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Synthèse

Malgré l'avènement de la trithérapie antirétrovirale (ARV), l'incidence des lymphomes agressifs à cellules B reste élevée chez les personnes vivantes avec le VIH-1 (PVVIH), ces lymphomes constituant ainsi une des principales causes de décès chez ces patients. Pourtant, les cellules B ne sont pas la cible d'infection par le virus et les mécanismes exacts du développement de ces lymphomes ne sont pas encore totalement connus. Plusieurs hypothèses ont cependant été proposées pour expliquer les mécanismes de la lymphomagenèse chez les PVVIH: 1) les lymphocytes T infectés par le VIH-1 et qui échappent à l'élimination dans les centres germinatifs pourraient provoquer une expansion inhabituelle des cellules B; 2) des hypermutations somatiques aberrantes sur les gènes d'immunoglobuline pourraient favoriser la survenue de translocations chromosomiques conduisant à une transformation maligne; 3) une inflammation chronique pourrait être le lit d'une lymphoprolifération. Une autre hypothèse sur le processus de lymphomagenèse B chez les PVVIH est l'implication directe des protéines du VIH-1 qui peuvent être sécrétées par les cellules infectées. Parmi elles, nous avons la protéine Tat qui, après sécrétion par les cellules infectées, peut pénétrer dans d'autres cellules non infectées, y compris les cellules B.

Tat est un activateur transcriptionnel du VIH-1. C'est l'une des premières protéines virales à être exprimée juste après l'infection. Grâce à sa taille et de ses structures telles que le domaine de transduction protéique (PTD) et le signal de localisation nucléaire (NLS), il peut pénétrer dans les cellules voisines non infectées. Par conséquent, Tat est impliqué dans l'oncogenèse de nombreux cancers incluant les cancers colorectaux, les cancers du col de l'utérus, le sarcome de Kaposi associé au SIDA et les lymphomes à cellules B. Les mécanismes exacts de l'oncogenèse induite par Tat, en particulier celle des lymphomes à cellules B, restent cependant à être élucidés. Des études antérieures de notre équipe ont montré d'une part, que dans les cellules B, Tat induisaitt une production d'espèces réactives de l'oxygène (ROS), augmentant ainsi les dommages oxydatives à l'ADN, source d'instabilité génomique. D'autre part, Tat favorisait également dans les cellules B, une proximité les loci MYC et IGH (normalement situés dans des compartiments nucléaires différents) et la surexpression du gène AICDA (activation-induced cytidine deaminase), ce qui conduit vraisemblablement à la translocation oncogènique t (8 ;14) entre MYC et IGH caractéristique du lymphome de Burkitt. Cependant, la manière dont ces événements sont liés n'est pas bien comprise.

Parmi les voies de signalisations cellulaires, la voie AKT/mTORC1 apparaît comme un intégrateur central de nombreux signaux intra et extracellulaires, y compris dans l'infection virale et les dommages à l'ADN. Des études ont montré que le VIH-1 et ses protéines Tat, Env et Nef pouvaient réguler la voie AKT/mTORC1. En revanche, à notre connaissance, aucune étude ne s'est encore intéressée à la régulation de la voie AKT / mTORC1 par Tat dans les cellules B.

Compte tenu de l'importance de la voie de AKT / mTORC1 dans l'oncogenèse et en combinant les résultats des travaux précédents de notre équipe sur Tat, nous avons émis l'hypothèse selon laquelle la protéine Tat du VIH-1 pourrait induire dans les cellules B les effets oncogènes sus-mentionnés en modulant la voie de signalisation AKT / mTORC1. Nous nous sommes essentiellement focalisés sur les mécanismes de régulation de l'expression du gène AICDA par Tat non seulement parce que son expression est associée à la voie mTORC1, mais aussi parce que Tat induit une expression aberrante d'AICDA dans les cellules B qui est étroitement associée à la lymphomagenèse B.

Une grande partie de ma thèse portait sur la régulation de la voie AKT / mTORC1 par Tat dans les cellules B. Nous avons utilisé différentes lignées cellulaires B : i) des cellules B primaires issues de donneurs sains traitées ou pas avec une protéine Tat purifiée ; ii) des cellules d'une lignée lymphoblastoïdes RPMI8866 traitées ou pas avec une protéine Tat purifiée ; et iii) des cellules de RPMI8866 exprimant la protéine Tat de façon stable mais inductible par la doxycycline. Cette dernière lignée a été développée avec nos collaborateurs et une procédure détaillée décrivant la construction de cette lignée cellulaire est publiée dans le 
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Introduction

Viral infection

Discovery of viruses goes back to late nineteenth and early twentieth century with yellow fever virus known to be the first that infect humans [START_REF] Woolhouse | Human viruses: Discovery and emeraence[END_REF]2). Since then more than 200 human viruses have been identified

with a rate of three to four each year [START_REF] Woolhouse | Human viruses: Discovery and emeraence[END_REF] with SARS-Cov-2 being the latest one threatening the globe.

An infectious viral particle or virion is a fully assembled virus (Figure 1), which consists of genetic material (RNA or DNA) protected by a protein coat, capsid, and often (but not always) an outer membrane, envelope, which are typically derived from proteins and phospholipid membranes of the host cell, but may also contain other viral glycoproteins. Proteins constructing the viral particle are called structural proteins.

The main function of capsid and envelope is protection which enables the virus to be stable in various extracellular environments. Capsid and envelope also help the virus to enter and deliver its genome into the host cell. There are other proteins known as non-structural or regulatory proteins that control the expression of viral genome and modulate host immune responses [START_REF] Ryu | Virus Structure[END_REF][START_REF] Lucas | Viral Capsids and Envelopes: Structure and Function[END_REF][START_REF] López-García | Viruses in Biology[END_REF][START_REF] Hr | Structure and Classification of Viruses[END_REF]. ( [START_REF] López-García | Viruses in Biology[END_REF][START_REF] Hr | Structure and Classification of Viruses[END_REF][START_REF] Simmonds | Virus classificationwhere do you draw the line?[END_REF][START_REF] Guttman | Virus[END_REF].

In general, most viral infections include attachment, entry, replication, assembly, and release cycle (Figure 2, Figure 3). Viruses must first recognize and attach to their host cells. After successful attachment viruses penetrate the cell membrane, upon which they copy their genome and make their own proteins inside the host cells. In order to survive within the host, viruses must escape from the destruction caused by host immune system so that they can infect innate immune cells or affect other cells (bystander cells).

Attachment

Many viruses use glycoproteins on the surface of the viral membrane or certain sites of viral capsid to bind to the molecules on the host cell called viral receptors (Figure 2). The receptors on cell surfaces are the molecules that normally have their own physiological functions. Viruses can have one single receptor or several receptors. As interactions between virus and receptors are specific, presence of receptors always determines which cell types can be infected. Receptors further facilitate various processes of viral entry by activating certain signaling pathways within the host cells or by inducing structural changes in the viral attachment proteins [START_REF] Maginnis | Virus-Receptor Interactions: The Key to Cellular Invasion[END_REF][START_REF] Marsh | Virus entry: Open sesame[END_REF][START_REF] Grove | The cell biology of receptor-mediated virus entry[END_REF].

Entry

Viral entry is a process through which virus gains access to the sites of replication. Many viruses pass through the cellular membrane via either a process called endocytosis with further membrane fusion or via direct membrane fusion, while some other viruses (non-enveloped) enter the cells through a pore formed with viral capsid and cellular membrane after endocytosis (Figure 2) [START_REF] Dimitrov | Virus entry: molecular mechanisms and biomedical applications[END_REF][START_REF] Thorley | Mechanisms of viral entry: sneaking in the front door[END_REF][START_REF] Yamauchi | Virus entry at a glance[END_REF][START_REF] Doms | Basic Concepts[END_REF][START_REF] Cosset | Cell Entry of Enveloped Viruses[END_REF]. Once inside of the host cells' cytoplasm, the viral capsid is degraded. The viral genetic material become available for further trafficking in order to be replicated, transcribed, translated, thus providing conditions for production of new virions.

Replication, Assembly and Release

The replication allows the virus to generate enough copies of viral genome to make new virions (Figure 3), which is essential for viral survival and infection of new hosts. The replication mechanism is dependent on the type of viral genome. Viruses keep their genome either in the form of RNA or DNA. There are two ways of replication for RNA viruses: either RNA-dependent RNA synthesis or RNA-dependent DNA synthesis. In both cases, RNA viruses must encode their own polymerases and other necessary enzymes. In the RNA-dependent RNA synthesis process, RNA viruses first make a complimentary RNA (cRNA) which is then used as template to make new viral RNA (vRNA) copies.

Viral mRNA is further transcribed with the help of viral polymerase in coordination with cellular RNA polymerase. In the RNA-dependent DNA synthesis process, virus use an enzyme called reverse transcriptase that converts viral RNA into viral DNA which is integrated into the host genome with the help of another enzyme called integrase. The integrated virus genome is then transcribed as a cellular gene. DNA viruses benefit from replication and transcription strategies of host cells.

Following replication and transcription, viral mRNA is exported to the cytoplasm to make viral proteins by the translational machinery of the host cell. Newly synthesized viral proteins with nuclear localization signal are imported to the nucleus to assist in the vRNA replication and viral mRNA transcription. (Figure 3). Some viruses replicate their genome in the nucleus while others -in the cytoplasm of the host cells. Viruses replicating in the nucleus transport their genome to the nucleus via nuclear pore complex, using host nuclear import machinery. Viruses replicating in the cytoplasm are assisted by organelle-like compartments:

single/double membrane vesicles and invaginations formed by cellular membrane rearrangements [START_REF] Den Boon | Cytoplasmic Viral Replication Complexes[END_REF][START_REF] Dou | Influenza A Virus Cell Entry, Replication, Virion Assembly and Movement[END_REF][START_REF] Rampersad | Replication and Expression Strategies of Viruses[END_REF][START_REF] Soderstrom | Viral Replication[END_REF]. Replication and transcription of viral genome, followed by translation of viral mRNAs to produce proteins, provide all necessary components for assembly. Packaging signals or certain proteins that interact with viral genome with high specificity allow viral genome packaging into the capsid which in the case of enveloped viruses is further surrounded by an envelope [START_REF] Perlmutter | Mechanisms of Virus Assembly[END_REF][START_REF] Rixon | Studying Large Viruses[END_REF][START_REF] Payne | Virus Interactions With the Cell[END_REF]. Assembled new virions are released from the host cells to infect new ones.

New virions are released from their specific host cells to be able to infect neighboring cells or new hosts and repeat the replication cycle (Figure 3). Some viruses are released after killing the host cells, while other viruses leave infected cells by budding through the membrane without killing the cells [START_REF] Soderstrom | Viral Replication[END_REF][START_REF] Payne | Virus Interactions With the Cell[END_REF]. 

Human immunodeficiency virus type -1

Human immunodeficiency virus type-1 (HIV-1) is the cause of the Acquired Immunodeficiency Syndrome (AIDS). HIV-1 was first isolated by research groups from Pasteur Institute in France and National

Cancer Institute in USA in 1983 [START_REF] Gallo | Isolation of human T-cell leukemia virus in acquired immune deficiency syndrome (AIDS)[END_REF]. HIV-1 belongs to the Lentivirus genus within the family of Retroviridae and subfamily Orthoretrovirinae. HIV-1 was transmitted to the human population from Central African chimpanzees in around 1920 [START_REF] Gao | Origin of HIV-1 in the chimpanzee Pan troglodytes troglodytes[END_REF][START_REF] Faria | The early spread and epidemic ignition of HIV-1 in human populations[END_REF]. Since then more than 30 million people have died of AIDS. As of 2019, around 38 million people are living with HIV-1 and 1.7 million new infections occur annually in the world (UNIAIDS, 2020), still remaining as a major health burden.

Structure of the HIV-1 virion

HIV-1 contains two positive-sense single strand RNAs encapsulated in a cone shaped capsid surrounded by an envelope. Also enclosed within the capsid are reverse transcriptase, integrase, and protease.

The viral envelope contains an external surface glycoprotein (gp120) and a transmembrane glycoprotein (gp41) (Figure 4). HIV-1 genome is around 9.7 kB, flanked by a repeated sequence called long terminal repeats (LTR) at 5' and 3' ends. These LTRs are actively involved in the integration of viral genome into host chromosome and also serve as a promoter for the transcription of proviral DNA. HIV-1 genome has nine genes which code for the following 15 proteins [START_REF] Turner | Structural biology of HIV 1[END_REF][START_REF] Votteler | Human Immunodeficiency Viruses: Molecular Biology[END_REF] (Figure 4) :

Genes coding for structural proteins:

 gag (group-specific antigen) : codes for matrix protein (MA, p17), the capsid protein (CA, p24), and the nucleocapsid proteins (NC, p6 and p7).

 pol (polymerase): codes for reverse transcriptase (RT), protease (PR) and integrase (IN).

 env (envelope): codes for gp160, which is the precursor of the gp120 and gp41 proteins.

Genes coding for regulatory proteins: 

Life cycle of HIV-1

Like many other viruses after infection HIV-1 viral particles proceed through the stages of attachment, entry, transcription, translation, assembly and release, with two more extra steps characteristic of the Retroviridae viruses family -reverse transcription and integrationto complete a life cycle (Figure 5).

Main targets of HIV-1 are T cells, macrophages and dendritic cells (DCs), because they express viral receptors essential for HIV-1 attachment [START_REF] Broder | Chemokine receptors and HIV[END_REF][START_REF] Knight | HIV I Infection of Dendritic Cells[END_REF]. Envelope protein gp120 first binds to cluster of differentiation 4 (CD4) receptors, which causes a structural change in gp120 generating a binding site either for the C-C chemokine receptor type 5 (CCR5) or for the C-X-C chemokine receptor type 4 (CXCR4) coreceptors. Binding of the co-receptor causes further structural changes in gp41 protein, which triggers the viral entry process [START_REF] Berger | CHEMOKINE RECEPTORS AS HIV-1 CORECEPTORS: Roles in Viral Entry, Tropism, and Disease[END_REF][START_REF] Weiss | HIV Receptors and Cellular Tropism[END_REF]. A series of conformational changes in gp41 protein caused by the trimeric complex of gp120/CD4/CCR5 or by CXCR4 expose the fusion domain on the N-terminus of gp41, which triggers the direct fusion of viral and cellular membranes and destabilizing the host cell membrane [START_REF] Weiss | HIV Receptors and Cellular Tropism[END_REF][START_REF] Lobritz | HIV-1 Entry, Inhibitors, and Resistance[END_REF][START_REF] Chen | Molecular Mechanism of HIV-1 Entry[END_REF].

Although main entry of HIV-1 is mediated by CD4/CCR5 or CXCR4, CD4/co-receptor independent entry into other host cells such as renal epithelial cells and astrocytes also takes place, which can occur either through direct cell-cell interaction or through certain receptors like C-type lectin DEC-205 and human mannose receptor [START_REF] Chen | Virological synapses allow HIV-1 uptake and gene expression in renal tubular epithelial cells[END_REF][START_REF] Liu | CD4-Independent Infection of Astrocytes by Human Immunodeficiency Virus Type 1: Requirement for the Human Mannose Receptor[END_REF][START_REF] Russell | Astrocytes Resist HIV-1 Fusion but Engulf Infected Macrophage Material[END_REF][START_REF] Hatsukari | DEC-205-Mediated Internalization of HIV-1 Results in the Establishment of Silent Infection in Renal Tubular Cells[END_REF].

After successful entry, the capsid disassembles (a process known as uncoating), single stranded viral RNA is released into the cytoplasm where it is converted into double stranded DNA (dsDNA) by the reverse transcriptase. Uncoating probably occurs in the cytoplasm in coordination with reverse transcription or at the nuclear envelope during nuclear import [START_REF] Burdick | HIV-1 uncoats in the nucleus near sites of integration[END_REF]. Subsequently viral dsDNA uses the host nuclear import machinery to move to the host cell nucleus, where it integrates into the host DNA with the help of an integrase coded by HIV-1. Integrated viral DNA can also remain latent, without making new copies of HIV-1, which is also forming a barrier for successful treatment of HIV-1 infected patients [START_REF] Hu | HIV-1 Reverse Transcription[END_REF][START_REF] Craigie | HIV DNA Integration[END_REF][START_REF] Lucic | Connecting HIV-1 integration and transcription: a step toward new treatments[END_REF][START_REF] Coiras | Understanding HIV-1 latency provides clues for the eradication of long-term reservoirs[END_REF][START_REF] Lusic | Coloring hidden viruses[END_REF]. Remarkably, recent studies revealed that intact viral cores can enter to the nucleus and uncoat just before the integration to their chromosomal integration sites [START_REF] Burdick | HIV-1 uncoats in the nucleus near sites of integration[END_REF][START_REF] Peng | Quantitative microscopy of functional HIV post-entry complexes reveals association of replication with the viral capsid[END_REF]. Integrated dsDNA, also called proviral DNA, continues to transcribe the viral genome and encode necessary viral proteins.

Integrated proviral viral DNA uses host transcriptional machinery along with viral regulatory proteins to synthetize RNA copies of HIV-1 genome and viral mRNA, which is subsequently translated by host translational machinery into viral proteins. Transcription of the viral genome starts from 5′ LTR region of the proviral DNA that acts as promoter which has binding sites for host transcription factors. Host transcription factors, however, mostly lead to the generation of short transcripts. Therefore, HIV-1 needs a viral protein called Tat (transactivator of transcription) that binds to transactivation response (TAR) RNA element which is located at the 5' end of all nascent viral transcripts and robustly increases the efficiency of polymerase II to make full-length viral transcripts [START_REF] Kao | Anti-termination of transcription within the long terminal repeat of HIV-1 by tat gene product[END_REF].

After splicing three types of transcripts are formed: unspliced RNA, partially spliced RNA, and fully spliced RNA. Unspliced and partially spliced mRNAs are exported to the cytoplasm via Rev protein (regulator of expression of virion proteins), which binds to the unspliced intron sequences of viral mRNA and further connects with conventional mRNA export machinery, while fully spliced mRNAs are directly transported to the cytoplasm by the export machinery. In the cytoplasm, transported mRNAs are translated into viral proteins by host translational machinery. HIV-1 viral proteins can be classified as structural proteins (comprise virion particles), regulatory proteins (involved in transcription and translation process), and accessory proteins (not required for replication but critical virulence factors) [START_REF] Kirchhoff | HIV Life Cycle: Overview[END_REF][START_REF] Liu | Mechanism and factors that control HIV-1 transcription and latency activation[END_REF][START_REF] Seitz | Human Immunodeficiency Virus (HIV)[END_REF].

Assembly of HIV-1 virion takes place at the plasma membrane, where the precursor polypeptides of Gag and Gag-Pol interact between themselves via Gag proteins to form an assembly platform. The Gag precursor has several domains namely matrix (MA), capsid (CA), nucleocapsid (NC) and p6 domains, along with two other spacer peptides SP1 and SP2. The MA domain of Gag binds to the plasma membrane and at the same time recruits Env glycoproteins while its CA domain promotes Gag multimerization and forms conical capsid. Two copies of viral mRNA are also recruited to the assembly platform via NC domain of Gag.

At last, Gag p6 domain brings Vpr along with the ESCRT factors (endosomal sorting complexes required for transport) to sites of assembly which promotes membrane fission to facilitate the release of nascent viral

particle, but at this stage it is an immature and noninfectious particle characterized by a thick layer of Gag and Gag-Pol precursors. Therefore, during or shortly after budding, viral protease is activated and cleaves Gag and Gag-Pol precursor , which results in mature infectious particle (virion) [START_REF] Ganser-Pornillos | The structural biology of HIV assembly[END_REF][START_REF] Sundquist | HIV-1 Assembly, Budding, and Maturation[END_REF][START_REF] Freed | HIV-1 assembly, release and maturation[END_REF]. 

HIV-1-Tat

HIV-1 transactivator of transcription (Tat), is a HIV-1 regulatory protein essential for viral replication, establishment of infection and virus reactivation [START_REF] Dayton | The trans-activator gene of the human T cell lymphotropic virus type III is required for replication[END_REF][START_REF] Hauber | Trans-activation of human immunodeficiency virus gene expression is mediated by nuclear events[END_REF][START_REF] Das | The HIV-1 Tat Protein Has a Versatile Role in Activating Viral Transcription[END_REF][START_REF] Clark | Tat is a multifunctional viral protein that modulates cellular gene expression and functions[END_REF][START_REF] Ne | Transcription: Insights From the HIV-1 Promoter[END_REF].

Structure of Tat

Tat is a small protein of 86-102 amino acids (aa) depending on the viral strains with a predicted molecular weight of 14-16 kDa. The 86 aa version of Tat is commonly referred to as the "full-length" Tat.

Tat mRNA is composed of two exons (Figure 6). The first exon (aa 1-72) is highly conserved, while the second exon (aa 73-102) is less conserved. Tat protein has several domains which are mainly coded by the first exon. The first domain contains a proline rich acidic N-terminus (aa 1-21), a cysteine-rich region (aa [START_REF] Rixon | Studying Large Viruses[END_REF][START_REF] Payne | Virus Interactions With the Cell[END_REF][START_REF] Gallo | Isolation of human T-cell leukemia virus in acquired immune deficiency syndrome (AIDS)[END_REF][START_REF] Gao | Origin of HIV-1 in the chimpanzee Pan troglodytes troglodytes[END_REF][START_REF] Faria | The early spread and epidemic ignition of HIV-1 in human populations[END_REF][START_REF] Turner | Structural biology of HIV 1[END_REF][START_REF] Votteler | Human Immunodeficiency Viruses: Molecular Biology[END_REF][START_REF] Broder | Chemokine receptors and HIV[END_REF][START_REF] Knight | HIV I Infection of Dendritic Cells[END_REF][START_REF] Berger | CHEMOKINE RECEPTORS AS HIV-1 CORECEPTORS: Roles in Viral Entry, Tropism, and Disease[END_REF][START_REF] Weiss | HIV Receptors and Cellular Tropism[END_REF][START_REF] Lobritz | HIV-1 Entry, Inhibitors, and Resistance[END_REF][START_REF] Chen | Molecular Mechanism of HIV-1 Entry[END_REF][START_REF] Chen | Virological synapses allow HIV-1 uptake and gene expression in renal tubular epithelial cells[END_REF][START_REF] Liu | CD4-Independent Infection of Astrocytes by Human Immunodeficiency Virus Type 1: Requirement for the Human Mannose Receptor[END_REF][START_REF] Russell | Astrocytes Resist HIV-1 Fusion but Engulf Infected Macrophage Material[END_REF], and a hydrophobic core region (aa [START_REF] Hatsukari | DEC-205-Mediated Internalization of HIV-1 Results in the Establishment of Silent Infection in Renal Tubular Cells[END_REF][START_REF] Burdick | HIV-1 uncoats in the nucleus near sites of integration[END_REF][START_REF] Hu | HIV-1 Reverse Transcription[END_REF][START_REF] Craigie | HIV DNA Integration[END_REF][START_REF] Lucic | Connecting HIV-1 integration and transcription: a step toward new treatments[END_REF][START_REF] Coiras | Understanding HIV-1 latency provides clues for the eradication of long-term reservoirs[END_REF][START_REF] Lusic | Coloring hidden viruses[END_REF][START_REF] Peng | Quantitative microscopy of functional HIV post-entry complexes reveals association of replication with the viral capsid[END_REF][START_REF] Kao | Anti-termination of transcription within the long terminal repeat of HIV-1 by tat gene product[END_REF][START_REF] Kirchhoff | HIV Life Cycle: Overview[END_REF][START_REF] Liu | Mechanism and factors that control HIV-1 transcription and latency activation[END_REF], which are important for protein-protein interactions. Second domain is an arginine-rich basic domain (aa [START_REF] Seitz | Human Immunodeficiency Virus (HIV)[END_REF][START_REF] Ganser-Pornillos | The structural biology of HIV assembly[END_REF][START_REF] Sundquist | HIV-1 Assembly, Budding, and Maturation[END_REF][START_REF] Freed | HIV-1 assembly, release and maturation[END_REF][START_REF] Dayton | The trans-activator gene of the human T cell lymphotropic virus type III is required for replication[END_REF][START_REF] Hauber | Trans-activation of human immunodeficiency virus gene expression is mediated by nuclear events[END_REF][START_REF] Das | The HIV-1 Tat Protein Has a Versatile Role in Activating Viral Transcription[END_REF][START_REF] Clark | Tat is a multifunctional viral protein that modulates cellular gene expression and functions[END_REF][START_REF] Ne | Transcription: Insights From the HIV-1 Promoter[END_REF][START_REF] Chiozzini | HIV-1 TAT and IMMUNE DYSREGULATION in AIDS PATHOGENESIS: a THERAPEUTIC TARGET[END_REF] comprising the protein transduction domain (PTD), the nuclear localization signal (NLS) and RNA binding domain (RBD). Glutamine-rich domain is required for Tat binding to TAR element and is important for the apoptotic function of Tat. Finally, C-terminal domain coded by the second exon contains arginine-glycine-aspartic acid (RGD) sequence (aa 73-86) necessary for Tat interaction with cell surface receptors [START_REF] Clark | Tat is a multifunctional viral protein that modulates cellular gene expression and functions[END_REF][START_REF] Chiozzini | HIV-1 TAT and IMMUNE DYSREGULATION in AIDS PATHOGENESIS: a THERAPEUTIC TARGET[END_REF] (Figure 6). Tat is a disordered protein, which gets more ordered structure through conformational changes following interaction with its target partners [START_REF] Kurnaeva | Tat basic domain: A "Swiss army knife" of HIV-1 Tat?[END_REF]. 

Functions of Tat

Tat can be active both in cytoplasm and nucleus, but its main localization is in the nucleus. Two properties of Tat, the small molecular weight and NLS sequence, allows Tat to shuttle between the nucleus and the cytoplasm (Figure 7). Its small molecular weight assures the passive diffusion through nuclear pore complexes, while NLS sequence enables its nuclear import through classical nuclear import pathway [START_REF] Musinova | Functional roles of HIV-1 Tat protein in the nucleus[END_REF].

Tat can also be differently distributed within the nucleus itself. When Tat is abundant it localizes into the nucleoli, otherwise it localizes in the nucleoplasm [START_REF] Stauber | Intracellular Trafficking and Interactions of the HIV-1 Tat Protein[END_REF].

Tat in HIV-1 transcription

Efficient HIV-1 gene expression depends on Tat. In the absence of Tat, viral gene transcription starts normally, but short, abortive viral transcripts are generated due to the inefficient activity of polymerase II. In order to overcome such unproductive transcription process, Tat expression starts early. Abortive viral transcripts are subsequently spliced and translated into Tat protein. Newly synthesized Tat enters to the nucleus (Figure 7) and directly binds to cyclin T1 (CycT1) subunit of pTEFb kinase complex consisting of CycT1 and cycline-dependent kinase 9 (CDK9). Tat-pTEFB complex binds to TAR element in a Tatdependent manner ( 62), CDK9 subunit of the complex phosphorylates C-terminal domain of RNA Polymerase II increasing its activity [START_REF] Parada | Enhanced processivity of RNA polymerase II triggered by Tat-induced phosphorylation of its carboxy-terminal domain[END_REF]. pTEFB complex also recruits TATA box binding proteins to the LTR promoter while Tat recruits chromatin-modifying proteins to the promoter region, which dramatically promotes the transcription of HIV-1 RNA and stimulates the assembly of new transcription complexes [START_REF] Vardabasso | The histone chaperone protein Nucleosome Assembly Protein-1 (hNAP-1) binds HIV-1 Tat and promotes viral transcription[END_REF][START_REF] Raha | HIV-1 Tat stimulates transcription complex assembly through recruitment of TBP in the absence of TAFs[END_REF].

Tat in host cell gene expression

Tat not only induces viral response, it can also generate host cell response by regulating a large number of genes coding for cytokines, cell cycle-related proteins, surface and chemokine receptors, mRNA processing factors, and proteins, involved in autophagy, DNA damage, and apoptosis (Figure 7). Tat can interact with promoter regions of hundreds of genes, involved in development, proliferation, growth, cellular organization, and intracellular signaling [START_REF] Carvallo | HIV-Tat regulates macrophage gene expression in the context of neuroAIDS[END_REF], showing its ability to significantly regulate gene expression in the host [START_REF] Dhamija | Tat predominantly associates with host promoter elements in HIV-1-infected T-cells -regulatory basis of transcriptional repression of c-Rel[END_REF][START_REF] Kim | Association of Tat with Promoters of PTEN and PP2A Subunits Is Key to Transcriptional Activation of Apoptotic Pathways in HIV-Infected CD4+ T Cells[END_REF]. How Tat modulates host gene expression is still not completely clear, yet several mechanisms of gene expression regulation by Tat have been suggested: i) binding to the TAR-like sequences at the 5'-untranslated regions of mRNA, ii) binding to the promoter region of target genes, iii) interacting with various transcriptional regulator proteins [START_REF] Clark | Tat is a multifunctional viral protein that modulates cellular gene expression and functions[END_REF][START_REF] Reeder | HIV Tat controls RNA Polymerase II and the epigenetic landscape to transcriptionally reprogram target immune cells[END_REF]. These actions of Tat are ultimately favored by a variety of cellular signaling pathways.

Genes with TAR-like stem-loop structure on the 5' untranslated region (5'UTR) are one of the "favorite" targets of Tat. For example, proinflammatory cytokines interleukin 1 beta (IL-1b), interleukin 6

(IL-6) and tumor necrosis factor beta (TNF-β) proteins are overexpressed, when Tat binds to corresponding 5'UTR and up-regulates promoter activity, thus further increasing their expression [START_REF] Carvallo | HIV-Tat regulates macrophage gene expression in the context of neuroAIDS[END_REF][START_REF] Buonaguro | The human immunodeficiency virus type 1 Tat protein transactivates tumor necrosis factor beta gene expression through a TAR-like structure[END_REF][START_REF] Thangaraj | HIV-1 TAT-mediated microglial activation: role of mitochondrial dysfunction and defective mitophagy[END_REF].

Tat can also act through a TAR-independent way, due to its ability to bind to the promoter region of genes. For example, Tat binds to the promoters of PTEN (phosphatase and tensin homolog) and PP2 (protein phosphatase 2), two upstream inhibitors of AKT pathway, and boosts their expressions. As a result, the activity of AKT signaling pathway is decreased.

Increased activity of key transcription factors is another proposed mechanism of Tat action (Figure 7).

Tat increases the activity of NF-κB transcription factor and further promotes NF-κB signaling which leads to the increased BAG3 protein level, resulting in autophagy induction (see below) [START_REF] Wu | HIV-1 Tat increases BAG3 via NF-κB signaling to induce autophagy during HIV-associated neurocognitive disorder[END_REF]. Tat-activated NF-κB transcription factor is also involved in DNA damage further causing aberrant chromosomal translocations [START_REF] El-Amine | HIV-1 Tat protein induces DNA damage in human peripheral blood B-lymphocytes via mitochondrial ROS production[END_REF]. Recent study showed that transcription factors Slug, Snail, Twist1 (Twist-related protein 1) and ZEB1

(Zinc finger E-box binding protein 1) were activated by Tat following the phosphorylation of SMAD2

(SMAD Family Member 2) transcriptional modulator through TGF-β and MAPK signaling pathways promoting epithelial-mesenchymal transition of mucosal epithelial cells [START_REF] Lien | HIV-1 proteins gp120 and tat induce the epithelial-mesenchymal transition in oral and genital mucosal epithelial cells[END_REF]. Tat up-regulates the expression of HIF-1α transcription factor and further favors its interaction with the long non-coding RNA (lncRNA) BACE1-antisense transcript (BACE1-AS), forming a HIF-1α/lncRNABACE1-AS/BACE1 axis that resulted in the accumulation of a toxic amyloid protein which contributes to the progressions of HIV-associated neurocognitive disorders (HANDs) [START_REF] Sil | HIV-1 Tat-mediated astrocytic amyloidosis involves the HIF-1α/lncRNA BACE1-AS axis[END_REF].

Not only Tat can promote the expression of transcription factors, it can also interact with them and modulate their binding to the promoter region of genes. For example, Tat interacts with Sp-family transcription factors (Sp-1, Sp-3) and alters their binding to the promoter of SOD2 (Superoxide Dismutase) gene that may lead to altered oxidative stresses [START_REF] Manes | The HIV-Tat protein interacts with Sp3 transcription factor and inhibits its binding to a distal site of the sod2 promoter in human pulmonary artery endothelial cells[END_REF]. Tat is not always enhancing the activity of transcriptional regulators, but it also might have suppressive effects on them. Tat inhibits the activity of transcription factor Nrf2 (Nuclear factor (erythroid-derived 2)-like 2) along with its target genes [START_REF] Simenauer | Repression of Nrf2/ARE regulated antioxidant genes and dysregulation of the cellular redox environment by the HIV Transactivator of Transcription[END_REF].

Expression and transcriptional activity of transcription factors like E2F3 (E2F transcription factor 3) and CREB (CAMP-responsive element-binding protein) is also hindered by Tat, due to the activation of p53 signaling pathway [START_REF] Santerre | HIV-1 Tat protein promotes neuronal dysregulation by inhibiting E2F transcription factor 3 (E2F3)[END_REF]. Down-regulation of CREB activity by Tat can also happen via AKT signaling pathway (79).

Tat secretion and penetration in bystander cells

Tat can be secreted by the productively infected cells, accumulated in the extracellular environment in a soluble form, and enter the neighboring cells through cell surface receptors (Figure 7). Tat concentration in blood of HIV-1-infected patients can be as high as 500 ng/ml [START_REF] El-Amine | HIV-1 Tat protein induces DNA damage in human peripheral blood B-lymphocytes via mitochondrial ROS production[END_REF]. Tat secreted from HIV-infected cells can perturb both HIV-infected and uninfected bystander cells in the surrounding microenvironment. The mechanism of Tat secretion is poorly understood, as it lacks secretion sequences, but it seems that Tat is released by an unconventional secretion pathway different from the conventional ER-to-Golgi secretory pathway [START_REF] Chang | HIV-1 Tat protein exits from cells via a leaderless secretory pathway and binds to extracellular matrix-associated heparan sulfate proteoglycans through its basic region[END_REF][START_REF] Rabouille | Pathways of Unconventional Protein Secretion[END_REF]. Several Tat secretion pathways have been described: oligomerization-mediated pore formation, spontaneous translocation, and incorporation into exosomes [START_REF] Mele | Defining the molecular mechanisms of HIV-1 Tat secretion: PtdIns(4,5)P 2 at the epicenter[END_REF] .

Released Tat remains in a soluble form which can circulate in the blood and bind to the cell surface receptors to enter different cells. Secreted Tat can transduce many cell types (monocytes, macrophages, microglia, B cells. CD4 T lymphocytes, astrocytes, neurons, cardiomyocytes, endothelial cells) due to its protein transduction domain (Figure 7). Circulating Tat has been detected in cerebrospinal fluid, sera and tissues of HIV-infected individuals, even in patients with no detectable viral load [START_REF] Chang | HIV-1 Tat protein exits from cells via a leaderless secretory pathway and binds to extracellular matrix-associated heparan sulfate proteoglycans through its basic region[END_REF][START_REF] Xiao | Selective CXCR4 antagonism by Tat: Implications for in vivo expansion of coreceptor use by HIV-1[END_REF][START_REF] Choi | Genetic features of cerebrospinal fluid-derived subtype B HIV-1 tat[END_REF][START_REF] Westendorp | Sensitization of T cells to CD95-mediated apoptosis by HIV-1 Tat and gp120[END_REF]. PTD of Tat can be used as a highly efficient drug delivery peptide [START_REF] Koizumi | In vivo uterine local gene delivery system using TAT-displaying bionanocapsules[END_REF][START_REF] Shan | The use of TAT peptide-functionalized graphene as a highly nuclear-targeting carrier system for suppression of choroidal melanoma[END_REF]. As it is able to cross the biological membranes, PTD is conjugated to other therapeutic molecules as cell penetrating peptide, delivering them to their difficult-to-access targets [START_REF] Chauhan | The taming of the cell penetrating domain of the HIV Tat: Myths and realities[END_REF]. Tat entrance into bystander cells have been attributed to its different cell surface receptors -heparan sulfate proteoglycans (HSPGs), lipoprotein receptor-related protein (LRP), C-X-C chemokine receptor type 4 (CXCR4), dipeptidyl aminopeptidase IV (CD26), integrins (α5β1, αvβ3 and αvβ5) (Figure 7) [START_REF] Xiao | Selective CXCR4 antagonism by Tat: Implications for in vivo expansion of coreceptor use by HIV-1[END_REF][START_REF] Urbinati | HIV-1 Tat and heparan sulfate proteoglycan interaction: A novel mechanism of lymphocyte adhesion and migration across the endothelium[END_REF][START_REF] Liu | Uptake of HIV-1 Tat protein mediated by low-density lipoprotein receptor-related protein disrupts the neuronal metabolic balance of the receptor ligands[END_REF][START_REF] Gutheil | Human immunodeficiency virus 1 Tat binds to dipeptidyl aminopeptidase IV (CD26): A possible mechanism for Tat's immunosuppressive activity[END_REF][START_REF] Hussein | Beyond RGD: virus interactions with integrins[END_REF]. Tat interacts with these receptors through its basic region and the RGD motif, which allows Tat to enter the cells via endocytosis [START_REF] Vendeville | HIV-1 Tat Enters T Cells Using Coated Pits before Translocating from Acidified Endosomes and Eliciting Biological Responses[END_REF]. As receptors like CD26, the LRP and HSPGs are ubiquitous, they further increase the binding range of Tat. Moreover, as Tat receptors (LRP, CXCR4, and HSPGs) are endocytic receptors, they further facilitate the internalization of Tat [START_REF] Debaisieux | The Ins and Outs of HIV-1 Tat[END_REF]. Once inside the host cell Tat enters the nucleus due to its nuclear localization signal and regulates the expression of host genes.

All together Tat is a flexible versatile small protein which is expressed in productively infected cells, and released into the extracellular environment. Tat may affect both infected and non-infected neighboring cells of any kind, which may influence the expansion of HIV-1 infection and trigger other diseases.

HIV-associated cancers and related diseases

Patients infected with HIV have a substantially elevated risk of developing so-called AIDS-defining cancers (Kaposi's sarcoma (KS), aggressive B-cell lymphoma and invasive cervical cancer) and non-AIDS defining cancers (Hodgkin lymphoma, anal cancer, liver cancer, and lung cancer) (Figure 8). Some of these cancers are caused by co-infection with other viruses, such as Epstein-Barr virus (EBV), human herpesvirus 8 (HHV8), human papillomavirus (HPV), hepatitis B virus (HBV), and hepatitis C virus (HCV) [START_REF] Shiels | Evolving epidemiology of HIV-associated malignancies[END_REF][START_REF] Vangipuram | AIDS-Associated Malignancies[END_REF].

Other than cancers, neuronal and kidney diseases related to HIV infection (HAND, HIV-associated neuronal disorders; HIVAN, HIV-associated nephropathy) are also among the major causes of mortality in people with HIV infection [START_REF] Palau | HIVassociated nephropathy: links, risks and management. HIV[END_REF][START_REF] Eggers | HIV-1-associated neurocognitive disorder: epidemiology, pathogenesis, diagnosis, and treatment[END_REF]. Even though the introduction cART had dramatically reduced certain HIV-associated malignancies like KS, the incidence of AIDS-related lymphomas (ARL) has remained high in HIV patients [START_REF] Shmakova | HIV-1, HAART and cancer: A complex relationship[END_REF]. Thus, it is of great importance to understand the mechanisms of the development of HIV-1-related diseases, even in patients under cART.

Patients infected with HIV-1 are at high risk of developing both non-Hodgkin's (NHL) and Hodgkin's (HL) lymphomas collectively called ARL that are always of B cell origin. Some lymphoma types are common to both HIV-1 uninfected and infected patients in whom the incidence is much higher, while some other lymphomas preferentially develop in the context of HIV-1 infection and frequently tend to be associated with the co-infection with other oncogenic viruses, such as EBV and HHV8 (Table 1). ARLs can be divided into several subtypes: Diffuse large B cell lymphomas (DLBCLs), Burkitt's lymphomas (BL), PCNSL (primary central nervous system lymphoma), primary effusion lymphoma (PEL), plasmablastic lymphoma (PBL), lymphoma arising in KSHV-associated multicentric Castleman's disease (MCD). Other possible mechanisms might involve deregulated cellular signaling pathways by HIV-1 or its viral proteins. Among many cellular signaling pathways, AKT/mTORC1 pathway plays an important role in ARL development, as various studies have shown the hyperactivation of this signaling pathway in different subgroups of ARL (106,[113][114][115][116][117][118]. 

The mammalian target of rapamycin complex

mTOR stands for the "mammalian (or mechanistic) target of rapamycin", and, as the name indicates, its characterization is related to the discovery of rapamycin during a Canadian expedition to Rapa Nui island in 1964. Soil samples collected from this island had led to the isolation from the bacterium Streptomyces hygroscopicus of a macrolide having antifungal activity. Thus, the name "rapamycin" was given to this molecule because of the relation to Rapa Nui island (126). Later rapamycin was also found to have immunosuppressive and antitumor effects (127,128). Its mechanism of action remained unanswered till early 1990s when Michael Hall and his colleagues identified in Saccharomyces cerevisiae yeast cells two genes related to the rapamycin resistance, TOR1 (target of rapamycin 1) and TOR2 (target of rapamycin 2) (129). In 1994 mammalian orthologue of yeast TOR was identified (130-135). Even though two TOR genes exist in yeast S.cerevisiae , there is only one TOR gene in higher eukaryotes (136). In human TOR gene is localized to the chromosome region 1p36.22. Different groups that identified TOR gave different names to this mammalian orthologue of yeast TORs: FRAP (FK506-binding protein-rapamycin-associated protein, RAFT (rapamycin and FK506-binding protein target), RAPT (rapamycin target) and mTOR (mammalian TOR). The name mammalian TOR or mTOR was prevailed in the TOR community. In 2009, however, modification 'mechanistic TOR' or MTOR was adopted by the HUGO gene nomenclature committee as the official name (137).

mTOR protein (~280 kDa) is an evolutionarily conserved serine-threonine protein kinase, which belongs to the phosphatidylinositol 3-kinase related kinase family. mTOR has several conserved structural domains: 20 tandem HEAT repeats on the N-terminus followed by focal adhesion targeting (FAT) domain, kinase domain, FKBP-rapamycin-binding (FRB) domain and FAT carboxy-terminal (FATC) domain (Figure 10). Rapamycin together with FKBP12 binds to the FRB domain of mTOR and thus inhibits its activity (135).

mTOR kinase forms two different macromolecular protein complexes mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2) (Figure 10), which differ in their composition, downstream targets and regulation. mTOR complex 1 (mTORC1) comprised from three core components -mTOR, regulatoryassociated protein of mammalian target of rapamycin (Raptor), mammalian lethal with sec-13 protein 8

(mLST8, also known as GβL)and two inhibitory subunits: proline-rich AKT substrate 40 kDa (PRAS40)

and DEP domain containing mTOR-interacting protein (DEPTOR). Raptor strongly interacts with Nterminal region of mTOR ( 138), but also binds S6K1 (Ribosomal protein S6 kinase beta-1) and 4E-BP1

(Eukaryotic translation initiation factor 4E (eIF4E)-binding protein 1), substrates of mTORC1, through their TOR signaling motifs that further ensures an efficient substrate phosphorylation event (139). mLST8 maintains the stability of mTOR/Raptor interaction and promotes the kinase activity of mTOR (140).

Interaction of PRAS40 with mTOR is mediated by Raptor, but PRAS40 inhibits mTOR autophosphorylation and further inhibits its kinase activity (141). Second inhibitory component DEPTOR through its PDZ domain binds to FAT domain of mTOR which sequesters mTORC1 away from its active pool and leads to the inhibition of mTOR kinase activity (142,143). mTORC1 is sensitive, while mTORC2 is much less responsive to the rapamycin (Sirolimus ® ), which suppresses T and B cell activation by inhibition of the cell cycle. Various analogues of rapamycin, so called rapalogues (Everolimus ® , Temsirolimus ® ), are also frequently used in clinics for immunosuppression. In addition, a number of alternative mTOR inhibitors have been developed. These inhibitors block both mTORC1 and mTORC2 (pan-inhibitors or TOR-KIs, i.e., INK128) or act on mTOR kinase and another protein (dual inhibitors), most often targeting a network upstream of mTORC1/2 (147).

Rapamycin first forms a complex with FKBP12, which then directly binds to the FRB domain of mTOR (Figure 10). This interaction results in the changes in FRB domain, thereby allosterically inhibiting the kinase activity of mTOR (135,148) its duration, cell type and many other factors, mTORC1 will "determine" the subsequent cell fate.

Upstream regulation of mTORC1

PI3K-AKT signaling to mTORC1

Growth factors, cytokines, immune cell receptors (e.g. TCR) and co-receptors activate mTORC1 through PI3K-AKT signaling pathway (160,161). The phosphatidylinositol 3-kinases (PI3Ks) are a family of lipid kinases that phosphorylate phosphatidylinositol and phosphoinositides to activate many intracellular signaling pathways (162). PI3K is activated by signals from growth factor receptor tyrosine kinases (RTKs).

In response to growth factor stimulation and the subsequent activation of RTKs, its substrate phosphatidylinositol 4,5-bisphosphate (PIP2) at the plasma membrane is converted to phosphatidylinositol-3,4,5-trisphosphate (PIP3), which in turn activates downstream signaling pathways (Figure 11). On the other hand, the cellular level of PIP3 is tightly regulated by phosphatase and tensin homolog (PTEN), a tumor suppressor, which antagonizes PI3Ks activity by converting PIP3 back to PIP2 via its intrinsic lipid phosphatase activity (Figure 11) (163).

PIP3 acting as second messenger activates, among multiple downstream singlaing pathways, the protein serine/threonine kinase AKT (also known as PKB). Binding of PIP3 to AKT leads to its membrane recruitment. Subsequently Thr308 and Ser473 residues are phosphorylated by distinct kinases. Thr308 is phosphorylated by 3-phosphoinositide-dependent kinase 1 (PDK1), while Ser473 is phosphorylated by mTORC2. In the response to DNA damage AKT is phosphorylated at Ser473 by three major DNA damage sensors -ATM, ATR and DNA-PK kinases (see below). Once phosphorylated and activated, AKT in its turn either activates or inhibits many downstream proteins such as glycogen synthase kinase 3 (GSK3), the forkhead family of transcription factors (FOXOs), nuclear factor of κB (NF-κB), and mouse double minute 2 homolog (MDM2) as well as various signaling pathways including mTORC1 pathway (see below) (Figure 11), thereby regulating a wide range of cellular functions including protein synthesis, cell survival, proliferation, and metabolism (164).

Active AKT phosphorylates and inactivates TSC2 component of TSC (Tuberous Sclerosis Complex) consisted of TSC1, TSC2, TBC1D7 (Figure 13) (165). TSC2 has a GTPase activating protein activity (Figure 12) for the small GTPase RHEB (Ras homologue enriched in brain), converting RHEB-GTP to the inactive RHEB-GDP. In its GTP form, RHEB is an activator of mTORC1. Thus, through its GAP activity, TSC2 represses mTORC1 by inactivating RHEB. Phosphorylation of TSC2 by AKT relieves this inhibitory action on mTORC1 (166). AKT can also activate mTORC1 directly, in a TSC-independent way, by phosphorylating and inactivating the mTORC1 inhibitory component PRAS40 (Figure 13) (167). 

Amino acid signaling to mTORC1

Nutrient sensing and response to nutrient availability is one of the principal functions of mTORC1.

Transmission of information about presence and quality of nutrients requires the coordinated interaction of sensors and regulators through the vast, complex signaling network upstream of the mTORC1. I will outline the main principles of sensing and responding within the mTORC1 pathway on the example of amino acid signaling to mTORC1.

Amino acids enter the cells via specific transporters. For example, solute carrier family 7 member 5 (SLC7A5)/SLC3A2, a heterodimeric bidirectional transporter, transports extracellular leucine into the cells in exchange for intracellular L-glutamine (168). Within the cells, lysosome is considered as the key site of amino acid sensing. Lysosomes are the organelles responsible for degrading macromolecules which are exported to the cytosol and reused in the cellular metabolism. Even in the absence of extra cellular amino acids, mTORC1 can be activated by intracellular amino acid pools (169) which are most probably provided by lysosomes. Amino acid sensing is even believed to be initiated from within lysosomal lumen via so-called "inside-out mechanism" (170). mTORC1 can also sense amino acids through a number of individual amino acid sensors. For example, cytosolic leucine is detected by Leucyl-tRNA synthetase (LRS) (171) and Sestrin 2 (172-174). SLC38A9, a lysosomal amino acid transporter, is also a lysosomal arginine sensor (175).

Cytosolic arginine in contrast is detected by CASTOR1 and CASTOR2 (Cellular Arginine Sensor for mTORC1 1 and 2) (176). Finally, SAMTOR (S-adenosylmethionine sensor upstream of mTORC1) is a Sadenosylmethionine sensor.

In order to be activated, mTORC1 needs to be located to the lysosomal surface, where RAG GTPase family proteins play a key role in mTORC1 activation. In mammals four Rag proteins, RAGA, RAGB, RAGC, and RAGD form heterodimers RAGA/B, RAGC/D (Figure 13). In order activate mTORC1 in the presence of amino acids, RAGA/B have to be bound with GTP, while RagC/D -with GDP (Figure 13). Rag GTPase activators -guanine nucleotide exchange factors (GEFs) -and inhibitors -GTPase-activating proteins (GAPs) -modulate GTP/GDP nucleotide bound state of each heterodimer (Figure 13).

A number of GAPs and GEF has been identified recently. For example, Folliculin (FLCN), in a complex with FLCN-interacting proteins (FNIPs) (177,178) exerts GAP activity toward RagC/D, thereby activating mTORC1 (179) (Figure 13). The multiproteins complex called SEA in yeast and GATOR in mammalian cells has GAP activity towards RAGA/B thereby inhibiting mTORC1 (180,181). GATOR is comprised of two subcomplexes GATOR1 and GATOR2 (181). GATOR1, which has GAP activity towards RAGA/B, contains DEPDC5

(DEP domain-containing 5), NPRL2 (nitrogen permease regulator-like 2), and NPRL3 (nitrogen permease regulator-like 3) (Figure 13). GATOR2 consists of MIOS (meiosis regulator for oocyte development), WDR24 (WD repeat domain 24), WDR59 (WD repeat domain 59), SEH1L (Seh1 like nucleoporin) and SEC13 (Sec13 homolog nuclear pore and COPII coat complex component). GATOR2 activates mTORC1 by inhibiting GATOR1 via an unclear mechanism (Figure 13). GATOR1 can also interact with KICSTOR complex, composed of KPTN, ITFG2, C12orf66 and SZT2. In response to amino acid or glucose deprivation, KICSTOR localizes to the lysosomes, binds with GATOR1, and recruits it to the lysosomal surface, which leads to the inhibition of mTORC1 signaling (Figure 13).

GATORs are closely communicating with amino acid sensors to transfer the information about amino acid availability to mTORC1. In the absence of leucine, Sestrin2 binds to and inhibits GATOR2 which further dampens mTORC1 activity (172-174) (Figure 13). In response to prolonged leucine deprivation mTORC1 presented triphasic response: an initial inhibition, a transient reactivation, and a subsequent inhibition. In the presence of leucine Sestrin2 liberates GATOR2 and activates mTORC1 (182,183).

SAMTOR seems to need both GATOR1 and KICSTOR to exert its inhibitory activity against mTORC1 (Figure 13). CASTORs bind and inhibits GATOR in the absence of arginine to inhibit mTORC1 activity (Figure 13), and dissociate from GATOR2 in the presence of arginine enabling mTORC1 activation (176).

RAG GTPases are tethered to the lysosomal membranes with the help of a lysosome-resident pentameric protein complex Ragulator (184), which consists of p18(LAMTOR1), p14 (LAMTOR2), MP1

(LAMTOR3), C7orf59 (LAMTOR4)) and HBXIP (LAMTOR5) (184,185). The activation of RAGs leads to thier interaction with RAPTOR and subsequent recruitment of mTORC1 to the lysosome, where mTORC1 then fully activated by 186). When Ragulator components are depleted, RAGs and mTORC1 are no longer tethered to the lysosomal membrane resulting in mTORC1 inactivation (184).

Ragulator also has GEF activity, towards RAGA/B, which occurs in amino acid-and vacuolar (V-)ATPasedependent manner (Figure 13) (185). The v-ATPase, an ATP driven proton pump, plays important role in lysosomal lumen acidification (187). Accumulated amino acids inside the lysosomal lumen promotes v-ATPase-Ragulator interaction which further sends an activation signal to Rag GTPases to mTORC1 activation (Figure 13) (188). ATM, ATR and DNA-PK collaboratively respond to DNA damage signals such as ionizing radiation (IR), chemotherapeutic drugs, reactive oxygen species (ROS) etc., which lead to single and double strand breaks (SSBs and DSBs) (191)(192)(193)(194)(195). DSBs also occur in the physiological conditions, for example during V(D)J recombination in B-and T-lymphocytes, which provides the basis for antigen binding diversity of immunoglobulins and T cell receptor proteins (196)(197)(198).

DSBs and SSBs trigger a series of post-translational modifications including, but not limited to phosphorylation, which are termed DNA damage responses (DDR). In DDR, recruitment of PIKKs to the sites of damage is the principal step of their activation. DNA-PK and ATM are recruited to DSBs, while ATR is recruited to SSBs. The kinases are further activated through their respective DNA-damage sensor proteins: Ku70/Ku80 heterodimer for DNA-PK, Mre11-Rad50-Nbs1 (MRN) complex for ATM, and ATR-interacting protein (ATRIP) for ATR (Figure 14). Once activated, they phosphorylated a large number of overlapping substrates that also include themselves (inter-molecular autophosphorylation and trans-phosphorylation) (191,199).

In response to DNA damage, cooperating checkpoint pathways are activated to block S-phase entry ATM is activated by autophosphorylation and MRN interaction upon its recruitment to DSBs. After activation, ATM phosphorylates histone H2AX, forming the DNA damage-associated γ-H2AX histone, the golden marker of DNA damage (Figure 14) (202,203). ATM also phosphorylates and activates key downstream effector kinases, including a checkpoint kinase 2 (Chk2) at threonine 68 (204). Activated Chk2 phosphorylates Ser20 on p53 tumor suppressor, thereby activating G1 and S phase checkpoints (Figure 14)

(205-207).
Unlike ATM and DNA-PK, ATR is recruited to the SSBs. Simple recruitment to the site is not sufficient for its optimal activation. DNA Topoisomerase II Binding Protein 1 (TopBP1) stimulates ATR kinase activity (Figure 14 and is dependent on mTORC2, while mTORC1 is dispensable for this process in breast cancer cells (239).

Another mechanism of mTORC1 checkpoint regulation might involve the GATOR1 complex.

Overexpression of the GATOR1 component NPRL2 leads to G1/S arrest in p53 positive cells and to CHK2dependent S or G2/M arrest in p53 negative cancer cell lines (240). Finally, the connection between ATM and mTORC1 is even more complex, since mTORC1 can also negatively regulate ATM. A negative feedback loop between ATM and the mTORC1 pathway was described in the context of childhood sarcoma (241). 

Downstream targets of mTORC1

In response to the signals which are delivered by its upstream regulators, mTORC1 phosphorylates its downstream substrates which participate in the synthesis of three major cell constituents: proteins, nucleotides, and lipids, favoring a growth regime featured by an increase in cell size as well as in cell number (244-246).

Eukaryotic initiation factor 4E-binding protein 1 (4E-BP1) and 70 kDa ribosomal protein S6 kinase 1 (p70S6K, also known as S6K1) are the key targets phosphorylated by mTORC1 (Figure 16).

Phosphorylation of p70S6K was the first observation linking the mTORC1 signaling to the amino acid signaling (247,248). Later studies identified a TOR signaling (TOS) motif in the N-terminus of p70S6K and in the C-terminus of 4E-BP1. RAPTOR component of mTORC1 binds to TOS motif and functions as a scaffolding protein, bringing mTOR in close proximity to 4E-BP1 and p70S6K to drive their phosphorylation at multiple sites (249,250). 4E-BP1 has six phosphorylation sites, among them Thr37, Thr46, Ser65, and Thr70 are known to be phosphorylated by mTORC1 (251,252). Phosphorylation by mTORC1 and inhibits 4E-BP1, which promotes its dissociation from translational initiation factor eIF4E, allowing 5' cap-dependent mRNA translation (253). S6K1 phosphorylation by mTORC1 stimulates its kinase activity. Following its activation, S6K1 phosphorylates a number of its own downstream targets (such as SKAR and PDCD4)

promoting the initiation of translation (Figure 16) (254,255).

mTORC1 participates in nucleotide synthesis through S6K1 phosphorylation, which increases ATF4

(the activating transcription factor 4)-dependent expression of MTHFD2 (mitochondrial tetrahydrofolate cycle enzyme methylenetetrahydrofolate dehydrogenase 2) supplying carbon units for purine synthesis (256).

Through S6K1, mTORC1 also phosphorylates and activates CAD (carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, dihydroorotase), a rate-limiting enzyme in pyrimidine synthesis, favoring de novo pyrimidine synthesis (Figure 16) (257).

mTORC1 stimulates lipid synthesis through transcription factors SREBP1/2 (sterol regulatory element binding protein 1/2). In response to low sterol conditions, the SREBPs up-regulate genes necessary for de novo lipid and cholesterol synthesis. mTORC1 signaling can regulate SREBPs through a S6K1-dependent mechanism (258), which activate SREBPs as well as through the direct phosphorylation of LIPIN1, an inhibitor of SREBPs (Figure 16) (259).

mTORC1 regulates two major catabolic processes: protein degradation by ubiquitin-proteasome system and autophagy (Figure 16). Proteasome-dependent proteolysis can be boosted by mTORC1 inhibition which leads to either the increase of proteasomal chaperone levels or to overall increase of protein ubiquitylation (260,261). The main effect of mTORC1 on catabolic process is, however, through the regulation of autophagy. Autophagy is an intracellular "self-digestion" process which removes misfolded proteins, dysfunctional organelles, and invading microorganisms by sequestering them in double membrane structures called autophagosomes. Autophagosomes further fuse with lysosomes forming autolysosomes in which the sequestered materials are digested by the lysosome hydrolases. The resulted components are recycled back into cytoplasm and can be used in the various metabolic processes, contributing to the maintenance of cellular homeostasis (262). mTORC1 is a well-known negative regulator of autophagy. Autophagy plays an important role in the carcinogenesis. Its regulation in B cell lymphomagenesis, however, seems to be paradoxical and complex. Early studies on tissue samples from patients had shown that B cell lymphomas with upregulated autophagy via beclin-1, a tumor suppressor, are more responsive to chemotherapy and present a favorable clinical outcome (266,[START_REF] Huang | Beclin 1 expression predicts favorable clinical outcome in patients with diffuse large B-cell lymphoma treated with R-CHOP[END_REF]. Consistently, another study in a panel of cell lines derived from different B cell lymphomas described that the overexpressed BCL6 represses LITAF (lipopolysaccharide-induced tumor necrosis factor) gene, a possible tumor suppressor, resulting in the constitutive inhibition of autophagy which is suggested to be responsible for lymphomagenesis (268).

Autophagy is also reported to be responsible for the apoptotic death of lymphoma cells. Protective role of autophagy is also reported in a study on DLBCL cell lines using autophagy inhibitors as well as knocking down key autophagy genes (273). Autophagy is also linked with the promotion of drug resistance in various B cell lymphoma cell lines and its inhibition increased the effects of anti-tumor agents (274). Therefore, researchers propose that targeting the autophagy with potent and selective inhibitors might be a novel promising strategy to overcome the chemoresistance in B cell lymphomas.

mTORC1 and the Immune System

mTORC1 plays a central role in metabolism, differentiation and effector functions of both innate and adaptive immune cells (275,276). The immune system protects an organism from various foreign pathogens and antigens. There are two main types of immune response: innate immunity and adaptive immunity. Innate immunity is the most immediate but non-specific defense mechanism against invading pathogens, which also has no immunologic memory. Adaptive immunity is slow but antigen-specific and produces immunologic memory which allows the organism to generate an efficient and rapid immune response upon exposure to the same antigen. Innate and adaptive immunity are complementary defense mechanisms (277,278).

mTORC1 in the innate immunity

Cells involved in innate immunity responses are macrophages, neutrophils, dendritic cells, mast cell, basophils, eosinophils, and natural killer (NK) cells. During infection and inflammation, a number of cytokines and chemokines are produced, which initiates a rapid recruitment of these cells to the appropriate sites to eliminate pathogens. Macrophages and neutrophils engulf the microbes and destroy them through different pathways. In addition, macrophages are involved in the process of antigen presentation to the adaptive immune cells. In response to environmental stimuli, macrophages change their polarization status.

Polarized macrophages are grouped into two subpopulations: (i) the M1-type formed by microbial products and pro-inflammatory cytokines, and (ii) the M2-type ultimately associated with tissue remodeling and repair.

Dendritic cells also engulf pathogens and at the same time they act as antigen presenting cells to initiate activation through the production of cytokines and the expression of granzyme B that is important effector molecule for killing the virus-infected cells, while mTORC1 inhibition disrupts these functions, leading to increased viral burden (Figure 17) (299,300).

mTORC1 in adaptive immunity

Adaptive immunity response plays critical role in eliminating infectious agents when innate immunity fails. Cells of the adaptive immune system are T lymphocytes and B lymphocytes. T cells originate from hematopoietic stem cells in the bone marrow. The progenitors of T cells migrate to the thymus, where they are also called thymocytes. In the thymus, thymocytes undergo a process of selection and maturation depending on the expression of different cell surface markers or receptors called T cell receptors (TCR).

After a series of genomic rearrangements, cells that express TCR-β chain locus are selected. The β chain then couples with surrogate  chain, pre-Ta, creating pre-TCR, which forms a complex with CD3. Pre-TCR receptor signals cells to stop rearranging β chain, allowing the survival and proliferation through the expression of both CD4 and CD8 co-receptors. These so-called double positive cells further undergo a positive and negative selection. DP cells are presented to self-antigens by major histocompatibility complex (MHC) class I or class II molecules. Cells that bind with antigen/MHC with low avidity continue to survive, while cells that do not bind are eliminated. Survived cells then undergo negative selection, by interacting with self-MHC/antigens. Cells that interact too strongly with antigen die. Following selection and down-regulation of either co-receptor, cells passing both positive and negative selection mature to be either CD8 + or CD4 + cells.

Then they exit the thymus and migrate to the blood as fully differentiated but antigen-naïve T cells (301,302). promotes the generation of effector CD8 + T cells, but prevents the formation of memory T cells.

mTORC1 in T lymphocytes

mTORC1 in B lymphocytes

B cells of adaptive immunity derive from hematopoietic stem cells (HSC) in the bone marrow where they pass through several development stages (Figure 19). switching process, leading to the production of antibodies with higher affinity for antigens termed affinity maturation (320). In the immune system, the first exposure to an antigen produces the primary immune response, which is slow and characterized by the production of IgM with low affinity followed by the productions of IgG, IgA or IgE with higher affinities. During the primary response, memory T and B cells are established. In a subsequent encounter with the same antigens, these cells are activated faster and high affinity IgG, IgA or IgE antibodies are produced more quickly in a process known as "secondary response" (302,303).

mTORC1 is highly active at the earliest stages of B cell development and its activity reduces upon B cell maturation (Figure 19) (321)(322)(323). Homozygous deletion of mTORC1 component RAPTOR prior to lineage specification results in a total lack of B cell maturation (321,322). Inhibition of mTORC1 at the transcriptional level in mice model has shown that loss of mTOR has led to a decrease in total T cell number and this effect is more pronounced in B cells with a block of B cell development in the bone marrow, decrease in proliferation, antibody production, and migration (245). Antibody production is also promoted by mTORC1 (Figure 19). Suppression of mTORC1 activity causes the destruction of plasma cells in the spleen Taken together, mTORC1 senses and controls immune microenvironment in order to influence the development, maturation, differentiation, and production of immune cells.

mTORC1 and viruses

After viral infection, a stress response is initiated in the host system. Infected cells react to limit the viral spread by eliminating the invading viruses through induction of autophagy or apoptosis. Viruses, in their turn, use different strategies to escape from the destruction by the host system by hijacking host mechanisms like mTORC1 signaling pathway which not only inhibits apoptosis, but also suppresses autophagy, enabling viral protein synthesis and viral growth. Viruses can both activate and inhibit mTORC1 pathway, depending on their types, stage of infection, and cells in contact with (327).

Adenovirus use viral protein E4orf1 which mimics growth factor signaling leading to activation of PI3K/AKT/ mTORC1 pathway for viral replication, even under the absence of nutrients and growth factors (328). Epstein-Barr virus (EBV) activates PI3K/AKT/mTORC1pathway by its latency protein LMP2A, which enhances EBV-driven cellular expansion (329). To benefit from the cap-dependent protein synthesis, West Nile virus activates mTORC1 early after infection to synthesize viral protein and to further increase viral growth (330). Viruses also interfere with the downstream part of mTORC1 pathway. For example, human cytomegalovirus directly affects the 4E-BP1 branch of mTORC1 by excluding 4E-BP1 from the eIF4E complex thus supporting translation in human cytomegalovirus-infected cells (331). Hepatitis C virus induces 4E-BP1 expression and further increases its phosphorylation (332).

In response to viral infection, mTORC1 can also be inhibited, at least transiently. For example, influenza A virus temporarily inhibits mTORC1 signaling to promote viral replication effectively, but prolonged suppression of mTORC1 strongly impairs its replication (333). Classical swine fever virus inhibits mTORC1 at the early stage of infection to promote viral replication, but mTORC1 inhibition induces a feedback AKT/mTORC1 activation loop, maintaining a balance between host cell survival and viral replication (334).

Like other viruses, HIV-1 also regulates mTORC1 pathway to create a favorable environment for viral replication and transmission in stressful conditions.

Regulation of mTORC1 by HIV-1

One of the first evidences that mTORC1 was involved in HIV-1 infection came from the observation that treatment with rapamycin causes down-regulation of CCR5 expression in T cells (335). A number of studies that immediately followed confirmed that rapamycin possessed anti-HIV-1 properties both in vitro and in vivo, thus pointing to the mTORC1 importance during HIV-1 propagation (reviewed in (336,337)).

Pan-inhibitors of mTORC1 block HIV-1 even more efficiently, interfering both with virus entry (by reducing CCR5 levels), and with basal and induced transcription, as shown in pre-clinical humanized mice models (338).

HIV-1 infection generally increases mTORС1 activity both in productively infected and bystander host cells thus promoting successful viral entry, integration and replication. Studies on peripheral blood mononuclear cells, memory T cells, dendritic cells, and tissue samples from patients as well as several model cell lines such as Jurkat cells, HeLa and HEK293 have shown that mTORC1 is generally activated following HIV-1 infection (339-344) mTORC1 is involved in many steps of HIV-1 lifecycle (Figure 20). Inhibition of mTORC1 impairs HIV-1 entry by down-regulating CCR5 receptor and further decreases HIV-1 LTR transcription in peripheral blood mononuclear cells (PBMCs), CD4 lymphocytes, macrophages, and monocytes (345,346). Reverse transcription process is also promoted by mTORC1. Even in metabolically quiescent resting peripheral blood CD4 T cells HIV-1 promotes its reverse transcription through mTORC1 by increasing the production of dNTPs as well as stabilizing microtubules to transport the products of reverse transcription (347). Upon entry into the cells HIV-1 hyperactivates mTORC1 to promote nucleotide and protein synthesis in order to obtain enough amount of proteins, nucleotides and energy for efficient viral replication and even for reactivation (340,342). Inhibition of mTORC1 and AKT decreases HIV-1 viral replication (348). 

Regulation of Autophagy by HIV-1

mTORC1 is the negative regulator of the major cellular catabolic process, autophagy (354,355).

Autophagy plays a critical role in maintaining cellular homeostasis, but is also related to many pathological conditions including cancer and neurodegeneration (356). Recent studies revealed an important role of autophagy in the context of HIV-1 infection in T cells, macrophages, dendritic cells, and neuronal cells (357,358) Autophagy can play both proviral or antiviral role, depending on the stage of HIV-1 infection and cells in contact with virus and its components (Figure 21). HIV-1 requires early, nondegradative autophagic events, for its replication, probably because the autophagosomal membrane provides a scaffold for virus assembly (359). The entire virus and its proteins, in particular Tat, Nef and Env, can induce autophagy in infected cells to maximize HIV-1 production. At the same time, the virus developed multiple strategies to escape degradation of newly synthetized viral proteins (357). For example, Nef can interact with BECLIN-1 , an autophagy initiation protein, to inhibit autophagosome maturation in macrophages and T cells (359-362).

Nef/BECLIN-1 interaction inhibits autophagy at the transcriptional level by preventing nuclear translocation of the pro-autophagic factor TFEB in an mTORC1-dependent manner (360). Nef can also block autophagosome formation by increasing the interaction between BECLIN-1 and its inhibitor BCL2, an interaction that requires E3-ubiquitin ligase PRKN (361). HIV-1 proteins can also disrupt autophagy in uninfected cells. For example, HIV-1 Tat inhibits autophagy induction in non-infected primary macrophages through AKT activation (363).

At the initial steps of infection, HIV-1 envelope proteins at the surface of the virus bind to CD4 receptors, mainly CCR5, initiating autophagy in CD4 T cells (364). This autophagic process represents an anti-HIV response of the host cell, because it selectively degrades HIV-1 Tat (365,366). Similarly, induction of autophagy in macrophages with dual inhibitors of PI3K and mTORC1 results in degradation of intracellular viral particles and reduction of viral release (348). The virus has however evolved to counteract autophagy (366). Different HIV-1 proteins participate in this inhibition in different cells and at various steps of infection. For example, Vpr tries to inhibit autophagy in T cells already at the early stages of infection to facilitate efficient viral replication (367), Vif inhibits autophagy at the late steps of viral replication in CD4+

T cells (368), Nef blocks autophagy in macrophages and in T cells (360,361), HIV-1 Tat blocks autophagy in bystander macrophages (363), while envelope proteins inhibit autophagy through mTORC1 activation in dendritic cells, but not in macrophages and CD4+ T cells (343).

Regulation of autophagy was also studied in the context of HIV-1 infection in neuronal cells, as HIV-1-associated neurocognitive disorders lead to increased mortality in HIV-1 patients (369). HIV-1 Tat induces autophagy, and increases neurotoxicity (370-372). HIV-1 Tat can even trigger neuronal cell death when combined with methamphetamine (352,373,374). HIV-1 Tat also plays a role in the regulation of mitophagy, a specialized form of autophagy, which removes damaged mitochondria. Treatment with HIV-1 Tat of primary microglial cells, the key target for HIV-1 infection in central nervous system, results in accumulation of damaged mitochondria and increased expression of mitophagy signaling proteins PINK1 and PARKIN.

However, even though mitophagy was induced, mitophagosomes fail to fuse with lysosomes and accumulate in the cells, thus resulting in overall defective mitophagy and subsequent neuroinflammation (375). 

mTORC1 in HIV-1 Latency

HIV-1 latency is defined as a reversibly non-productive infection of a cell, in which an integrated viral DNA remains transcriptionally silent, even if it is replication-competent. Several mechanisms have been associated with the latency: transcriptional interference, chromatin modifications, limited availability of transcription and elongation factors, and insufficient Tat activity (Figure 22) (376,377). When the access of the transcription machinery to the HIV-1 promoter is repressed due to host cellular processes e.g. epigenetic silencing, Tat expression is restricted, viral gene expression feedback from Tat is disrupted, leading to HIV-1 latency (378). Tat can remove the repression of LTR promoter by recruiting histone acetyl transferases, e.g. the (CBP)/p300 complex to the promoter region and thus enabling reactivation of latent HIV-1 (Figure 22)

(379).
In 1995-96, a HIV-1 treatment known as highly active antiretroviral therapy (HAART) (later called combination antiretroviral therapy (cART) or antiretroviral therapy (ART)) was introduced. cART is a combination of three or more antiviral drugs which target multiple stages of viral life cycle and keep undetectable viral loads by inhibiting HIV-1 replication. cART contains HIV-1 entry inhibitors, nucleoside and non-nucleoside reverse transcriptase inhibitors, integrase and protease inhibitors. Since its introduction cART dramatically reduced deaths from HIV-1 infection and have saved millions of lives. HIV-1, however, is not eradicated by cART due to the existence of latent reservoirs, and thus patients have to take cART lifelong (380,381).

Latent reservoir is "a cell type or anatomical site in which replication-competent form of virus accumulates and persists in spite of long periods of 383). The latent reservoir can be established early after HIV-1 infection (384). HIV-1 cellular reservoirs consist of resting memory CD4+ T cells, myeloid cells, macrophages and dendritic cells which allow the virus to survive and replicate (Figure 22) (385). Although the existence of anatomical HIV-1 reservoirs remains debated, the lymphoid tissues (spleen, thymus, lymph nodes and gut-associated lymphoid tissues), which are the most important sites of viral replication during infection, are considered as the most prominent reservoirs.

Two opposite strategies are proposed to disrupt HIV-1 latency: "shock and kill" and "block and lock"

for the sake of an efficient treatment (deep latency) (386,387). In the "shock and kill" approach, the latent HIV-1 is reactivated ("shock") by latency reversal agents (LRAs). The re-activated cells are further "killed" either by the attack of the host immune system or by the cytotoxic effect of HIV-1 itself, while uninfected cells are protected against the viral infection by cART. Unfortunately, none of the LRAs tested so far have shown a significant effect on the viral reservoir in clinical trials (388). In addition, agents inducing global T cell activation induced severe adverse reactions, mainly through inflammation, and were abandoned after several clinical trials. "Shocking" alone seems to be insufficient to eliminate latent T cell reservoir. Effective "killing" strategies need to be developed to optimize this approach. An alternative "block and lock" strategy aims to bring the proviral HIV-1 to a deeply silenced state so that HIV-1 will not rebound even if cART is discontinued. known negative regulators of mTORC1, but they suppress mTORC1 via different upstream branches: TSC1, a TSC complex member, inhibits mTORC1 and maintains HIV-1 latency by downregulation of RHEB, whereas DEPDC5, GATOR1 component, via suppression of RAGA (392). Therefore, targeting TSC1 and DEPDC5 might be a useful strategy in metabolic inhibition to "block and lock" the latent reservoir. In an effort to optimize the "shock and kill" approach, recent findings revealed that interaction of infected CD4+ T reservoirs and restoring Th17 immunity in intestines during cART. Finally, recent mathematical models predict that persistence of a majority of HIV-1 infected cells is due to cellular proliferation rather than HIV-1 replication (394); therefore, reducing cell proliferation could decrease the size of HIV-1 reservoirs. Because mTORC1 is a major regulator of cellular proliferation, specific targeting of this pathway in HIV-1 latent cells appears as a promising approach for AIDS cure (Figure 23). 

Objectives of the thesis

Materials and Methods

Isolation of the peripheral blood mononuclear cells

In order to isolate PBMC from the blood samples of healthy donors, the density gradient centrifugation technique using Pancoll (PAN Biotech, Aidenbach, Germany, lymphocyte separation medium) was applied.

Whole blood samples were obtained from the "Etablissment Français du Sang", Hôpital Saint-Louis, Paris, 

Purification of B lymphocytes

Following the overnight culture of PMBCs, B cells were purified by negative sorting using MagniSort B cells enrichment kit II (Invitrogen, Thermo Fisher Scientific). Briefly, all PBMC cells except B cells were stained with a cocktail of biotinylated antibodies CD2, CD14, CD16, CD36, CD43 and CD235a (glycophorin A). These cells were then magnetically labeled with anti-Biotin "Anti-Biotin MicroBeads". Magnetically marked non-B cells were removed by negative sorting. Pure B cells were obtained by removing the magnetically marked non-B cells through a magnetic column. The purified B cells were kept in culture in the RPMI 1640-GlutaMAX medium supplemented with the 10% fetal bovine serum and 1%

penicillin/streptomycin at 37°C, 5% CO2, for 24 hours before conducting any experiments.

Cell lines

Lymphoblastoid B cell line (RPMI 8866) was cultured in in the RPMI 1640-GlutaMAX medium supplemented with the 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C, 5% CO2.

Detailed procedure on the generation of Tat-expressing cells on the basis of RPMI 8866 is thoroughly described in the Gorbacheva et al paper (see Results). Briefly, Tat-encoding gene was inserted into pSBtet-GP plasmid (#60495, Addgene). Transfection of the RPMI 8866 was performed using the Neon electroporator (Invitrogen, United States) according to the manufacturer's recommendations with the simultaneous delivery of SB100x transposase. After electroporation, cells were incubated in the medium containing 1 μg/mL of puromycin for 48 h. Transfected cells were separated using the FACSAria SORP cell sorter (BD Biosciences) and cultured in RPMI 1640-Gluta-Max medium supplemented with the 10% tetracycline-free fetal bovine serum and 1% penicillin/streptomycin for 1 month. Following 1 month of culture, cells were used for the experiments.

Tat treatment and expression induction

Primary B cells and RPMI 8866 cells were treated with purified recombinant Tat protein produced by ABL. We obtained Tat through the NIH-AIDS research and Reagent program. According to the manufacturer, the purity of Tat is >95%. It is purified by the affinity chromatography with heparin and by reverse-phase HPLC high-performance liquid chromatography in order to remove the endotoxins. Tat was used at a concentration of 250 ng/ml in all experiments. To induce Tat expression, doxycycline-inducible Tatexpressing cells were treated with doxycycline (#3447, Sigma-Aldrich) at a final concentration of 1µg/µl for different time points starting from 6, 24, and 48 hours. After treatment, cells were kept in the culture for the above mentioned time lengths without any interruptions.

Inhibition of AKT/mTORC1 pathway by MK-2206 and Rapamycin treatments

To inhibit mTORC1 activity, rapamycin (#R-0395, Sigma-Aldrich) was added to culture medium at a final concentration of 200 nM for 6, 24, and 48 hours. Cells were treated either only with rapamycin or in combination with doxycycline treatment to induce the Tat expression simultaneously inhibiting mTORC1. MK-2206 (#S1078, Selleckchem) is a highly selective inhibitor of AKT. MK-2206 inhibits phosphorylation of both AKT threonine 308 and serine 473. MK-2206 also inhibits AKT-mediated phosphorylation of downstream signaling molecules like TSC2, PRAS40 and ribosomal S6 proteins. To inhibit the AKT activation, cells were treated with MK-2206 at a final concentration of 0.5 µM for 6, 24, and 48 hours. Cells were treated either only with MK-2206 or in combination with doxycycline treatment to induce the Tat expression simultaneously inhibiting AKT signaling.

Western Blot

After appropriate treatments, cell suspension was centrifuged at 2000 g for 5 minutes at 4°C. The cells were collected and washed twice with ice-cold PBS. Cell pellet was resuspended in the ice-cold lysis buffer (150 mM NaCl, 1 mM EDTA, 50 mM Tris-HCl, pH 7.5, and 0.5% Nonidet P-40) containing protease inhibitors (#04693159001, Roche) and phosphatase inhibitors (#04906837001, Roche) and left on the ice for 30 minutes, followed by a sonication for 15 seconds with 5 seconds "on" and 3 seconds "off" regulation at 30% 

Monitoring ROS production

To monitor the ROS production, Tat expression was induced for 6 hours either in the presence or in the absence of Tempol (#10-2471, Focus Biomolecules) at a final concentration of 80 µM. n response to Tat induction, ROS level was detected using the General Oxidative Stress Indicator CM-H2DCFDA (C6827, Thermo Fisher Scientific) according to the manufacturer's guidelines. Briefly, after 6 hours of treatment cells were collected, washed once with PBS, resuspended in PBS containing a 1 µM of CM-H2DCFDA and incubated at 37°C for 15 minutes. Cells were further washed once with PBS and resuspended in PBS.

Fluorescence emission spectra of oxidized CM-H2DCFDA at 488 nm was detected by BD Accuri C6 Plus flow cytometer. All the experiments were conducted avoiding the light exposure. Staining intensity is represented as the mean fluorescence in arbitrary units.

qRT-PCR

Total RNA was extracted using the NucleoSpin® RNA II kit according to the manufacturer's 2). Expression of target genes was analyzed with the 2 -ΔΔCt method by normalizing against GAPDH and the expression was compared between different groups. For quantification, expression levels were set to 1 in controls. 

DNA damage detection with immunofluorescence

One of the most common techniques used in the detection of the double-strand break is the immunofluorescence labeling of phosphorylated histone H2A variant X following DNA damage (γH2AX), particularly double strand breaks.

In order to see the presence of DNA damage following Tat expression for 6 and 24 hours of doxycycline treatment, cells seeded on 15 x 15 mm coverslips coated with Poly-L-lysine for 20 minutes at 37°C and 5% CO2 in order for the cells to adhere to the surface of the culture flask. After adhesion, cells were rinsed with 0.3X PBS for one minute, then fixed with 4% paraformaldehyde (Euromedex) in 0.3X PBS for 10 minutes at room temperature, followed by 3 washes in PBS for 5 minutes. Cells were permeabilized with 2% Triton X-100 (Sigma-Aldrich # T8787) and washed three times in PBS for 5 minutes. Non-specific sites were blocked with 0.5% of bovine serum albumin (Euromedex) in PBS for 40 minutes at room temperature. Cells on the coverslips were incubated with the primary antibody against γH2AX (phospho-Histone H2A.X Ser139, Active Motif, 1:500 dilution) for 2 hours at room temperature, followed by 3 washes with PBS and by incubation with the secondary antibody conjugated to Alexa 1: 200) for one hour at room temperature. Cells were washed 3 times with PBS, and labeled with Vectashield mounting medium.

Immunofluorescent cells were visualized by a confocal microscope, TCS SP8 (Leica Microsystems) with a 63X oil immersion objective Z stacks were acquired using a frame size of 1024 × 1024 and 0.5 μm in z, with sequential multitrack scanning using excitation / emission laser wavelength: 488/519 nm, green fluorescence. Image analysis was performed using ImageJ software.

Statistical analyses

One-was Anova test with Bonferroni's post-test was used to compare between groups. Student t-test with two-tail distribution was used to compare dual samples. All tests were conducted on Graphpad Prism 5 software (Graphpad software). 

Results

Generation of B cell lines providing inducible and constant Tat expression

HIV-1 Tat activates AKT/mTORC1 pathway and AICDA expression by downregulating its transcriptional inhibitors in B cells

The main target of HIV-1 is T cells, macrophages, and dendritic cells which express receptors and coreceptors allowing HIV-1 to infect them directly. Yet, lymphomas developed in HIV-1 patients are always originated from B cells. Moreover, the main cause of death in HIV-1 patients is not the viral infection itself, but is the HIV-associated malignancies including aggressive B cell lymphomas [START_REF] Shiels | Evolving epidemiology of HIV-associated malignancies[END_REF][START_REF] Vangipuram | AIDS-Associated Malignancies[END_REF]. Introduction of cART reduced certain HIV-associated malignancies, but the incidence of B cell lymphomas is still high [START_REF] Shmakova | HIV-1, HAART and cancer: A complex relationship[END_REF].

The exact mechanisms of the development of B cell lymphomas in HIV-1 patients are remaining unclear. It has been hypothesized that the secreted or transmitted viral proteins of HIV-1 might be responsible for the oncogenic transformation (106,107). Previous studies of our team showed that Tat penetrates B cells, induces ROS production and DNA damage, brings oncogene Myc and IGH loci to the close proximity which presumably leads to their oncogenic translocation, a hallmark of Burkitt lymphoma [START_REF] El-Amine | HIV-1 Tat protein induces DNA damage in human peripheral blood B-lymphocytes via mitochondrial ROS production[END_REF]112).

AKT/mTORC1 pathway is hyperactivated in ARLs, indicating that it might be one of the major contributors to lymphoma development in 114,[116][117][118]395,396). HIV-1 and its proteins Tat, Env and Nef can regulate AKT/mTORC1 pathway in T cells, macrophages, dendritic cells and peripheral blood mononuclear cells. Strikingly, however, no studies have been conducted to examine the regulation of AKT/mTORC1 by Tat in B cells, though the majority of lymphomas in HIV-1 patients are of B cell origin. Therefore, considering the importance of AKT/mTORC1 signaling pathway and combining the results of our team's previous works, we speculated that Tat might produce oncogenic effects by penetrating into B cells, inducing ROS production, leading to DNA damage, and further modulating AKT/mTORC1 pathway leading to the regulation of gene expressions, among which AICDA gene is of importance as it is involved in lymphomagenesis (397,398) and its expression is associated with mTORC1 pathway (322,323). In addition our team has recently identified that Tat induces aberrant AICDA expression in B cells (399). This chapter describes the data of the main part of my thesis project, where I studied: 1) Expression kinetics of Tat protein in doxycycline-inducible Tat-expressing RPMI 8866 at mRNA and protein level; 2) DNA damage induction by Tat; 3) Regulation of AKT/mTORC1 by Tat in RPMI 8866 cells, primary B cells from healthy donors by treating them with exogenous recombinant Tat protein as well as doxycyclineinducible Tat-expressing RPMI 8866 cells by inducing Tat expression, ROS production and its relation with AKT/mTORC1 regulation by using Tempol, a ROS scavenger; 4) AICDA gene expression with its regulators, C-Myb and E2F8, and its dependency on mTORC1 signaling pathway using rapamycin in combination with Tat induction; 5) Regulation of AICDA, C-Myb, E2F8 expression in response to AKT inhibition using specific inhibitor MK-2206). We verified if the expression of AICDA and its inhibitors, c-Myb and E2F8 could also be dependent on AKT activity. Accordingly, we studied the effects on the expression of these genes after treatment of Doxycycline-inducible Tat-expressing RPMI 8866 cells with specific AKT inhibitor, MK-2206, at various concentrations and different time points. AKT activation was inhibited by MK-2206 starting from 6 hours of treatment (Figure 24). AICDA expression was increased 24 hours after Tat induction. Interestingly, in contrast to the mTORC1 inhibition, AICDA expression was still upregulated after Tat induction even if AKT was inhibited. Yet the C-Myb and E2F8 were behaving the same way during both mTORC1 and AKT inhibition (Figure 25). This data indicates that while the whole AKT/mTORC1 axis is inhibited, certain feedback loops might be triggered to maintain the AICDA expression or Tat might increase AICDA expression by binding to the promoter regions of AICDA in response to the AKT/mTORC1 inhibition. 

HIV-Tat inhibits starvation-induced autophagy in B cells

At basal level HIV-Tat does not affect autophagy in B cells. However, when the autophagy is stimulated with amino acid starvation, Tat prevents the induction of autophagy (Figure 27A). When Tat expression is induced with doxycycline, it inhibits autophagy as basal level as well as it counteracts starvation-stimulated autophagy induction (Figure 27B). Bafilomycin A1 treatment, which blocks autophagosome-lysosome fusion, also resulted in autophagy inhibition both in Tat-treated and Tat-induced cells (Figure 27). 

Discussion

My thesis aimed to understand the mechanisms of B cell lymphomagenesis associated with HIV-1.

Patients infected with HIV-1 are at high risk of developing lymphomas of B cell origin, even though the B cells are not infected by HIV-1. In the era of cART the incidence of ARLs is still high in HIV-1 patients and the survival rate of those with lymphomas is about two times lower than in HIV-uninfected patients (100-105).

Several mechanisms have been proposed to explain the mechanisms of lymphomagenesis in HIV-1 patients: 1) infected T lymphocytes escaped from elimination in germinal centers could cause unusual B cell expansion (108); 2) aberrant somatic hyper mutations of immunoglobulin might cause chromosomal translocation leading to malignant transformation (107); 3) chronic inflammation could lead to lymphoproliferation (109). HIV-1 individual proteins which can be secreted and transmitted by the infected cells, could also be involved in the lymphomagenesis (106,112,372). Among them Tat is known to be secreted by infected cells and penetrate other non-infected cells including B cells [START_REF] Chang | HIV-1 Tat protein exits from cells via a leaderless secretory pathway and binds to extracellular matrix-associated heparan sulfate proteoglycans through its basic region[END_REF][START_REF] Xiao | Selective CXCR4 antagonism by Tat: Implications for in vivo expansion of coreceptor use by HIV-1[END_REF][START_REF] Choi | Genetic features of cerebrospinal fluid-derived subtype B HIV-1 tat[END_REF][START_REF] Westendorp | Sensitization of T cells to CD95-mediated apoptosis by HIV-1 Tat and gp120[END_REF]404).

Tat can enter the cells either through the passive diffusion due to its small molecular weight or can interact with different ubiquitous cell surface receptors which allow its internalization. Moreover, Tat has a PTD rich in arginine which is characterized by a hydrophobic head that facilitates the penetration of Tat into the cells [START_REF] Musinova | Functional roles of HIV-1 Tat protein in the nucleus[END_REF]405). Cell penetrating peptide of Tat fused to other molecules is used in the transfer of proteins, nucleic acids, fluorescent probes and chelators, as well as nanoparticles through the membrane. PTD of Tat is highly efficient in delivery of cargo up to several hundred nanometers into the cells in vitro and in vivo [START_REF] Koizumi | In vivo uterine local gene delivery system using TAT-displaying bionanocapsules[END_REF][START_REF] Shan | The use of TAT peptide-functionalized graphene as a highly nuclear-targeting carrier system for suppression of choroidal melanoma[END_REF]406), and therefore has a potential therapeutic use.

Tat is involved in the oncogenesis in colorectal cancers (407), in the carcinogenesis of cervical cancer (408), AIDS-associated Kaposi's sarcoma (409), and B cell lymphomas (410,411). The exact mechanisms of how Tat induces oncogenesis, especially that of B cell lymphomas is still remaining to be elucidated.

Previous studies of our team suggested that Tat induces ROS production, increases DNA damage, promotes AICDA gene overexpression, and brings Myc and IGH loci to a close proximity which presumably leads to their oncogenic translocation (Myc/IGH), a hallmark of Burkitt lymphoma [START_REF] El-Amine | HIV-1 Tat protein induces DNA damage in human peripheral blood B-lymphocytes via mitochondrial ROS production[END_REF]112,399). However, how these events are connected is not well understood.

AKT/mTOR signaling is important during cellular response to various stimuli including viral infection. AKT/mTORC1 pathway has been shown to be essential for successful entry, integration, and replication of HIV-1 in peripheral blood mononuclear cells, memory T cells, dendritic cells (339)(340)(341)(342)(343)(344). AKT/mTORC1 activity can be modulated not only by HIV-1 but also by its individual viral proteins. It was shown that HIV-1 Nef and Env proteins can activate mTORC1 pathway in HEK293T,endothelial,and dendritic cells (343,351). Activation of AKT/mTORC1 by Tat has also been documented in HeLa, Jurkat, and peripheral blood mononuclear cells (341,342). On the other hand, a large number of studies have shown that the AKT/mTORC1 pathway is hyperactive in different subgroups of ARL (106,114,[116][117][118]395,396).Therefore, deregulation of AKT/mTORC1 pathway could be a major factor in Tat oncogenesis and in the ARL development. To the best of our knowledge the regulation of mTORC1 pathway by HIV-Tat in B cells has not been studied so far.

In order to have specific and effective immune responses against pathogens and develop long term immunity, hosts rely on diverse and specific adaptive immunity. To ensure the diversity, B cells exhibit a unique genomic plasticity. During B cell development, rearrangement of germline V/D/J gene segments in the immunoglobulin heavy (H) chain locus and V/J gene segments in the Igλ or Igκ light (L) chain locus generates a diverse B cell receptor (BCR) repertoire through the processes of CSR and SHM (412) which is initiated with the help of AICDA. Off-target mutations induced by AICDA have been suggested to cause lymphomagenesis. Overexpression of AICDA and its involvement in lymphomagenesis have been observed in different subtypes of B cell lymphomas (397,398). Interestingly, mTORC1 inactivation leads to decreased expression of AICDA (322,323). In addition, previously our team demonstrated Tat induces AICDA overexpression in primary B cells as well as AICDA is found to be overexpressed in B cells from HIV-1 infected patients (399).

Based on all these works, we hypothesized that HIV-1 Tat might enter B cells inducing ROS production, leading to DNA damage, further modulating AKT/mTORC1 signaling pathway, and regulating gene expressions, among which AICDA gene is of great importance.

Consistent with others and our previous studies [START_REF] El-Amine | HIV-1 Tat protein induces DNA damage in human peripheral blood B-lymphocytes via mitochondrial ROS production[END_REF]413,414), we demonstrated that Tat induces ROS production and DNA damage in B cells. The DNA damage detected at 6 hours of Tat expression, however, was not detectable afterwards, which can be explained that in response to the Tat-induced stresses DNA damage response pathways might be activated, which was evidenced in our study by the increased phosphorylation of Chk2 at 24 hours of Tat expression. Phosphorylation of Chk2 is the downstream signaling event of ATM-Chk2 DNA damage response pathway which can be activated by HIV-1 (415). We also found that there is increased Chk1 phosphorylation (even though not significant) particularly at 24 hours of Tat expression which is the downstream signaling event of ATR-Chk1 DNA damage response pathway.

Activation of ATR-Chk1 pathway was recently evidenced by HIV Vpr protein (416,417). Studies on the effects of Tat on the cell response to DNA damage showed that Tat increases Rad51, a protein involved in the DNA repair, thus further increasing the repair of DNA double strand break via homologous recombination (418).

We show for the first time that mTORC1 pathway is activated in B cells in response to Tat expression along with AKT activation which is in line with other studies reporting that AKT/mTORC1 is hyperactivated by Tat (341,342). This observation is also meaningful as AKT/mTORC1 pathway is often upregulated in [114][115][116][117][118]396). Our results are supported by the other works showing that AKT/mTORC1 pathway is hyperactivated by ROS in order to promote cancer progression (419,420).

During our studies we encountered one controversial but interesting observation. While primary B cells and B cell lines are treated with exogenous Tat, downstream targets of mTORC1, 4E-BP1 and p70S6, were differentially regulated. Tat treatment induced the inhibition of mTORC1/P70S6 branch, while mTORC1/4E-BP1 is stimulated. Both branches (mTORC1/P70S6K, mTORC1/4E-BP1), however, are upregulated in the same manner when Tat is transiently expressed. For this observation we have several explanations: 1) Existence of PI3K/AKT/mTORC1/4E-BP1 activator feedback loop while cells are treated with Tat; 2) Possibility of 4E-BP1 phosphorylation by other kinases like GSK3-beta kinase which was shown to phosphorylate 4E-BP1 at exactly the same residues as mTORC1 (421). Paradoxical activity of mTORC1 is also described in other studies ( 422), but their observation was the reverse of our case with increased activity of mTORC1/P70S6K and decreased activity of mTORC1/4E-BP1, which was attributed to the downregulation of the AMPK signaling. In this paper it was also shown that phosphorylation of AKT is decreased, which indicates the existence of a positive relation between AKT and mTORC1/4E-BP1 axis. In our case, AKT/mTORC1/4E-BP1 axis is overactivated in both Tat-treated and Tat-induced cells.

Autophagy, one of the downstream readouts of mTORC1 activity, was inhibited in Tat-treated and transiently Tat-expressed cells, which certainly is due to the activation of AKT/mTORC1 pathway, since it is negatively regulated by mTORC1. Inhibition of autophagy by Tat is also described in macrophages through AKT activation (363). It seems that Tat inhibits the autophagy and avoids its degradation after its penetration into the cells, because host cells selectively degrade Tat protein using autophagy (365,366). Regulation of autophagy in B cells by Tat, however, must be explored in detail.

Finally, we looked at the consequences of the activation of AKT/mTORC1 pathway by Tat. In agreement with our previous work (399), we found that the AICDA gene is overexpressed in the cells treated with Tat. Other groups had shown that mTORC1 pathway is positively associated with AICDA expression (322,323) but without any clear explanation. In my thesis project, we found that Tat-induced AICDA expression is mTORC1 dependent. Our results revealed the missing link between mTORC1 and AICDA expression. Tat decreases the expression of c-Myb and E2F8, suppressors of AICDA, in mTORC1-dependent manner, that might lead to the disruption of the balance between AICDA activators and inhibitors (423,424).

Interestingly, however, specific inhibition of AKT did not prevent AICDA overexpression by Tat while mTORC1 inhibition has drastically reduced its overexpression. It seems that total inhibition of
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 1 Figure 1. Basic structure of a virus: an infectious viral particle consists of viral genome (single-or doublestranded RNA or DNA) protected by the capsid, which can be non-enveloped or enveloped.

Figure 2 .

 2 Figure 2. Viral attachment and entry into host cells. Viruses bind the receptors and coreceptors expressed on the host cell surfaces. Successful binding allows the viruses to enter the cells through the process of endocytosis followed by either further membrane fusion or formation of membrane pore (in the case of non-enveloped viruses) and direct membrane fusion. Once inside of the host cells' cytoplasm, the viral capsid is degraded and viral genetic material is released. The processes of viral replication, assembly and release of new virions start.
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 3 Figure 3. Viral replication, assembly and release. Following entry, viral genetic material in the cytoplasm is transported to the nucleus through host nuclear import machinery. With the help of host RNA polymerases and by synthesizing their own necessary enzymes, viruses produce new viral mRNA that is used to make structural proteins and regulatory proteins. Regulatory proteins translocate to the nucleus to further assist viral genome replication and synthesized viral genome is then transported to the cytoplasm, where the assembly process begins with viral genome packaging into viral capsid wrapped with an envelope in the case of enveloped virus. Finally, assembled new virions are released to infect new cells.



  tat (transactivator of tanscription): codes for Tat protein  rev (RNA splicing-regulator): codes for Rev protein Genes coding for accessory proteins:  nef (negative regulating factor): codes for Nef protein  vif (viral infectivity factor): codes for Vif protein  vpr (virus protein r): codes for Vpr protein  vpu (virus protein unique): codes for Vpu protein
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 4 Figure 4. Structure of HIV-1 virion. HIV-1 virion consists of two single strand RNAs which are encapsulated in a capsid along with integrase, protease and reverse transcriptase. Matrix layer targets the RNA to the plasma membrane and mediates incorporation of envelope containing external surface glycoprotein (gp120) and a transmembrane glycoprotein (gp41). HIV-1 genome (9.7 kB) consists of 9 genes flanked by LTR (long terminal repeat) sequences at 5' and 3' ends.
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 5 Figure 5. Life cycle of HIV-1. HIV-1 binds its receptors and co-receptors enabling viral fusion with cellular membrane and subsequent uncoating of its single strand RNA and associated enzymes (integrase, protease, and reverse transcriptase). With the help of reverse transcriptase, viral RNA is reverse transcribed into double stranded DNA that is transported into the nucleus by nuclear import machinery. In the nucleus, viral double stranded DNA is integrated into the host genome by integrase. After integration, a proviral DNA is transcribed into mRNA and transported into cytoplasm. A fraction of this mRNA pool serves as HIV-1 genomic RNA, another fraction is translated into early regulatory proteins and structural proteins. Regulatory proteins go back to the nucleus to increase the efficiency of proviral DNA transcription. Coordinated interactions between genomic RNA and all necessary HIV-1 proteins initiate the assembly of HIV-1 virion which is then released into the extracellular environment through budding process following virion maturation.
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 6 Figure 6. Structure of HIV-1 Tat protein.
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 7 Figure 7. Tat regulates gene expression of host and bystander cells. Tat released from infected cells can go back to the nucleus of infected cells to promote HIV-1 gene transcription. Tat can reactivate latent HIV-1. Tat can enter uninfected cells through cell surface receptors. Tat regulates the expression of transcription factors and signaling pathways.
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 8 Figure 8. HIV-associated cancers and other diseases. Though a decreased incidence of ARLs since the introduction of the HAART is reported in HIVinfected patients, ARLs still occur more frequently in HIV+ individuals than in general population. Moreover, survival rate of patients with NHL and HL is about two times lower than their HIV-uninfected counterparts (100-105).Exact mechanisms of ARL pathogenesis are not very well understood, as B cells are not direct targets of HIV-1 and there is no evidence of B cell transformation due to HIV-1 infection. Several possible mechanisms, however, have been proposed: 1) secreted or transmitted viral proteins (Tat, p17) might have oncogenic effects on B cells (106,107); 2) aberrant somatic hypermutations of immunoglobulins might cause chromosomal translocations leading to malignant transformation (107); 3) infected T lymphocytes escaped from elimination in germinal centers could cause unusual B cell expansion (108); 4) chronic inflammation could lead to lymphoproliferation (109). These perturbations might generate an environment full of genetic abnormalities (chromosomal translocations, inactivation of p53, mutations), which might be further favored by co-infection with EBV and/or HHV8, leading to the emergence of ARL (Figure9) (110-112).
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 9 Figure 9. Mechanisms of development of AIDS-related B cell lymphomas. Secreted HIV-1 proteins e.g. Tat and infected T lymphocytes escaped from immune destruction cause a series of events including chromosomal translocations, inactivation of p53, mutations in Bcl6 gene, and coinfection with other viruses, which eventually lead to the development of AIDS-related B cell lymphomas.

Figure 10 .

 10 Figure 10. Structure of mTOR protein and its complexes. mTOR is comprised of HEAT repeat, FAT and FRB, kinase and FATC domains. FKBP12-Rapamycin complex binds mTOR through FRB domain and inhibits the activity of mTORC1. mTORC1 is comprised of Raptor, mLST8, PRAS40, and DEPTOR that interact with mTOR protein. Raptor interacts with N-terminal region and mLST8 -with kinase domain of mTOR, while interaction of the inhibitory subunit PRAS40 is mediated by Raptor and secondary inhibitory component DEPTOR interacts with FAT domain. DEPTOR, mLST8, Rictor, mSin1, and Protor 1/2 interact with mTOR to form mTORC2.
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 11 Figure 11. PI3K-AKT signaling pathway. Class IA PI3K receives signals from growth factors via receptor tyrosine kinase (RTK). Catalytic p110 subunit converts PIP2 to PIP3 which subsequently activates AKT by phosphorylating it on Thr308 via 3-phosphoinositide-dependent kinase 1 (PDK1) and on Ser473 via mTORC2. Phosphatase and tensin homolog (PTEN) antagonizes this activity by converting PIP3 back to PIP2. Phosphorylated AKT regulates a large number of downstream targets including mTORC1, nuclear factor of κB (NF-κB), mouse double minute 2 homolog (MDM2), forkhead family of transcription factor (FOXO), and glycogen synthase kinase 3 (GSK3).
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 12 Figure 12. Small GTPases. GTPases are active when bound to GTP and inactive when bound to GDP. The activity of GTPases is regulated by guanine nucleotide exchange factors (GEFs), GTPase-activating proteins (GAPs), and GDP dissociation inhibitors (GDIs). GEFs promote the exchange of GDP for GTP and GAPs hydrolyze GTP to GDP. GDIs inhibit GDP dissociation from GTPases.

Figure 13 .

 13 Figure 13. Regulation of mTORC1 by growth factors, cytokines and amino acids.

(

  the G1/S-phase checkpoint), to slow S-phase progression (the intra-S or S-phase checkpoint), or to prevent mitotic entry (the G2/M-phase checkpoint), which initiates repair mechanisms: base excision repair (BER), nucleotide excision repair (NER), mismatch repair (MMR), DSB homologous recombination (HR) repair, or non-homologous end joining (NHEJ) (200). ATM, ATR, and DNA-PK often cooperate to regulate HR and NHEJ. If damage repair fails, checkpoints trigger cell death by apoptosis (201).

Figure 14 .

 14 Figure 14. DNA damage signaling. ATM, ATR, and DNA-PK are key players in DNA damage signaling. In response to DSB and SSB, they are recruited to the damage sites through MRN, ATRIP, and Ku70/Ku80 respectively. After activation, ATM/Chk2 and ATR/Chk1 signaling cascades induce tumor suppressor p53, which leads to either cell cycle arrest or apoptosis. The non-homologues end joining NHEJ is controlled by DNA-PK together with XRCC4, XLF, DNA ligase IV and artemis.

  )(208). Activated ATR phosphorylates checkpoint kinase 1 (Chk1) at multiple sites, notably serines317 and 345 (209,210). Chk1 activity is tightly associated with Claspin serving as mediator between ATR and Chk1. ATR-dependent phosphorylation of Claspin on its Chk1-binding domain facilitates its interaction with Chk1 leading to sustained Chk1 activation (Figure14) (211). Activated Chk1 acts on the substrates involved in cell cycle control including Cdc25A, Cdc25C, and Wee1, decreasing the activity of cyclin-dependent kinase (CDK), thereby slowing cell-cycle progression (212-214).The major role of DNA-PK in DDR is to initiate NHEJ repair of DSBs. DNA-PK gets activated when it is recruited to the site of DSBs through its Ku partner (215). Following the binding of Ku and DNA-PK complexes to DSBs, DNA-PK promotes DNA-end tethering and recruits additional NHEJ core factors XRCC4, XLF, and DNA ligase IV (216-219) (Figure14). In addition, DNA-PK recruits other accessory proteins like Artemis, an endonuclease, to promote DNA-end processing (Figure14) (220). In response to DNA damage, DNA-PK may also phosphorylates Chk2 at Thr68 residue in vitro (221). DNA-PK is required for the maintenance of Chk1-Clapsin stable interaction and absence of DNA-PK compromises Chk1 activity (222). Phosphorylation of Chk1 by ATR and Chk2 by ATM, are not independent branches of the DNA damage response. Instead they demonstrate a high degree of cross-talk and connectivity where Chk1 and Chk2 phosphorylation can be triggered by DNA-PK, ATR and ATM (221-224). Moreover, DNA-end resection resulted from ATM-dependent DDR generates single stranded DNA signals for ATR which is translated as ATM-dependent ATR activation (225). ATR can phosphorylate ATM in response to UV exposure (226) and phosphorylation of ATM by DNA-PK is also described (227). Both ATM and ATR can phosphorylate DNA-PK in their turns (228,229) (Figure 14). Activation of ATM in response to ROS (Reactive oxygen species) (230,231) or under hypoxic conditions (232) leads to repression of mTORC1. The transduction of the signal from ATM to mTORC1 is mediated via the AMPK (AMP-activated protein kinase) pathway, through TSC (233-237). DDR to DSBs mediated by ATM or ATR can transiently induce mTOR protein levels and kinase activity, although prolonged treatment with DSB-inducing drugs results in mTORC1 inhibition (238). Inactivation of mTOR with siRNA or its pharmacological inhibition with dual mTORC1/2 drugs inhibits S and G2/M cell cycle arrest provoked by a DSB-inducing agent etoposide. Interestingly, this effect is mediated by CHK1 activation

  mTORC1 suppresses ATM via S6K1/2 signaling by up-regulating two miRNAs(miR-18a and miR-421) targeting ATM mRNA. These miRNAs are under the control of the MYCN transcription factor, and one of the mechanisms by which mTORC1 can suppress ATM is through sustaining of MYCN by S6K1 signaling. mTORC1-S6K1 signaling can also control transcription of CHK1 by regulating cyclin dependent kinases D and E. Recent studies demonstrate that mTOR inhibition results in downregulation of CHK1 and slow S-phase progression following DNA damage both in cell culture and mouse rhabdomyosarcoma xenografts (242). These results suggest that when mTOR is not suppressed by DNA damage (e.g. in cancer cells), CHK1 activity is maintained and may contribute to survival. p53 is one of the most powerful mTORC1 antagonists. In response to genotoxic stress, p53 suppresses cellular proliferation and restrains mTORC1 to allow activation of the DDR. Conversely, in a negative feedback loop, mTORC1 can increase p53 activity when energy levels are high. p53 phosphorylation by Chk2 and Chk1 enables its stabilization and activation. Activated p53 moves to the nucleus and targets multiple genes including AMPK regulatory subunit β, PTEN, and TSC2, which all negatively regulate mTORC1 (Figure15) (243).

Figure 15 .

 15 Figure 15. Regulation of mTORC1 by DNA damage. In response to the DNA damage ATM activates AMPK pathway which increases the activity of TSC, resulting in the inhibition of mTORC1. CHK1/CHK2 signaling kinases increase p53 activity and promote inhibitory signal towards mTORC1 through AMPK regulatory subunit β, PTEN and TSC2. A negative feedback loop from mTORC1 passes through S6K1 which promotes MYCN activity leading to the upregulation of miR-18a and 421 inhibiting ATM.

  mTORC1 exerts its inhibitory function by phosphorylating ULK1 (unc-51-like autophagy-activating kinase 1) and ATG13 (autophagy-related 13), leading to the inhibition of ULK1/ATG13/FIP200 (focal adhesion kinase family interacting protein of 200kDa) complex formation that is crucial for autophagosome formation (263). mTORC1 also regulates autophagy at transcriptional level. mTORC1 controls nuclear localization and activity of transcription factors like TFEB (transcription factor EB), TFE3 (transcription factor E3), and MITF (the microphthalmia transcription factor). These transcription factors activate genes necessary for autophagy and lysosome functioning (264,265).
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 16 Figure 16. Downstream targets of mTORC1. mTORC1 regulates anabolic and catabolic processes. In the anabolic processes, protein synthesis, nucleotide synthesis, and lipid synthesis are promoted by mTORC1, while autophagy and protein degradation in the catabolic process are inhibited by mTORC1. 4E-BP1 and S6K1 are the wellknown downstream targets of mTORC1. mTORC1 promotes protein synthesis by inhibiting 4E-BP1 and by activating S6K1. Moreover, S6K1 enhances protein synthesis independent of eIF4F complex by activating SKAR and inhibiting PDCD4, negative regulator of protein synthesis. mTORC1 induces nucleotide synthesis through S6K1 up-regulating ATF4-dependent expression of MTHFD2 and CAD activity as well as induces lipid synthesis by activating S6K1 and inhibiting LIPIN1 with ultimate increase in SREBPs activity. mTORC1 negatively regulates autophagy by inhibiting several factors including TFEB, TFE3, MITF, and ULK1, and prevents protein degradation by inhibiting ubiquitinproteasome system.

  Study using DLBCL cell lines demonstrated that autophagy increased the degradation of antiapoptosis protein Survivin, thereby inducing the apoptosis in lymphoma cell lines (269). Autophagy-dependent apoptosis in B cell lymphomas was further supported by the studies in the light of finding potential therapeutic drugs (270,271). However, other recent studies have pointed out the prosurvival role of autophagy for B cell lymphomas. One recent study on the mechanisms of tumor suppressing function of miR-342-3p revealed that miR-342-3p carries out its tumor-suppressive role on B cell lymphoma cell lines via inhibiting the prosurvival autophagy (272).

  adaptive immune response. Mast cells and basophils are mainly involved in the acute inflammatory responses in cases of allergy and asthma. Eosinophils are granulocytes also have phagocytic properties and always involved in the destruction of large parasites which are difficult to be phagocytosed. Together with mast cells and basophils, eosinophils also regulate mechanisms associated with allergy and asthma. NK cells kill virusinfected cells using proteins like perforins and granzymes by generating pores on the cell membranes of target cells. Moreover, NK cells produce cytokines like interferon-gamma that promotes the mobilization of antigen presenting cells and ensure effective anti-viral response (279-282).
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 17 Figure 17. Role of mTORC1 in the innate immunity. In general, mTORC1 has positive effects on innate immune cells by increasing cytokine production, cell development, cell survival, differentiation, effector functions and migration.

  CD8 + T cells are cytolytic T lymphocytes (CTLs) which kill the target host cells containing intracellular pathogens and transformed tumor cells. Cytotoxic T cells destroy target cells through the interaction of TCR with foreign cytosolic peptides from target cells bound to MHC class I molecules, which enables CTLs to form a close contact with the targets via an immunologic synapse. CTLs release granzymes and perforin, which induces apoptotic cell death. CTLs also express Fas ligand on their surfaces which further trigger apoptosis by binding to the target cell membrane. After clearing the infection, most of the CTLs are eliminated by phagocytes. Few CTLs, however, remain as memory immune cells, which can immediately differentiate into effector T cells in case of the invasion of the same pathogen in the future. CD4 + cells are also called Th (T helper) cells, as these cells cannot directly kill infected cells or eliminate pathogens, but they provide other immune cells with signals via cellular contact or cytokine production to help them perform destruction tasks. Th cells are activated through their TCR recognizing antigens bound to MHC class II molecules. Once activated, Th cells produce different cytokines. There are various subtypes of Th cells with Th1, Th2 and Th17 being the most frequent ones. Each subtype is characterized by the cytokines produced. Th1 produces IFN-γ (Interferon gamma) which promotes the bactericidal activities of macrophages as well as activates anti-viral immunity. Th2 releases interleukin-4, 5, and 13 which enhances the development of B cells and also helps effective response against parasites by increasing the development and recruitment mast cells and eosinophils. Th17 cells make interleukin-17 family, which are involved in ongoing inflammatory responses, especially in chronic infection and disease. Most of Th cells die after handling the infection, but a few remains as Th memory cells. Regulatory T cells (Treg) negatively control both cytotoxic effector CD8 + cells and effector CD4 + cells. Tregs play important role in controlling autoimmune diseases as well as in developing tolerance to certain foreign antigens found in food. Subtypes of CD4 + cells also include Th9, Th22, and follicular helper T cells (Tfh). Like CTLs, a few Th cells remain as Th memory cells. Tfh cells help the development of germinal center B cells (302,303).T lymphocytes in the resting state are catabolic and use autophagy to produce molecules necessary for protein synthesis and energy. After activation, T cells become anabolic and switch to glycolysis to produce energy and various substrates for proliferation. A transition from the resting to active state requires the upregulation of metabolic pathways controlled by mTORC1. mTORC1 helps the differentiation process of CD4 + into Th1, Th2, and Th17 subtypes by promoting glycolysis and lipid biosynthesis (Figure18) (304-307). mTORC1-deficient T cells have an impaired ability to differentiate (304). Similarly, T cells lacking the mTORC1 activator RHEB also fail to differentiate into Th1 and Th17 (305). Alternatively, deletion of mTORC1 inhibitor TSC1, results in the enhanced mTORC1 activity, leading to elevated Th1 and Th17 differentiation and multiorgan inflammation in mice (308). In addition, a deficiency in the leucine transporter LAT1 (309) and glutamine transporter ASCT2 (310) impairs Th1 and Th17 differentiation in a mTORC1dependent manner. mTORC1 is equally important in promoting Th2 cells differentiation (307). mTORC1 activity has negative effects on Treg generation (Figure18) (311), while it is positively correlated with inhibitory functions of Tregs towards other T cells (312). Active mTORC1 promotes the conversion of Tregs to effector-like T cells and further impairs Treg stability and function(308,313,314). Toll-like receptor signals, which promote Treg proliferation, increase mTORC1 signaling, glycolysis and expression of glucose transporter Glut1 (313). mTORC1 is found to be indispensable for Tfh cell differentiation and germinal center formation (315). Increased mTORC1 activity is found to be beneficial for the generation of effector CD8 + T cells. In contrast, active mTORC1 down-regulates memory T cell formation resulting in a decreased response to secondary immunization (Figure18) (316-318).
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 18 Figure 18. mTORC1 in T lymphocytes. mTORC1 promotes the differentiation process of CD4 + into Th1, Th2, and Th17 subtypes, while it down-regulates Treg generation and impairs their stability and function. Active mTORC1

  Each stage of development is characterized by the expression surface markers. At the antigen-independent development stage, B cells acquire surface marker immunoglobulins IgD and IgM (naïve B cells). Mature naïve B cells leave the bone marrow and migrate to the secondary lymphoid organs (lymph nodes, the spleen, and mucosal-associated lymphoid tissues), where they interact with other immune cells to be activated. The second phase of development is mainly driven by Th cells. Depending on the signal received they become antibody producing cells (plasma cells) or memory B cells. In order to be activated, B cells need 2 types of signals: signal 1 and signal 2. Signal 1 is received by the recognition of antigen via B cell surface immunoglobulin receptors, which enables the interaction between B and T cells, generating signal 2 delivered by T cells. B cells in their turn act as antigen presenting cells providing peptides along with MHC class II molecules and directly contact with CD4 + T cells, which help to activate B cells. This interaction happens at the margin between B cell follicles and T cell areas in secondary lymphoid tissues. Activated B cells either migrate to the extrafollicular areas and become shortlived plasma cells secreting low-affinity antibodies or enter a follicle to establish a germinal center. In the germinal center B cells interact with T follicular helper cells and antigen-presenting cells (e.g., follicular dendritic cells) and further go through a process called class-switching, in which B cells change IgM and IgD production to other types of immunoglobulins like IgG, IgA and IgE (Figure 19). Immunoglobulins are comprised of heavy chains and light chains assembled randomly from different segments. Heavy chains are formed from 4 segments (VH, D, JH and CH), while light chains are made from 3 segments (VL, JL, and CL). There are 9 different heavy chain types (IgM, IgD, IgG1-4, IgA1 and IgA2, and IgE) and 2 light chain types (k and l). Class-switching process takes place through a mechanism of gene segment rearrangements. A DNA sequence of VDJ unit and the genes coding for IgM and IgD is cut and ligated to a similar sequence in another C-region gene coding for any of the IgG, IgA, or IgE subtypes, resulting in the production of an antibody with new C-region isotype (319). While class-switching is occurring, another process called somatic hyper mutation (SHM) is activated. SHM generates point mutations in the V regions of immunoglobulin heavy and light chains with the help of activation-induced cytidine deaminase (AICDA) and uracil nucleoside glycosylase (UNG) enzymes which are also involved in the class

  and bone marrow as well as destroys germinal center B cells, leading to a profound decline in antibody production (324). Disruption of mTORC1 even reduces general populations of B cells including memory B cells, plasma cells, and germinal center B cells, leading to decreased expression of Bcl6 -a key transcription factor involved in germinal center B cell fateand AICDA, which impairs generation of high affinity IgG1 antibody(322,323). mTORC1 prepares nascent plasma cells for antibody secretion even in advance by upregulating UPR (unfolded protein response)-associated genes which help the newly formed plasma cells adapt to the increased antibody synthesis (Figure19) (325).

Figure 19 .

 19 Figure 19. Function of mTORC1 in B cells. B cells derived from HSC pass through development stages in the bone marrow till mature naïve B cells which migrate from bone marrow to the peripheral lymphoid organs to be activated, and encounter antigens. These cells further interact with antigen-activated T cells at the border between B cell follicles and T-cell zone. Activated B cells migrate to the extrafollicular areas and become short-lived plasma cells or enter a follicle to establish a germinal center. In the germinal center B cells interact with Tfh cells as well as with APC cells and they go through class switch and SHM processes to become either memory B cells or long-lived plasma cells capable of producing high affinity antibodies (IgG, IgA and IgE). In the bone marrow, mTORC1 is highly active at the

HIV- 1

 1 not only regulates mTORC1 activity, but it can also regulate intracellular positioning of mTOR in response to other stress stimuli. When amino acids are present, GTP-loaded RAGA and RAGB induce mTORC1 translocation from the cytoplasm to late endosomes/lysosomes (LELs) (349). Even though nutrient starvation or oxidative stress results in the accumulation of a pool of mTOR-associated LELs at a juxtanuclear position, HIV-1 counteracts stress-induced trafficking of mTORC1 by maintaining the LELs throughout the cytoplasm (340), which is dependent on the RAGA/B. Ultimately, HIV-1 uses LEL trafficking through Rag GTPases for successful viral assembly and release. Interestingly, Gag, viral genomic RNA and several host proteins co-traffic on LEL during HIV-1 egress (350). mTORC1 activity can be modulated individual proteins of HIV-1. For example, mTORC1 can be activated by treatment with HIV-1 Nef, or Env, or Tat proteins, resulting in efficient viral replication and generation of new virions (Figure20)(341)(342)(343)351). In contrast, combined treatment of neuronal cells with HIV-1 Tat and methamphetamine (a stimulant drug, which increases the exposure to HIV-1) results in inhibition of mTORC1 activity (352). As Tat is present in high concentrations in patients' blood serum(112,353) and because of Tat's ability to enter almost any cell in a human body due to its cell penetration domain[START_REF] Kurnaeva | Tat basic domain: A "Swiss army knife" of HIV-1 Tat?[END_REF], this viral transactivator can probably remotely regulate mTORC1 activity in many non-infected cells.

Figure 20 .

 20 Figure 20. Regulation of mTORC1 by HIV-1. HIV-1 uses mTORC1 to promote CCR5 receptor expression to facilitate the viral entry. Reverse transcription is promoted due to the production of dNTPs pools by mTORC1, which also supports the transport of reverse transcription products. HIV-1 uses mTORC1 for efficient transcription and replication. Synthesized viral proteins can positively regulate mTORC1 activity as it is involved in many key stages of
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 21 Figure 21. Implication of various HIV-1 proteins in modulation of autophagy in different cells. HIV-Nef protein suppresses autophagy, while Vpr is inhibiting autophagy at the early stage and Vif at later stage of infection in T lymphocytes. Autophagy is positively regulated by Env protein at the beginning of infection, in which Tat protein undergoes degradation. Autophagy is suppressed by Tat and Nef in macrophages, but Tat induces autophagy in neuronal cells. Env protein reduces autophagy in dendritic cells.

Figure 23 .

 23 Figure 23. Treatment with AKT/mTORC1 inhibitors as a promising approach for HIV-1 therapy. Increased AKT/mTORC1 activity is associated to the reactivation of latent HIV-1 and to the development of HIV-1 related malignancies. Combination of conventional cART with LRA and inhibitors of AKT/mTORC1 might improve the treatment against HIV-1 infection.

  cells with DC could activate latent HIV-1 (393). The contact with dendritic cells also activates the PI3K-AKT-mTOR pathway in CD4+ T cells and contributes to HIV-1 purge. CD4+ T cells express on their surface various receptors that target them to different peripheral tissues in the body. One such receptor, CCR6, directs Th17 T-helper cells to the gut. The gut-associated lymphoid tissues are considered as an important site of HIV-1 replication and a viral reservoir. The analysis of colon biopsies taken from HIV-1 patients under cART revealed that CCR6+ Th17-polarized CD4+ T cells express more mTOR and that mTOR phosphorylation is also increased in these cells (339). The use of mTOR inhibitors limited HIV-1 replication in guthoming Th17 cells during reverse transcription and prior integration, with mTORC1/mTORC2 inhibitor INK128 being more effective than rapamycin. Thus, mTOR inhibitors could have a potential beneficial effect in decreasing HIV-1

  Aggressive B cell lymphomas are the main cause of death in HIV-1 infected individuals, although B cells are not targeted by virus. Even with the introduction of cART the incidence of B cell lymphomas is remaining high in HIV-1 infected patients. The exact mechanisms of the development of these lymphomas are not known. Previous studies of our team revealed that HIV-1 Tat can penetrate B cells, where it can induce ROS production, DNA damage and increase the chances of the Myc/IGH oncogenic translocation, a hallmark of Burkitt lymphoma. In addition, in many immune cells HIV-1 and its proteins Tat, Env and Nef can regulate AKT/mTORC1 pathway, a central integrator of many intra and extracellular signals including viral infection and DNA damage. However, no studies have examined the regulation of AKT/mTORC1 pathway by Tat in B cells.Considering the importance of AKT/mTORC1 signaling pathway in oncogenesis and combining the results of our team's previous works on Tat, we have come up with the hypothesis that HIV-1 Tat might produce oncogenic effects on B cells by modulating AKT/mTORC1 signaling pathway and regulating expression of genes, involved in lymphomagenesis. Among a number of candidates, we choose to follow the expression of AICDA not only because its expression is associated with mTORC1 pathway, but also because we have recently found that Tat induces aberrant AICDA expression in B cells.Major part of my thesis focused on the regulation of AKT/mTORC1 pathway by Tat in B cells. With our collaborators we have generated doxycycline-inducible Tat-expressing RPMI 8866 cells on which most of my thesis experiments were conducted. Detailed procedure describing the construction of this cell line is published in the Russian Journal of Developmental Biology. We next studied the regulation of AKT/mTORC1 pathway and autophagy by Tat in doxycycline-inducible Tat-expressing RPMI 8866 cells as well as in immortalized RPMI 8866 B cell lines and primary B cells from healthy donors, by treating them with purified recombinant Tat protein. We have also studied the DNA damage and ROS production in doxycycline-inducible Tat-expressing RPMI 8866 cells. Finally, we analyzed the AICDA gene expression in the presence and in the absence of its transcriptional activators and repressors depending on the activation of mTORC1 pathway. All the results obtained are described in detail in our article published in the Special Issue "mTOR Signaling network in Cell Biology and Disease" in the Journal of International Molecular Sciences.

France.

  In agreement with French law, the study was registered as a non-interventional study at the Agence Nationale de Sécurité du Médicament (2016-A01316-45) and informed consent was obtained from all subjects.The blood was first diluted by the same volume of the sterile PBS and poured slowly along the walls of the tubes on top of the 12 m Pancoll solution in 50 ml falcon tubes. After centrifugation for 30 minutes at 630 rcf at room temperature (low acceleration, without brake), the white rings obtained in the center of the tubes containing the PBMCs were collected in tubes containing sterile PBS and washed three times with sterile PBS in order to get rid of the remaining Pancoll. The resulting PBMCs were incubated in the RPMI 1640-GlutaMAX medium (#61870-010, Gibco) supplemented with the 10% fetal bovine serum (#10270-106, Gibco) and 1% penicillin/streptomycin (#15140-122, Gibco) overnight at 37°C and with 5% CO2 in the incubator, to get rid of debris, dead cells, and to allow the macrophages to adhere to the surface of the culture flask.

  amplitude. Samples were centrifuged at 16000g for 10 minutes at 4°C. The supernatant was collected in a new tube for the protein quantification. Protein concentration was quantified using the BCA protein assay kit (#23227, Thermo Fisher Scientific) according to the manufacturer's protocol. Samples were resuspended in the LDS buffer (#NP0007, Thermo) and run on 4-12% Bis-Tris gel (#NP0323, Thermo Fisher Scientific) in the MOPS-SDS buffer (#NP0001, Thermo Fisher Scientific) for 30 minutes at 80v and for 1 hour at 120V. Proteins were transferred onto the PVDF membrane (IPVH00010, Millipore) for 2 hours at 90V at 4°C. Membrane was blocked in 5% milk at room temperature for 1 h. Blocked membrane was incubated with primary antibodies overnight. Nonspecific bindings were washed three times with a washing buffer (0.05 M Tris, 0.15 M NaCl, pH 7.6) containing 0.1% Tween 20. Membrane was then incubated with anti-mouse or anti-rabbit secondary peroxidase-conjugated antibodies for 2 hours at room temperature. The membrane was washed three times, incubated with the SuperSignal West Pico chemiluminescent substrate (#34580, Thermo Fisher Scientific) for 1 min and then visualised using the ImageQuant LAS 4000 Mini system (GE Healthcare). Western blot bands on the images were quantified by ImageJ. The intensities were then normalized to the corresponding GAPDH band intensity used as loading control. Relative band intensities were presented as fold change.The following antibodies were used: HIV-1 Tat antibody (#sc-65912, Santa Cruz Biotechnology); AKT (#9272), phospho-AKT (Ser473) (#9271), p70 S6 Kinase (#9202), phospho-p70 S6 Kinase (Thr389) (#9206), 4E-BP1 (#9452), phospho-4E-BP1 (Thr37/46) (#2855), phospho-Chk1 (Ser345) (#234), phospho-Chk2 (Thr 68) (#26611), GAPDH (#2118) antibodies were from Cell Signaling Technology; phospho-Histone H2A.X (Ser139) antibody (#AB_2793161, Active Motif); anti-mouse (#315035003) and anti-rabbit (#111035144) peroxidase-conjugated secondary antibodies were from Jackson ImmunoResearch.

  recommendations(#740955.250,. Total RNA (300 ng) was primed in a 20 µl cDNA Synthesis Master Mix (#M1661, Thermo Scientific) in order to obtain complementary DNA (cDNA). Then, the PCR was carried out on 1 μl of the cDNA using the PowerUp SYBR Green Master mix (#A25742, Appliedbiosystems) containing the Taq polymerase, the nucleotides as well as the fluorescent marker SYBR Green I, for 1 μl of the cDNA, 10 μl of the PowerUp SYBR Green Master mix was mixed with 1 μl of the 10 μM sense primer, 1 μl of the 10 μM anti-sense primer and 7 μl of sterile water to obtain a final volume of 20 μl. The PCR reactions were carried out on the StepOne Plus thermal cycler (Life Technologies) according to the following program: one step at 95°C for 10 minutes, followed by 40 cycles of amplification including one step at 95°C for 15 seconds and one step at 60°C for 1 minute. The primers used in the qRT-PCR experiments are listed in (Table

  Cell lines expressing the Tat protein are the most convenient tool for studying the cellular effects of this protein. Although the lines of cultured T-cells (Jurkat)[START_REF] Reeder | HIV Tat controls RNA Polymerase II and the epigenetic landscape to transcriptionally reprogram target immune cells[END_REF] and macrophages[START_REF] Carvallo | HIV-Tat regulates macrophage gene expression in the context of neuroAIDS[END_REF] expressing the Tat protein have been described and have found broad use, no analogues among the B cell lines exist so far. Even though B-cells are a more physiological system to study the effect of Tat, it is costly, time consuming and the result may vary from donor to donor. Moreover, non-activated naive B-cells from blood rapidly undergo apoptosis ex vivo, which limits the time span of the experiments. Therefore, we decided to create the new line of the cultured RPMI 8866 B-cells with constant and inducible expression of the Tat protein without a tag.The comparison of these lines can make it possible to differentiate between the effects of the viral protein and compensatory responses of the cell.In a collective effort with our colleagues from Moscow, we generated doxycycline-inducible RPMI8866 based B cell line stably expressing untagged Tat protein. In my thesis work I used this cell line to study and compare the short-term effects produced by inducible expression and the long-term effects produced by constitutive expression of Tat. Although during my thesis I mostly studied the effect of Tat on AKT/mTORC1 pathway, it is clear that we can use this system to describe other protein's effects on the cell as well as the possible compensatory responses of the cell to the presence of the viral protein.

  AICDA expression by Tat is not prevented by AKT inhibition

Figure 24 .

 24 Figure 24. AKT is inhibited by MK-2206. Doxycycline-inducible Tat-expressing RPMI 8866 cells were untreated (Ctrl) or treated (MK-2206) with 0.5, 1, 5, and 10 μM MK-2206 or treated with both MK2206 and 1µg/ml doxycycline (Dox) for 6, 24, and 48 hours. Indicated proteins were detected by Western blot with appropriate specific antibodies. GAPDH was used as the loading control.

Figure 25 .

 25 Figure 25. Inhibition of AKT does not prevent AICDA overexpression by Tat. Doxycycline-inducible Tatexpressing RPMI 8866 cells were untreated (Ctrl) or treated with 0.5, 1, 5, and 10 μM MK-2206 (MK-2206), treated with 1µg/ml doxycycline (Tat), or with both MK2206 and 1µg/ml Doxycycline (Tat+MK-2206) for 6, 24, and 48 hours. AICDA (A), c-Myb (B) and E2F8 (C) mRNA expression levels were analyzed by qRT-PCR and quantified by 2 ΔΔct method comparing the expression of the target gene in Tat-induced, MK-2206-treated, Tat-induced+MK-2206-treated cells with the untreated control (set as 1) after normalization with GAPDH gene expression. Results are obtained from three independent experiments. All data are expressed as the mean±SEM. The statistical significance was calculated between groups; ***: p value<0.001; **: 0.001 <p< 0.01.

Figure 26 .

 26 Figure 26. p70S6K and 4E-BP1 are differently regulated by exogenous Tat treatment in B cells. A. RPMI 8866 cells were untreated (Ctrl) or treated with 250 ng/ml Tat for 6, 24, and 48 hours (Tat). B. Primary B cells were cultured in the absence (Ctrl) and presence of 250 ng/ml Tat for 48 hours (Tat). C. RPMI 8866 cells were left untreated (Ctrl) or treated with (Tat) 250 ng/ml Tat for 48 hours. After 48 hours of treatment cells were subjected to serum starvation for 1 hour followed by restimulation with serum for 10 minutes. NT-non treated cells. Indicated proteins were detected by Western blot with appropriate specific antibodies. GAPDH was used as the loading control.

Figure 27 .

 27 Figure 27. Tat inhibits autophagy induction during amino acid starvation. A. RPMI 8866 cells were left untreated (Ctrl) or treated with 250 ng/ml Tat (Tat). B. Doxycycline-inducible Tat-expressing RPMI 8866 cells were left untreated (Ctrl) or treated with 1µg/ml doxycycline (Dox) for 24 hours. Cells were subjected to amino acid starvation for 4 hours just before the end of the experiment with the absence and presence of Bafilymocyin A1 simultaneously added to the culture. Indicated proteins were detected by Western blot with appropriate specific antibodies. GAPDH was used as the loading control.

  

Table 1 . AIDS-related lymphomas and associated oncogenic viruses Name of lymphoma

 1 

	Found in	Associated oncogenic virus

Lymphoma in KSHV-associated multicentric Castleman's disease HIV+ patients HHV8 100% (124) Classical Hodgkin's lymphoma HIV -/+ patients EBV 80-100% (125)

Table 2 . List of primers used for qRT-PCR
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	Gene Name	Forward primer (5'-3')	Reverse primer (5'-3')
	PAX5	ACAGCTCTTTCCTTCCCCTC	GGGAAGTTGGGCTAGGTCTT
	AICDA	TCTTGATGAACCGGAGGAAG	AGCCGTTCTTATTGCGAAGA
	BATF	GCAAGGAGATCAAGCAGCTC	GAGCTGACATGAGGTTGGTG
	C/EBPb	TTTTGTCCAAACCAACCGCA	TGCATCAACTTCGAAACCGG
	C-Myb	CATTTGATCCGCATCCCCTG	TCAAAAGTTCAGTGCTGGCC
	E2A	ATGGGGCATTTTGTTGGGAC	TCCTGTCTACGTCACGATGG
	E2F1	GGTCCCTGAGCTGTTCTTCT	CCACTCACCTCTCCCATCTC
	E2F2	CTCCTGGGTGAGCTGAAGAA	AAGGAGGCTTACATGGTGCT
	E2F3	GGTGGGGTCAAGACAGATGA	ACCAAGTCCAGTGTGTGTGA
	E2F4	ACAGTGGTGAGCTCAGTTCA	GAGGTAGAAGGGTTGGGTCC
	E2F5	CGGCGTTCTGGATCTCAAAG	TTACAGCCAGCACCTACACC
	E2F6	TGTTCCAGCTCCCAGAGAAG	TCTTCTTCCTCAGGGCCTTC
	E2F7	CGTCTTTCAGTGTCCCTTGC	TATTGATCCAAGGCCAGGCA
	E2F8	GGAGGTGAGACGGTCTTCAA	TGGGAAGGGTGCAGAATTCT
	HOXC4	TCCTCTCCCTCCCACTGTTA	AAGCCAGACCATCACACCTT
	SMAD3	CTCTGGGTGCTTGGGAACTA	ATCCAAATGCAGCCAAACGT
	SMAD4	ACAAGTCAGCCTGCCAGTAT	GGTGCAGTCCTACTTCCAGT
	SP1	GAGCAAAACCAGCAGACACA	ACTGTTGGTGTCCGGATGAT
	SP3	TGCCTTGGACGTGGATAGC	GCCCTATCTTGCTGCAGGTA
	STAT6	AAGAGCACAGGTTAGGGCAT	TAACCACATGTCCAGACCCC
	Tat	CTAGACTAGAGCCCTGGAAGCA TGAGGAGGTCTTCGTCGCT

Russian Journal of Developmental Biology. En utilisant ces différents modèles cellulaires, nous avons étudié en présence et en l'absence de Tat, l'activation de la voie AKT/mTORC1, l'autophagie, les dommages d'ADN et la production de ROS dans les cellules B. Nous avons ensuite analysé, en fonction du profil d'activation de la voie mTORC1 par Tat, l'expression du gène AICDA en présence et en l'absence de ses activateurs et répresseurs transcriptionnels.. Tous les résultats obtenus sont décrits en détail dans notre article publié dans le numéro spécial «mTOR Signalling network in Cell Biology and Disease» du Journal of International Molecular Sciences.Nos résultats montrent, en présence de Tat, une activation de la voie Akt / mTORC1, conséquence des dommages à l'ADN induits par Tat via la production de ROS. mTORC1 activé va à son tour inhiber l'expression de cMYB et E2F8, des inhibiteurs transcriptionnels de l'AICDA, conduisant ainsi à sa surexpression. Tat semble aussi inhiber l'autophagie, cependant, cette régulation de l'autophagie devra être explorée plus en détail.En conclusion, la protéine Tat libérée dans le milieu extracellulaire par les cellules infectées, pénètre dans les cellules B et y induit la production de ROS conduisant à des dommages à l'ADN, qui sont en outre détectés par la voie AKT / mTORC1. Une fois activé, mTORC1 inhibe l'expression des répresseurs transcriptionnels d'AICDA, Cmyb et E2F8, favorisant ainsi la surexpression d'AICDA. Ces perturbations peuvent finalement conduire à une instabilité génomique accrue qui constitue une des principales caractéristiques de l'oncogenèse, y compris dans les cellules B.

Acknowledgements

I cannot begin to express my deepest appreciation to my esteemed supervisors, Dr. Svetlana

List of Figures

The first notion of the importance of mTORC1 in HIV-1 latency came from the study of Besnard et al. who demonstrated that both mTORC1 and mTORC2 complexes are essential for HIV-1 reactivation from latency (389). Accordingly, inhibitors which block both mTORC1 and mTORC2, pp242 and Torin1, prevent HIV-1 reactivation in primary CD4+ T cells from uninfected donors, when infected ex vivo (342,389).

Rapamycin, which mostly blocks mTORC1, is a less effective inhibitor of HIV-1 reactivation. Moreover, in CD4+ T cells from aviremic HIV-1 positive donors under cART, HIV-1 proviral reactivation is unaffected by addition of rapamycin, even if the drug downregulates markers of toxicity related to inflammation (390). At the same time, active mTORC1 might be important for the natural HIV-1 suppression control, because mTORC1 activation was also detected in HIV-1 elite controllers, a rare (<1%) group of HIV-1-infected patients who do not take antiretroviral therapy (ART) and do not develop AIDS (391). AKT/mTORC1 axis leads to the activation of some other compensatory mechanisms which might maintain AICDA overexpression level in B cells, such as NF-κB signaling pathway as it was shown to be involved in the induction of HoxC4, one of the AICDA activators, in mouse B cells (425). In response to AKT/mTORC1 pathway inhibition Tat might bind directly to the promoter regions of AICDA to maintain high level of AICDA (397,398).

Conclusions and perspectives

In this work we showed that in B cells HIV-1 Tat activates the AKT/mTORC1 pathway and increases 4E-BP phosphorylation, while suppresses P70S6K phosphorylation. It would be interesting to explore this phenomenon 1) by verifying the PI3K/AKT activator feedback loop using new generation mTORC1 inhibitor RapaLink-1 which specifically inhibits phosphorylation of both 4E-BP1 and p70S6K. If RapaLink-1 downregulates 4E-BP1 phosphorylation, that would prove the existence of the feedback loop; 2) by studying the other upstream regulators of PI3K/AKT (e.g. PTEN), functioning of TSC, and other independent signaling pathways like AMPK and p53 signaling. AKT/mTORC1/4E-BP1 signaling axis might be oncogenic.

We demonstrated that AKT/mTORC1 activation is associated with DNA damage induced by Tatgenerated ROS. DNA damage is recovered rapidly through the activation of DNA damage repair pathway. It would be interesting to explore DDR by studying p53 signaling pathway and the key DDR proteins like Ku proteins, DNA-PKs, and Artemis.

We also demonstrated that Tat treatment and transient Tat expression inhibited autophagy, in order to avoid its degradation by this process. However, we need to further explore the regulation of B cell autophagy by Tat in more detail by studying the behavior of other key proteins like ULK and p62, by analyzing autophagic structures using electron microscopy and monitoring GFP-LC3 degradation with flow cytometer and mRFP-GFP-LC3 Tandem Fluorescent Protein Quenching Assay.

Another interesting finding is that AKT/mTORC1 activation by Tat leads to the overexpression of AICDA, which was shown to be oncogenic, through the downregulation of its inhibitors. The disruption of the balance of between AICDA activators and inhibitors due to their suppression might relieve the competition for the binding sites preferentially allowing the activators to bind to the AICDA sequence with its final overexpression. So, it should be confirmed using techniques like DNA immunoprecipitation (DIP-chip) by treating the cells with Tat or by inducing its expression to see if AICDA activators binding capacity would increase. We observe that AICDA overexpression is completely blocked by mTORC1 inhibition confirming the dependency of AICDA expression on mTORC1, while AKT inhibition did not prevent the Tat-induced AICDA overexpression, which also implies that while the whole AKT/mTORC1 pathway is blocked, some other mechanisms like NF-κB signaling pathway might be activated as a compensation. Therefore, it would be interesting to study the other mechanisms of AICDA overexpression by Tat.

By summarizing all the results, we can draw a conclusion that HIV-Tat integrates three "oncogenics"the activation of AKT/mTORC1, the overexpression of AICDA, and the translocation of MYC/IG -to exert its oncogenic effects on B cells, leading the development of B cell lymphomas. Previous studies of our team revealed that HIV-1 Tat can penetrate B cells, where it can induce ROS production, DNA damage and increase the chances of the oncogenic translocations specific for Burkitt lymphoma. In addition, in many immune cells HIV-1 and its proteins (e.g. Tat) can regulate AKT/mTORC1 pathway, a central integrator of many intra and extracellular signals including viral infection and DNA damage. However, no studies have examined the regulation of AKT/mTORC1 pathway by Tat in B cells.
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In this thesis I have tested the hypothesis that HIV-1 Tat might produce oncogenic effects in B cells by modulating AKT/mTORC1 signaling pathway and regulating expression of genes involved in lymphomagenesis. I found that HIV-1 Tat activated AKT/mTORC1 signaling pathway, which leads to aberrant activation of AICDA (activation induced cytidine deaminase) due to inhibition of AICDA transcriptional repressors c-Myb and E2F8. These perturbations may ultimately lead to an increased genomic instability and proliferation that might cause B cell malignancies.