coscribed o5 o restriction tactor in macopaoges and 0 sesting
Clg | cels ™™ The pioteéir pil imight hove differart effects
o 31 Infeclion of macrophages deperding on ihe Toiosied
il life ryele slap, ane thersiare an (he Hre since infection.™

W hove alzn idertified o new actar ineshiag n the mainten-
proo ol HE-L |etoroy in mioeglo, cols, the lysine-socofic
cerrelindose (LSD1L™ W natobly shovwer thut LSBT repressed
R ramscriplion g wiral @xpressan inoo synemislic e
with CTIRE jand reperked that recrultment of £300 a1 the HIV-
prosmol promater 5 associoted seith bttt HIKsSmed and
HarSrmes epigeaetic fhakks. Assocation 2f both HaKsmed and
Higbmesd epigerman morks aelh WO secraiimeand moy thas
romEluie o onew level of eulmruntic aene mauction. Thess
observations ore consistent with tha discovany that HI3ks r'rle‘rh;r:
[aticn ob cortain chTeTating ol Ty provcnt gons exprossion.
Intesestingly, such o oare cepressan lnked ta Hikdmad bas
e oropased (oopraven| Lhe Bspresson of cpplic firoma
bers. 4 This i= st mngthened oy 198 finding that K- prefers
Fioly mteomotes rto octhe genes ang theretore could B
considesad ds 0 Crypbic cone.

Surprisig y, LSO bes oeer assodiabed with eclvalon af HEY
| rEErE T R (0 EDF++T-:.:+'!|I=. Taraunh dermsthy olion ol K51 Tal 3
However, in microgiial cells e mechanisms  underldng
LSDI-modictod ncheose of HI3KS timathyietlon 15 difforen: and
it paly. Cor bl abil by of LSOL to anchor atlar factles at U
promcler mther thun s oown ensymontic solvily, [ndesl, B384
trimar byintiomn s messorinted witk che recraibment af 1501
RSET] end WORS ot the 51 binding sites of the HIV=1 LTR) RMores
ewer, reactivation of HIV-1 arvikases corrcieted With the reease
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at L2000, M5ETL and WLHS framn thee vl prormaber dand . owikn 2
ragpcat] HIEG Lirmatidolion o confrast to Clé4 | celis) LSE1
& Irwnives in the moinfanonce of HACT nlency m miemglil
cells by favalirng o locol keterachromiotn steeciuns, These o
stuciics n:pafrir.g a daal mole ot L5501 through differzrt mochen-
faitis A Lawa raaln HLY-1 turqels gl 2o the copmplesty of I-Il'u'
I |.|1d raise: | he g uestion af how aFeclive Lhe:use of niibi
tors of LA wouid ke for fall Hiv-1 reactivation, fndeed, target-
ing L5 +:| full reactvarion o microglicl cells might not work in
lymphocytes, . [nstead, in the |joties coils an nduction of HIY
lofency is-expecled ™ swther Tvestigetan of the epigenelic
ralition of HIY nlenoy s thersfore needed inoard=r 19 desgn
efficiant dnins tnrgesing Vil reservale

dncthier fictd of interest js. DMA metylation, waich nas been
ineed Tn DA sTeeing and lokanoe™ s riew wal, estaalshed
Hhunl s Cppi —n:-'ll'-:{' bz piloys un Tpor L stein i barieg
HIV-1 lageney, = rlenite previais rnn-‘,rcn.‘ar‘&:iFﬁ."" Tharefoe
B g8 r'1et"|yl-;]_-e inkititars, supk as S-azacybidine, coild be wEstul
in '-'trﬂn:qles. aAirring ba roacivoto recopvairs, [Lis natowozhy thot
ably o1 fave parcenl of he lalar] yirdsss gre ety Clegd B ey
DA, bl Ihese sassryeirs of babenl virasss are hichly reislant Lo
ranctivabion Arhesing o cgre would probehly euire the feent-
imamt ot rany dtercnt tpos o toncy simultcrecasly by a
combinotion Shorapy opormac,

Preventing reactivation

sowppal micchorsrms acting ot the tanscriptono: and Eost-
trangeriplionu. evelare al work o oider o precldde BV eacteg
tnr 10 lmlanl mmeris Tecling These mechonisrms oy noen
NFES WIS o TurgE resendnirs, Sequestrotion ot muclenr foctor
sl [MF-kB) in the cytapldsm at lotent colis is oncof these
rrachanisms, 7T coll activation with tumour pecrasls oo o
el alites Pranslocotion 1o e nucleds of BNE el which
hen birds to e TR and artisates e soly phoss (Tal nde
pEmcenty virus troesception (Figuee 1) Besides TP, mony
athor foctors oy bocn Imalved I MY reactivetion, irouding
inzirleusing (L) IL-18, 1L-2, 160 L2 dntarfofon v (L) od
O3 0 e enuld be eed (o parge Lhe Tesendii
.l.‘xmorlg Tachonisms nltting al the pm,'t-trnngizriptinnr:i level,
requtotion of the exportction of il BMNAs by tne pely tross
birdirg Jrutﬂl’n S0 saerns o be impetant n o memony Chd-
I eetls, '™ Anothar importont machunism Lhat gcts ol the past
trarseriptiong level invalves microRNAs [miRNAS|, Thesé nme
singie-stranced Akas of 159-35 ruclect des irwolved in ensious
bivlogical processes i corarotic colis' ' miRNAE irterct
with 4 comipementan sequence i e s untierscebed region
[UTR) ol Corgel eRMAss by pu il seguence mcelebiog, e
lanadds aither to miihif megmidation or, more oiten, t transictianal
inhilitior. 7 mmMAs o neclved 0 the mgulatian of viris e
pression as wel, Rocoaily 1 owas shown thot rmilklss regulaze
the expiessan of 1he histors acely lonsferose Tal cofactor PCAE
ord HIWV n=-|:|||rr| o= In o orecenl acper, Hieng & om. reoored
an anfichment of miRRAs in chistees, whic has hesn ﬂhren-FrI
orly r restrg C0a - Toacls ard not inactiee CO& T cetls) '™
Ty folad chat saveral ef the ks clasters Inhilbabad HIY rep-
lcmtian, drd suggestad Thel rokMas eairbuls Le ST lolercy In
resting primary CR4G4 7 cells, They propes=sd 1o use specific
antagemirs forti-rriRNA antizense! ised opomst these milthia
in order to reactivote loten: $04+ T cols '™ However, po

JAC

dliszuszed by Sun and Rossl, the dse ot dntogormire o rr_u'trvatu
leatenlly Infecied calls Gald B lode for uninfected cels)  Tha
feasthilily of 1slng mifkds foe HIY Freatmient s '|n.=-mr|||n=_-.:1nn
welll mieed for miore investigotion

Implications for therapies based on purging reservoirs

Crginal strniegies Based oa the combination of o punge of the
MEsETNeirs ane rtensity ng HasRT aim 1o sracicote the wires
fram infocted paticnts, Understonding the melecalar irachan-
isrms inmlved in lotesoy Wil ollow us 1o devse raw Slrateiey
Hhat wall Tosslinde | e renrhval ion of cll' the rmeeriiirs.

me strotegy, krown os “Immune Activiotion Thempy', oims o
aotivata T cols' = 27 (Faune 1) Many piysialedicol stmul) fhas
affectivaly cotivated T colis passed preclirical studies, baz al
falaet i clinicul studies " (L hald primise sioce Hils oytokos
% Smmen ta ke sssentiol fertha mointenonce of T o=l qomeasia-
gie Tndeet, thare are twa suhsats of moemory T celet? capta
rocmiery Tooalls CTom, which ane mainzalrdg throvgh T ol sur-
wheal ard - leaw-level diven probifaratiog, dnd cdn peeslbsl o
cecodes, anl Ummsiliosal memory T eslls (Tim), which peraist,
in rentnst, By homeastobe prolteratior af ‘rtected celis ann
codid be rediced By using drugs oFovarting memary T ools
from dividing. Intenestingly, on fL=F-dnven praliferation.af Tom
celle o irdues HIY expressicn Trom yuiescenl resting cels
wirhout the realn n} the inferfed cells: This cytpdns migns
tharmefore be testad far its ability 12 reactivate expressicn of
lazzrit HIV in-erder to pures this quicaoent HIV resorgir'? 5 1
& ciinical thial us ng UL n arder [0 reduce [ne s of Tha
labenl  reservmr = currerilly  roenimg [ERAMLNE |20 by
0 Katiomo,  httodwae clinieotrlalsigesd. Another r-'rr:-fn ine!
thc'n::pt:utc implicotian, out ferword by CRomroat of ai,'” is
that the size of the sop, of 04— Tom cells rlf:uud.p; HI-1
chglld decranse w0 ety ranlrre] itterantions.' " Indesd,
thiaea mermiary Tem ralls fand |he CNE4 T eels] ars:moight o
b wery Ifnpnrtan in tha cortral of KOV rfection, o= saown-in
gite coqmrallers T Since 17 05 also Trvalved 0 COE4- T ozl
functin and T ceti seivival =1 en anily Lroetrsent thet cor
Firss HAART el (L7 will cerlainty el aelsenls tooonbrol (het
Hiv-1 irfection [Le to gel o finctiomal cure), Bt mighl not ollow
the eredicatior of shesvirs e be gat o sterllizng cure),

& speond strotegy aliming o develea rational theropeutics
b Mlash gut HIY Tem lalzncy elies o e onosledoe o s
emnprietic mnulnion™ Fioure 1L Sewm poieniiol nlees ng
rondidates I"we amerged, 3uch of the ‘15 one CRAcery|ase
{MDACL the histone methylmnstaraee, A1 ONA methiyl-
tromafemees (DRSNS and protaeirs Trorr the - SWLSHE
chrpmichin camplegas PIAE3 a ciilel o clend 1o oelive Irbn

srriptianhos heen describean folowing trentmert with sever
I-'[J-!'.II Inmipiter= _.LIEI" a5 tRCAOEtONT, raposin, WopEi acie and
sadiurn brtyrate.T T valpraic ocid has beer described to
effectively reaclvole (dlenl HIY reservins 0o first elinicol
Paal VYA bl bwe othar plinil (Ao did Aol corfirm
s 14414 Failure- o s st dliriem tral right be due th the
inctfoctivencss of walproic acid Ine Inhibiting D& actvity. In
Cha T oeells ™ ledend, sevieral ather HEACS: Inciuiting HUALS,
contribute lo Lhe répesssion of BIW-1 LIR éxprésuion =100
Further ‘mestigotiing are nepded asing inhibitars ngeins:
nevly identified epigenetic requlotors of BIV imtency suchoog
chactachne o histona motayl transfesase irnioltor) of tha CRA
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rathyibiansicmse  inmoicors,  ncluding esall-cnooctonized
nucheoticde unologue metrdation inbilElors S aacytiding, &
a2 dengyeyliding, 5 fluoro- 2 deyeisldine ond rebien
dine; and nor-nuclecside DA metmyigtion inTibizors [pmocaine,
proco’namde, aydnalazine ord RE10E) ™ Puging o* lotent
rasaruoirs codld dlsn be ocifawd by inkibiteg regulatony peo
ceson ol preven| meaclivelion,™ The p TEFS uclivaloe HVBA
i5 0 Sromising molecdls coreatly andes stugy, [Railat studies
it wos-nale to reactivete lotently Inteced collz and prssent
Fe-infection by dessn-regulating L04 receptor capresson, '

Hera areseveral enceoamging nes dissctions in [me puage of
rasaruirs | al are dossd on oo comibertion | heop -rlpr:mnrh,""'
s dleecdy usad e clivical frivis o treat cances, ' Such an
appraach has besn found B Bepromiising Sroe the associotion
af or HOeC inhikar of o ORg reettydation rRibitor with peastsa-
lry bass 3 synergisic effes| o0 e acbivotion of HIYT s
s ST The micin berefit of this syrergistc effect 5 ot we
might wse drugs o subcatimal concentmt ooz that Walld be st
ficieric b2 reactivote tae vires bt wauld have fawer side offects,
i |salien CRdl L sl ordatmaing slralecy 1o ploe (e raser
viirs ral=s o combirmtions of sach drags, whicks weoull ks ohils
o force virdl gene expression o bath the smpscriptionn: and
posk-transcriptonil evisie.

[Tnaliy, an clternative option Pos been oropased, waich s noet
biraesel aan viras el ivetion, bul an rardering Lhe virus ueable L
raplicnte in inlert cellsaibnout indue ngcell gpaln =4 This arigin
al 'genomeediting thempy is bosed an the recagniticn of #ssen-
Hal sequences wtnin HIV-1, such- o5 the ool gong oy Zine fingor
erdorucedse, Sucti o tharapy Fas clreody been proposad L
eisrapl Ve CTRE aene, os descobed oreioash, ™
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- Valentin Le Douce

Importance des facteurs cellulaires LSD1
HIC1 dans la restriction de I'expression du

VIH-1 dans les cellules microgliales

Importance des facteurs cellulaires LSD1 et HIC1 dans la restriction de 1’expression du
VIH-1 dans les cellules microgliales.

Les multi-thérapies permettent de maintenir l'infection au VIH-1 sous contrdle, mais n’entrainent pas
I"éradication du virus du fait de I'existence de réservoirs cellulaires, ou le virus est intégré de fagon
latente. La compréhension des mécanismes impliqués dans l'extinction de la transcription virale,
permettrait de contourner cet obstacle. Les cellules microgliales, cibles privilégiées du VIH-1 dans le
cerveau, sont les macrophages résidents du systéme nerveux central et ont été décrites comme un
réservoir cellulaire avec une longue durée de vie. Notre équipe a montré le role du facteur
transcriptionnel CTIP2 dans 1'établissement et le maintien de la latence dans ces cellules. Dans ces
travaux, je mets en évidence le role répresseur des protéines LSD1 et HIC1 sur la transcription virale
dans les microglies. LSD1 coopere avec CTIP2 pour promouvoir l'établissement de marques
épigénétiques au niveau du promoteur viral pour induire la mise en place d’hétérochromatine, tandis
que le suppresseur de tumeur HIC1, préalablement modifi€é post-traductionnellement par la
déacétylase SIRT1, contrecarre 'activité de TAT afin d’empécher la réactivation virale.

Mots clés : VIH-1, réservoirs, latence, microglies, CTIP2, LSD1, HIC1, SIRT1, TAT, chromatine.

Importance of cellular factors LSD1 and HIC1 on HIV-1 restriction expression in
microglial cells.

Even though multitherapies maintain HIV infection under control, they unfortunately do not achieve
viral eradication due to the existence of latently infected cell reservoirs. Microglial cells are resident
macrophages and the main HIV-1 target in brain. They have been described as a long-lived HIV-1 cell
reservoir, and so appear as a one of the main obstacle to viral clearance. Thus, understanding of the
mechanisms implicated in the establishment and maintaining of viral latency in these cells is a critical
step on the way towards an HIV cure. Our team already demonstrated the implication of the cellular
transcription factor CTIP2 in the establishment of HIV-1 silencing. In this work, I present LSD1 and
HIC1 as new HIV-1 transcriptionnal expression inhibitors in microglial cells. LSD1 cooperates with
CTIP2 to promote the establishment of epigenetic marks associated to heterochromatin structure at the
viral promoter, while the tumor suppressor HIC1 disrupts the TAT-mediated transactivation cycle.
HIC1 is beforehand modified post-translationnaly by the deacetylase SIRT1 and then counteracts TAT
activity in order to limit viral transcription reactivation.

Key words: HIV-1, reservoirs, latency, microgliale cells, CTIP2, LSD1, HIC1, SIRT1, TAT, chromatin.



