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INTRODUCTION

The Human Immunodeficiency Virus type 1 (HIV-1) was discovered in 1983 by Françoise Barré-Sinoussi and her colleagues at the Pasteur Institute in France [START_REF] Barré-Sinoussi | Isolation of a T-lymphotropic retrovirus from a patient at risk for acquired immune deficiency syndrome (AIDS)[END_REF]. It was a retrovirus firstly named Lymphadenopathy Associated Virus (LAV) causing Acquired Immune Deficiency Syndrome (AIDS) which was described for the first time in 1981 in Men having Sex with Men (MSM) in the United States [START_REF] Gottlieb | Pneumocystis carinii pneumonia and mucosal candidiasis in previously healthy homosexual men: evidence of a new acquired cellular immunodeficiency[END_REF]). The International Committee on the Taxonomy of Viruses declared in 1986 that the virus causing AIDS would officially be known as HIV. It was also in the same year that a second type of HIV, known as HIV-2, was isolated from AIDS patients in West Africa [START_REF] Clavel | Isolation of a new human retrovirus from West African patients with AIDS[END_REF]). Both viruses have the same mode of transmission and are associated with similar opportunistic infections. According to the latest statistics updated in July 2018 on the status of the AIDS epidemic by UNAIDS/World Health Organization (WHO), the HIV/AIDS affected more than 76 million people and caused about 35 million deaths (WHO HIV AIDS Fact sheets, 2018). Although the number of HIV-infected people under treatment has increased recently and AIDS-related deaths have fallen by 51% since the peak in 2004 (UNAIDS, Global HIV & AIDS statistics fact sheet 2018), challenges still lie ahead and attention is still necessary to fight against HIV infection and AIDS-related diseases because there is currently neither vaccine for HIV prevention nor treatment allowing virus eradication.

One of the ways to fight against HIV infection and AIDS-related diseases is through research. A lot of advances in research to explore HIV virology and pathogenesis mechanisms have been made, allowing significant progress in HIV infection treatment and prevention. Indeed, the arrival of antiretroviral (ARV), especially Highly Active Antiretroviral Therapy (HAART) has remarkably contributed to restore immune functions of HIV-infected patients, to improve their quality of life and last but not least to prevent HIV transmission. Therefore, UNAIDS announced in 2017 an ambitious but achievable treatment target 90-90-90 by 2020 i.e. by 2020, 90% of all people living with HIV will know their HIV status, 90% of all people with diagnosed HIV infection will receive sustained ART and 90% of all people receiving ART will have viral suppression. However, the emergence of resistance mutations and failure on ART can occur with the increasing use of ARV. This problem is mostly related to the high variability of an RNA virus such as HIV.

Another RNA virus getting a lot of public health concerns is the hepatitis C virus (HCV). The infection by HCV was firstly identified and named non-A, non-B viral hepatitis in 1975 with the finding that most cases of transfusion-associated hepatitis did not have serological markers of hepatitis A or B viruses [START_REF] Feinstone | Transfusion-associated hepatitis not due to viral hepatitis type A or B[END_REF] . It was only in 1989 that a single clone of non-A, non-B hepatitis virus, now officially named HCV, was eventually isolated from chimpanzees infected with human non-A, non-B hepatitis positive sera [START_REF] Choo | Isolation of a cDNA clone derived from a blood-borne non-A, non-B viral hepatitis genome[END_REF]). This virus is estimated to infect 71 million people and cause approximately 399 000 deaths each year mostly from cirrhosis and hepatocellular carcinoma (WHO Hepatitis C Fact sheets 2018). HCV can cause either acute or chronic hepatitis, ranging in severity from a mild illness lasting a few weeks to a serious, lifelong illness.

Remarkable improvement has been made in anti-HCV medicines with the introduction of Direct-Acting Antivirals (DAAs). Indeed, DAAs can cure more than 95% of persons with hepatitis C infection, thereby reducing the mortality from liver cancer and cirrhosis (WHO Hepatitis C Fact sheets 2018). However, access to diagnosis and treatment is still low in developing countries and is not evenly provided across countries and regions. Taking into account the high treatment cost, research focusing on detection, surveillance and transmission of resistance mutations in the era of DAAs are fundamental to prevent treatment failures. A problem in resource-rich countries is the HCV transmission, in particular among key populations at high-risk behaviors such as people who inject drugs (PWID) or MSM. For example, a large European specific-MSM transmission network of HCV has been previously described and this network seems to continue spreading throughout different countries (van de Laar et al. 2009, Caro-Pérez et al. 2017). Therefore, a profound understanding of HCV transmission dynamics provides scientific evidence for closer screening and surveillance of HCV infection in these populations, which, in turn, will control and interrupt the HCV transmission networks among these communities.

Ultra-Deep Sequencing technique (UDS) or Next-Generation Sequencing (NGS) emerges as a useful

technique in virology as it allows an extensive analysis of viral population through high-throughput sequencing data. UDS allows detection of Minority Resistant Variants (MiRVs) down to 1% of viral population while Sanger sequencing is inadequate for detecting them [START_REF] Palmer | Multiple, linked human immunodeficiency virus type 1 drug resistance mutations in treatment-experienced patients are missed by standard genotype analysis[END_REF]. The advantage and applicability of UDS technique in clinical practice was evaluated throughout multiple virology research projects in this PhD. We used both Sanger sequencing and UDS to address two questions about prevalence and impact of MiRVs of both viruses to new antiviral therapies. One question was asked for HIV-infected patients experiencing failure on the most recently approved antiretroviral class, Integrase Strand Transfer Inhibitors (INSTIs) and another question was for HCVinfected patients failing DAAs, particularly for those infected by genotype 3 and genotype 4 viruses. Furthermore, we also evaluated the utility of UDS in identification and characterization of HCV transmission networks. In this thesis, we gave attention to a key population, MSM at high-risk behaviors who were either infected by HIV or at high risk of HIV acquisition. Details of each study are presented in the objectives and results are discussed thereafter.

LITERACY REVIEW HUMAN IMMUNODEFICIENCY VIRUS (HIV)

I.

HIV-1 epidemiology

Prevalence and incidence of HIV-1 infection

Since the beginning of the epidemic, the HIV/AIDS has become the greatest concern in global healthcare with more than 70 million people infected with the HIV and about 35 million deaths due to AIDS-related illnesses (WHO Global Health Observatory (GHO) 2017). In 2017, globally, there were approximately 36.9 million people living with HIV and 1.8 million new HIV infection cases (WHO HIV/AIDS Fact sheets 2018). The WHO African Region is the most severely affected region with nearly 25.7 million people living with HIV and accounting for nearly 2/3 of the people living with HIV worldwide. In France, the number of new HIV infections was estimated to reach 6000 people in 2015, remaining stable during the period of 2011-2015 [START_REF] Morlat | Prise en charge médicale des personnes vivant avec le VIH[END_REF] . Positively, thanks to enormous effort, achievement has been obtained for controlling HIV infection. In 2017, 59% of all people living with HIV were accessing Antiretroviral Therapy (ART) and 80% of pregnant women living with HIV had access to ART to prevent transmission of HIV to their babies (UNAIDS, Global Disparities of new HIV infections were also observed among specific populations. Indeed, adolescent girls and young women tend to have a higher risk of HIV infection when they account globally for 20% of new HIV infections in 2015 in spite of accounting for just 11% of the adult population. In

France, 30% of new HIV infections were women in 2015. Data from UNAIDS showed that in lowprevalence settings, more than 90% of new HIV infections were among key populations including sex workers, PWID, transgender people, prisoners, and MSM in 2014 (UNAIDS, Global AIDS Update 2016). In France, number of new HIV infections did not diminish among MSM, accounting for 43% of new HIV infections in 2015 while this number was reduced in heterosexual persons [START_REF] Morlat | Prise en charge médicale des personnes vivant avec le VIH[END_REF].

The origins and classification of HIV

HIV is classified into 2 major types: HIV-1 and HIV-2. Both types of HIV are the result of multiple cross-species transmissions of Simian Immunodeficiency Viruses (SIVs) naturally infecting African primates [START_REF] Sharp | Cross-spe ies tra s issio a d re o i atio of AID" iruses[END_REF].

HIV-1 infection is much more virulent than HIV-2 and accounts for more than 90% of global HIV infections. HIV-1 comprises 4 phylogenetic lineages termed groups M (main), N (not-M, not-O, new), O (outlier) and P [START_REF] Sharp | Origins of HIV and the AIDS pandemic[END_REF]. HIV-1 group M and N are very closely related to SIV of chimpanzee subspecies Pan troglodytes troglodytes and this subspecies is identified as the original reservoir of both human and gorilla infections while phylogenetic analysis supports the origin if HIV-1 groups P and O from SIV infecting gorillas [START_REF] Tebit | Tracking a century of global expansion and evolution of HIV to drive understanding and to combat disease[END_REF].

The group M was the first group discovered and responsible for the pandemic spread of HIV-1

worldwide. This group is further subdivided into 9 subtypes (A-D, F-H, J, and K), six subtypes (A1-A4 and F1-F2), and approximatively 90 Circulating Recombinant Forms (CRFs) (Los Alamos HIV databases 2018). Within a subtype, variation at the amino acid level is in the order of 8-17% but can be as high as 30% whereas variation between subtypes is usually between 17% and 35% but can reach 42%, depending on the subtypes and sequenced genome regions [START_REF] Korber | Evolutionary and immunological implications of contemporary HIV-1 variation[END_REF]. Group O was identified in 1990, represents less than 1% of global HIV-1 infections, and is largely restricted to Cameroun, Gabon, and neighboring countries [START_REF] Peeters | Geographical distribution of HIV-1 group O viruses in Africa[END_REF]. Group N was discovered in 1988 [START_REF] Simon | Identification of a new human immunodeficiency virus type 1 distinct from group M and group O[END_REF]) and is far less prevalent than group O; reported in fewer than 20 individuals [START_REF] Delaugerre | HIV-1 group N: travelling beyond Cameroon[END_REF]. Finally, HIV group P discovered in 2009 was closely related to gorilla SIV and showed no evidence of recombination with other HIV-1 lineages. This virus was reported only in several individuals originating from Cameroon [START_REF] Plantier | A new human immunodeficiency virus derived from gorillas[END_REF][START_REF] Vallari | Confirmation of putative HIV-1 group P in Cameroon[END_REF].

HIV-2 is distinct from HIV-1 and closely related to SIVs isolated from sooty mangabeys [START_REF] Santiago | Simian immunodeficiency virus infection in free-ranging sooty mangabeys Cer o e us at s at s fro the Taï Forest, Côte d'I oire: i pli atio s for the origi of epide i human immunodeficiency virus type 2[END_REF]. HIV-2 infection remains largely restricted to West Africa and is generally characterized by a longer asymptomatic phase, higher CD4 cell counts, lower RNA-level, and lower mortality but progression to AIDS still occurs (Popper et al. 2000, Rowland-Jones and[START_REF] Rowland-Jones | Out of Africa: what can we learn from HIV-2 about protective immunity to HIV-1?[END_REF]. HIV-2 is subdivided into 8 groups (A-H), with the most predominant group A found throughout western Africa and group B in Cote d'Ivoire [START_REF] Sharp | Origins of HIV and the AIDS pandemic[END_REF]. HIV-2 recombinants are rare and one recombinant form CRF_01AB of HIV-2 was described in Japan in 2010 [START_REF] Ibe | HIV-2 CRF01_AB: first circulating recombinant form of HIV-2[END_REF]).

Global distribution of HIV-1

There was no recent data on epidemiology of HIV-1 global distribution. The latest study by Hamelaar et al. in 2011 indicated a broadly stable distribution of HIV-1 subtypes worldwide with a significant increase in the proportion of CRFs. HIV-1 subtype C accounted for nearly half of all global infections, followed by subtypes A (12%), B (11%), CRF02_AG (8%), CRF01_AE (5%), subtype G (5%), and D (2%) [START_REF] Hemelaar | Global trends in molecular epidemiology of HIV-1 during 2000-2007[END_REF]. HIV-1 subtype C predominates in southern Africa, Ethiopia, and India with an increasing frequency in China and East Africa. HIV-1 subtype B predominates in Europe, Australia and the Americas. CRF01_AE is the most prevalent virus in Asia while CRF02_AG was formed early on in the epidemic in Central Africa and subsequently spread to other regions. Also in central Africa, high proportions of unique, unclassifiable sequences in addition to CRFs and URFs are found here [START_REF] Hemelaar | The origin and diversity of the HIV-1 pandemic[END_REF]. The surface area of the pie chart is representative of the number of people living with HIV-1 in the corresponding region

II. HIV-1 virology

HIV-1 structure and genome

HIV is a genetically related member of the Lentivirus genus of the Retroviridae family. The HIV particles are spherical in morphology and are between 100-120 nm in diameter and are surrounded by a lipoprotein membrane [START_REF] Fanales-Belasio | HIV virology and pathogenetic mechanisms of infection: a brief overview[END_REF]. The longest three reading frames of the virus transcribe the Gag, Env and Pol polyproteins. The Gag polyprotein is processed into structural proteins of the core and matrix proteins which make up the inner core of the viral particle. Glycoprotein 120 and gp41 are derived from the envelope (Env) polyprotein and are the outer membrane proteins of the virus. Processing of the polymerase (Pol) polyprotein yields the enzymes protease, reverse transcriptase, and integrase which are encapsulated in the core of the inner particle. The accessory proteins Vif, Vpr and Nef are encoded by three other reading frames in the virus. The surface envelope glycoprotein is glycosylated at 25-30 sites, and contains three variable loops that mask receptor-binding sites [START_REF] Robinson | New hope for an AIDS vaccine[END_REF]. The HIV-1 genome is composed of 2 identical copies of single-stranded RNA molecules of approximately 9700 base pairs (bp). HIV genome is divided into 9 overlapping genes which are flanked on both the 5' and 3' ends by identical long terminal repeats (LTR). Like other retrovirus, HIV-1 is characterized by the presence of structural genes gag (group antigen specific), pol (polymerase gene), and env (envelope gene). There are also 6 smaller accessory/regulatory proteins that play key roles in modulating viral replication.

 The gag gene (1503 bp) encodes the structural proteins of the core (p24, p7, p6) and matrix (p17).

 The env gene (2517 bp) encodes the viral envelope glycoproteins gp120 and gp41 expressed in the outer membrane envelope of the virion, which recognize cell surface receptors.

 The pol gene (3012 bp) encodes for crucial enzymes for viral replication, which are the reverse transcriptase (RT) that converts viral RNA into DNA, the integrase that incorporates the viral DNA into host chromosomal DNA (the provirus), and the protease that cleaves large Gag and

Pol protein precursors into their components.

 The tat (Trans-Activator of Transcription) gene (306 bp) encodes for a protein (Tat) that is expressed very early after infection and enhances the efficiency of viral transcription [START_REF] Bannwarth | HIV-1 TAR RNA: the target of molecular interactions between the virus and its host[END_REF].

 The rev gene (351 bp) encodes the Rev protein which ensures the export of intron-containing HIV-1 RNA from nucleus to cytoplasm [START_REF] Pollard | The HIV-1 Rev protein[END_REF].

 The viral infectivity factor (Vif, 579 bp) promotes the infectivity but not the production of viral particles [START_REF] Rose | The viral infectivity factor (Vif) of HIV-1 unveiled[END_REF]).

 The viral protein R (Vpr, 292 bp) is best characterized by its activities of nuclear import of the HIV-1 preintegration complex and induction of cell cycle arrest [START_REF] Zhao | HIV-1 accessory proteins: VpR[END_REF].

 The viral protein U (Vpu, 249 bp) mediates degradation of CR4 receptor and is necessary for the enhancement of viral particle release [START_REF] Bour | The HIV-1 Vpu protein: a multifunctional enhancer of viral particle release[END_REF].

 The nef gene (negative regulation factor, 621 bp) encodes protein which has multiple functions such as down regulation of CD4+ receptors and HLA class I molecules [START_REF] Collins | HIV-1 Nef protein protects infected primary cells against killing by cytotoxic T lymphocytes[END_REF]) which may represent an important escape mechanism for the virus to evade attack by CD8 T-cell. Furthermore, nef may also interfere with T-cell activation by interaction with components of host cell signal transduction [START_REF] Piguet | A Structure-function Analysis of the Nef Protein of Primate Lentiviruses[END_REF]. The tat and rev spliced exons are shown as shaded rectangles (Taken from https://www.hiv.lanl.gov/content/sequence/HIV/MAP/landmark.html).

Pathophysiology

HIV-1 replication cycle

The HIV replication cycle can be summarized in 6 steps: 1) binding and entry; 2) fusion and lysis 3) reverse transcription; 4) provirus integration; 5) virus protein synthesis and assembly; 6) maturation.

HIV entry, the first step of viral replication cycle, begins firstly by attachment of virus to the host cell and secondly by the binding of HIV-1 gp120 to CD4+ receptors. This binding causes conformational changes in env protein, allowing coreceptor binding. HIV strains at this step can be broadly classified based on their coreceptor usage. Viruses that use coreceptor CCR5 are termed R5 HIV, those that use CXCR4 receptors are termed X4 HIV, and those that can use both coreceptors are called R5X4 HIV [START_REF] Berger | A new classification for HIV-1[END_REF]. Coreceptor binding serves as a trigger for activation of virion and host membrane fusion [START_REF] Wilen | HIV: cell binding and entry[END_REF]. Selection by CCR5-tropic viruses predominates during early stages of infection whereas CXCR4-tropic viruses usually emerge during later stages [START_REF] Wilen | HIV: cell binding and entry[END_REF][START_REF] Naif | Pathogenesis of HIV Infection[END_REF].

During membrane fusion, coreceptor binding induces exposure of the gp41 fusion peptide to insert into the host cell membrane, which subsequently creates a fusion pore to deliver viral contents into the host cell cytoplasm [START_REF] Berger | A new classification for HIV-1[END_REF].

Following the fusion and lysis step, the reverse transcription step, taking place in the cytoplasm, is defined as a process in which viral single-stranded RNA is converted into linear double stranded DNA. Through its DNA polymerase activity, the reverse transcriptase converts the plus strand RNA to plus/minus strand RNA/DNA hybrid. It involves a transfer of the growing DNA strand from the 5' end to the 3' end of the genomic RNA. After building the DNA strand, the enzyme removes the original RNA strand by cleaving it into pieces through RNase active site. Later synthesis of the second or plus strand DNA involves a second strand transfer, which allows formation of the final double helix DNA molecule (Basu et al. 2008, Hu and[START_REF] Hu | HIV-1 reverse transcription[END_REF]. Recombination could occur during the reverse transcription by RNA template switching or after reverse transcription by breakage and reunion of DNA [START_REF] Goodrich | Retroviral recombination during reverse transcription[END_REF]. This phenomenon promotes structural diversity of virus and helps it to survive host immunity and drug therapy [START_REF] Basu | Strand transfer events during HIV-1 reverse transcription[END_REF].

The next step in HIV-1 replication cycle is the integration of the DNA into the host genome by enzyme integrase. The integrase first binds to the LTR region at each end of the viral DNA and catalyzes a cleavage of double helix DNA at each 3' end known as 3'-processing. The resulted cleaved DNA is subsequently used as substrate for a covalent insertion into the host cell genome [START_REF] Delelis | Integrase and integration: biochemical activities of HIV-1 integrase[END_REF]. Monocytes/macrophages and latently infected quiescent CD4+ T cells contain integrated provirus and constitute an important cellular reservoir of HIV [START_REF] Alexaki | Cellular reservoirs of HIV-1 and their role in viral persistence[END_REF].

Following integration into the host cell genome, proviral DNA is transcribed into messenger RNA, which results in the early synthesis of regulatory HIV-1 proteins such as Tat and Rev. Viral messenger RNA encoding long fragments migrates into the cytoplasm where several structural polyprotein precursor (the Gag precursor Pr55Gag, the Gag-Pol precursor Pr160GagPol, and the envelope glycoprotein precursor gp160) and several regulatory proteins of new virions are synthesized [START_REF] Freed | HIV-1 replication. -Somat[END_REF]. 

Target cells and HIV-1 reservoir

From the beginning of HIV discovery, the CD4+ T lymphocytes (CD4+ T-cells) have been known as one of the main targets of HIV [START_REF] Klatzmann | T-lymphocyte T4 molecule behaves as the receptor for human retrovirus LAV[END_REF]. The CD4 glycoprotein is also found on surface of antigen presenting cells of the immune system such as monocytes, macrophages, and dendritic cells. These cells constitute other targets of HIV. In case of HIV infection through sexual transmission, virus replication initially takes place in regional lymph nodes and subsequently liberates into the bloodstream [START_REF] Fanales-Belasio | HIV virology and pathogenetic mechanisms of infection: a brief overview[END_REF].

Although most CD4+ T-cells with active viral replication are likely to undergo lysis by virus-induced cytopathic effects but a small subset resting memory T-cells with HIV DNA integration persists indefinitely [START_REF] Siliciano | Long-term follow-up studies confirm the stability of the latent reservoir for HIV-1 in resting CD4+ T cells[END_REF]. This phenomenon allows establishment of latent infection or viral reservoir particularly in resting central memory CD4+ T cells and macrophages despite the suppression of plasma viremia. The latently infected cells can be activated by cellular factors to produce infectious viruses [START_REF] Alexaki | Cellular reservoirs of HIV-1 and their role in viral persistence[END_REF]. The lymphoid tissues such as gut mucosa, genital tract, lymph nodes and central nervous system (CNS) constitute the major reservoir of HIV [START_REF] Murray | The Latent Reservoir for HIV-1: How Immunologic Memory and Clonal Expansion Contribute to HIV-1 Persistence[END_REF]. The HIV reservoir persists because of multiple complex mechanisms such as a long T1/2 of memory T cell response, de novo infection of target host cells and of failure to detect these proviruses by the immune system or ART (International AIDS Society Scientific Working Group on HIV Cure et al. 2012). Importantly, the latent reservoir is rapidly established during primary infection [START_REF] Chun | Early establishment of a pool of latently infected, resting CD4(+) T cells during primary HIV-1 infection[END_REF]. It was demonstrated that starting ART in period of acute or primary infection can reduce HIV reservoir constitution, which results in better preserved immunity compared to treatment initiation during chronic infection stage [START_REF] Josefsson | The HIV-1 reservoir in eight patients on long-term suppressive antiretroviral therapy is stable with few genetic changes over time[END_REF]).

Although current ART can reduce the viremia to an undetectable level, they still fail to clear the HIVreservoir, which is demonstrated by a rapid viral rebound after ART cessation, making it challenging to achieve a functional cure of HIV infection [START_REF] Hamlyn | Plasma HIV viral rebound following protocol-indicated cessation of ART commenced in primary and chronic HIV infection[END_REF]. Therefore, reducing or even eliminating the HIV reservoir has become a major research question over the past few years.

Numerous strategies have been proposed to address this question and the most promising approach is "Shock and Kill" strategy [START_REF] Deeks | HIV: Shock and kill[END_REF]. This method includes a "shock" step meaning activating latent HIV in infected cells into transcriptional activity by using latency-reversing agents and then a "kill" step of infectious cells by immune (Cytotoxic T Lymphocytes or CTLs) or by the cytopathic effect. However, none of latency-reversing agents such as vorinostat, panobinostat, disulfiram, or romidepsin, or interleukin 7 could significantly reduce the reservoir size (Ghosn et al. 2018).

Furthermore, these agents are mostly efficient in reactivating CD4+ T-cells while showing poor effect in other HIV-1 target cells as macrophages and microglial cells. Moreover, their potential toxicity, failure to induce sufficient viral cytopathic effects and HIV-1-specific CTL responses contribute major challenges of this approach [START_REF] Castro-Gonzalez | Barriers for a HIV cure: the latent reservoir[END_REF].

Another strategy that has recently emerged as an alternative to functionally cure HIV-1 is the "Block and Lock" approach [START_REF] Kessing | In Vivo Suppression of HIV Rebound by Didehydro-Cortistati A, a Blo k-and-Lo k Strategy for HIV-1 Treatment[END_REF]. This strategy consists of using a molecule called HIV-1 latency-promoting agents to drive HIV-1 gene expression into a state of persistent latency (block)

and therefore halt (lock) viral transcription of proviruses, which in turn prevents viral rebound and generates a deep latency. Among compounds investigated for their latency promoting ability, the Tatinhibitor didehydro-Cortistatin A (dCA) was the only compound demonstrating in vivo promising results in suppressing viral transcription [START_REF] Kessing | In Vivo Suppression of HIV Rebound by Didehydro-Cortistati A, a Blo k-and-Lo k Strategy for HIV-1 Treatment[END_REF].

Another promising approach in eradication the viral latent reservoir is the use of gene-editing technologies such as CRISPR/Cas9 (clustered, regularly interspaced short palindromic repeats-CRISPR-associated proteins) [START_REF] Hsu | Development and applications of CRISPR-Cas9 for genome engineering[END_REF]). The CRISPR is a bacterial immune system-related RNA molecule which is able to guide CRISPR-associated 9 (Cas9) nuclease towards DNA sequences matching with the guide RNAs. DNA sequences including HIV-integrated DNA are easily edited and modulated using this system. To date, this technique has been tested to target critical genes of HIV-1 and also the LTR region allowing complete excision of proviral DNAs (Wang et al. 2018a[START_REF] Ophinni | CRISPR/Cas9 system targeting regulatory genes of HIV-1 inhibits viral replication in infected T-cell cultures[END_REF]. Data from ex vivo and in vivo showed the solid potential of CRISPR/Cas9-based tools to safely and efficiently cleave the HIV-1 integrated DNA in latently infected cells and then block viral gene expression and replication as well as "immunize" against future HIV-1 infections (Castro-

Gonzalez et al. 2018).

A problem in studying the reservoir is the lack of tools to sensitively detect, quantify and evaluate the size of latent reservoir because of the low level of resting CD4+ T cells in patients on ART together with the low level of transcribed viral RNA. No unique biomarker to distinguish between cells latently infected and uninfected has been identified up to date. Some molecules including the membrane proteins CD2, PD-1, TIGIT, LAG-3 or HLA-DR have been proposed as latency markers [START_REF] Castro-Gonzalez | Barriers for a HIV cure: the latent reservoir[END_REF]. Recently, CD32a was identified as a potential biomarker of a CD4+ T-cell HIV reservoir harbouring replication-competent proviruses during ART suppression [START_REF] Descours | CD32a is a marker of a CD4 T-cell HIV reservoir harbouring replication-competent proviruses[END_REF]. Indeed, the authors identified a subpopulation of 0.012% of CD4+ T-cells expressing CD32a and hosting up to three copies of HIV DNA per cell. This reservoir was highly enriched in inducible replication-competent proviruses. However, the results of this study are quite controversial. Some recently published studies indicated that CD32a was not a specific biomarker for HIV persistence and rather expressed on cells with transcriptionally active HIV but not enriched for HIV DNA in resting T cells [START_REF] Martin | CD32-Expressing CD4 T Cells Are Phenotypically Diverse and Can Contain Proviral HIV DNA[END_REF]). Furthermore, some other studies revealed an equivalent frequency of CD4+ T-cells expressing CD32a in HIV+ and HIV-subjects and CD4-CD32a+ T-cells are incapable of producing proviruses after stimulation [START_REF] Bertagnolli | MAJORITY OF THE LATENT RESERVOIR RESIDES IN CD32A NEGATIVE CD4 T CELLS[END_REF][START_REF] Osuna | CD32 DOES NOT MARK THE HIV-1/SIV LATENT RESERVOIR[END_REF]. More data to identify HIV DNA reservoir-specific biomarkers are still needed.

Effective and sensitive techniques to accurately detect and quantify the latent reservoir are still not available. Most of studies are based on real-time PCR methods which can measure the total HIV integrated proviral DNA, total HIV DNA, or extracellular RNA (plasma viremia) over cell-associated RNA. However, these methods also measure defective proviruses. Another method which can point out the resting CD4+ T-cells capable of producing infectious virions is the quantitative virus outgrowth assays. This technique measures the relative release of infectious virions upon cellular stimulation. However, it is lengthy and requires a large amount of samples and therefore difficult to be applied in clinical practices. Today, new sequencing technologies such as ultra-deep sequencing with full-genome sequencing approach are gaining attention as they can provide a complete view of the proviral reservoir and can discriminate between defective and replication-competent proviruses.

However, it is still expensive, labour-intensive, and has some analysis challenges to be widely used in clinical practices.  The eclipse period: no laboratory markers are detectable in this period (from day 0 to day 11).

III. HIV-1 pathogenesis

 The seroconversion window period: the interval generally 3 to 4 weeks after exposure to HIV and before the first detection of antibodies.

 Acute HIV infection (AHI): the interval between occurrence of detectable HIV RNA and the first detection of HIV-1 specific antibodies (from day 11 to day 21).

 Established HIV infection: is characterized by a fully developed IgG antibody sufficient to be interpretable by Western blot.

The main target of HIV is activated CD4+ T cells which will be declined over time during HIV-1 infection (as well as, but to a lesser extent, macrophages and dendritic cells). The infection and depletion of CD4+ T cells represent the most fundamental event in the pathogenesis of HIV infection.

Clinically, HIV infection is classified in 3 stages: acute infection (primary infection), chronic infection, and advanced HIV-1 infection (also referred to as AIDS). Each of which is described below.

Acute HIV-1 infection (primary infection phase)

Primary HIV infection (PHI) is defined as the 6 to 12 weeks between HIV exposure and the appearance of anti-HIV-antibodies, while acute HIV infection (AHI) starts with HIV plasma RNA detection and terminates when anti-HIV antibodies appear [START_REF] Henn | Primary HIV Infection: Clinical Presentation, Testing, and Treatment[END_REF]. Following exposure, virus begins to seed lymphoid tissue and CNS and induces host specific immune response. Virus replicates rapidly in plasma, reaching a peak (median 6.7 log copies/ml). This has several implications for managing patients because they are highly infectious to others in this phase. The correlation between high HIV-1 RNA and perinatal HIV transmission or heterosexual transmission has been reported elsewhere [START_REF] Dickover | Identification of levels of maternal HIV-1 RNA associated with risk of perinatal transmission. Effect of maternal zidovudine treatment on viral load[END_REF]. Each time if the viral burden in an HIV-1 infected person increases by a factor of 10, the risk of transmission is expected to increase by a factor of 2.5 [START_REF] Dickover | Identification of levels of maternal HIV-1 RNA associated with risk of perinatal transmission. Effect of maternal zidovudine treatment on viral load[END_REF][START_REF] Quinn | Viral load and heterosexual transmission of human immunodeficiency virus type 1. Rakai Project Study Group[END_REF].

The host immunity principally CD8 cytotoxic lymphocytes responds to this peak of viral load in an attempt to control the viral dissemination, leading to the establishment of a steady state of viral load termed viral load set point (median 4.3 log copies/ml) about few weeks after infection. The magnitude of the virus load set point is a key determinant of long-term prognosis for disease progression [START_REF] Lyles | Natural history of human immunodeficiency virus type 1 viremia after seroconversion and proximal to AIDS in a large cohort of homosexual men. Multicenter AIDS Cohort Study[END_REF]. Indeed, higher set points are usually associated with a more rapid progression to AIDS in patients without treatment [START_REF] Sterling | Initial plasma HIV-1 RNA levels and progression to AIDS in women and men[END_REF].

The AHI period lasts until the body has created antibodies against HIV-1 (seroconversion). The time course of antibody seroconversion occurs normally within 2 months of exposure depending on the host immunity response. However, the possibility of delayed seroconversion was also observed, with approximately 5% of infected people estimated to seroconvert > 6 months after exposure [START_REF] Busch | Time course of viremia and antibody seroconversion following human immunodeficiency virus exposure[END_REF]. From 65% to 95% of patients with AHI may experience a flu-like illness known as acute retroviral syndrome such as fever, lymphadenopathy, skin rash, myalgia, arthralgia, and other symptoms [START_REF] Schacker | Clinical and epidemiologic features of primary HIV infection[END_REF][START_REF] Kahn | Acute human immunodeficiency virus type 1 infection[END_REF][START_REF] Henn | Primary HIV Infection: Clinical Presentation, Testing, and Treatment[END_REF]).

Chronic HIV-1 infection

The second stage of HIV infection is chronic HIV infection. During this stage, HIV continues to multiply in the body but at low level. This phase is characterized by a gradual decrease of CD4+ T cell counts. Although this decline is not as dramatic and people with chronic HIV infection may not have any-related symptoms, they can still spread HIV to others in spite of the unlikeliness in patients who are virologically suppressed.

Importantly, long-term treated patients regardless of suppressed viral load remain somehow at higher risk of immune activation than HIV non-infected people. The mechanisms of immune activation caused by HIV can be through direct or indirect means related to viral replication. Factors contributing to systemic immune activation in chronic HIV infection include both viral and host factors such as the translocation of microbial products from the gastrointestinal tube, low level HIV viremia, and co-infection with other persistent viral pathogens including cytomegalovirus and hepatitis C virus (HCV). Indeed, lymphocytes and macrophages are activated by antigenic stimulation of the virus, which causes in turn the production of pro-inflammatory cytokines and chemokines.

Furthermore, the antigenic stimulation during HIV-1 infection may be induced by reactivation of other viruses such as cytomegalovirus and Epstein-Barr virus because the depletion of CD4+T cells results in suboptimal immune control of these persistent viruses. It is noteworthy that the increased immune activation in HIV-1 infected patients even virologically suppressed under ART has been associated with the increased mortality and both AIDS and non-AIDS-defining illnesses [START_REF] Appay | Immune activation and inflammation in HIV-1 infection: causes and consequences[END_REF]Sauce 2008, Rajasuriar et al. 2013).

It is because the state of chronic immune activation eventually ends up with immune exhaustion leaving HIV infected individuals susceptible to opportunistic infections. This marks the onset of advanced HIV-1 disease or AIDS. Without treatment, chronic HIV infection usually advances to AIDS in 10 years or longer though it may take less time for some people.

Advanced HIV-1 disease (AIDS)

The commencement of AIDS is marked by a combination of a CD4+ T cell level < 200 cells/mm 3 in conjunction with one or more AIDS defining illness. Certain opportunistic infections including P. 

IV. HIV-1 infection diagnosis

The diagnosis of HIV infection is currently based on serology tests known as the HIV fourth generation test. This test is a combination of immunoassays known as "Enzyme-Linked ImmunoSorbent Assay (ELISA)" that detect HIV-1 and HIV-2 antibodies (IgM and IgG) and HIV-1 p24 antigen allowing earlier detection of HIV infection (14 days after exposure) compared to tests based on detection of HIV antibodies alone. The 4 th generation ELISA has demonstrated advantages over earlier generations ELISA for its sensitivity. The firstly approved 4 th generation ELISA was the Abbot Architect method whose sensitivity and specificity were evaluated on 3386 HIV-infected, 7551

HIV-uninfected and 58 acute HIV infection and were shown at 99.94% and 98.78%, respectively [START_REF] Chavez | Evaluation of the performance of the Abbott ARCHITECT HIV Ag/Ab Combo Assay[END_REF]. The secondly available 4 th generation ELISA is the Bio-Rad's GS ELISA whose sensitivity and specificity were shown at 100% and 99.9 to 100%, respectively (n = 9150 specimens) [START_REF] Bentsen | Performance evaluation of the Bio-Rad Laboratories GS HIV Combo Ag/Ab EIA, a 4th generation HIV assay for the simultaneous detection of HIV p24 antigen and antibodies to HIV-1 (groups M and O) and HIV-2 in human serum or plasma[END_REF]. The next 4 th generation ELISA is Siemen's ADVIA assay which was approved in 2015 and shows an antibody sensitivity, an antigen sensitivity and a specificity at 100%, 97.87%, and 99.69%, respectively [START_REF] Alexander | Human Immunodeficiency Virus Diagnostic Testing: 30 Years of Evolution[END_REF]. 

V. Antiretroviral therapy

Treatment objectives and principles

Starting ART as soon as possible is highly recommended for clinical, virological, immunological, and public health system. Indeed, two large and randomized trials, the START and the TEMPRANO demonstrated a reduction of approximatively 50% in morbidity and mortality among HIV infected patients with CD4 counts > 500 cells/mm Human Services (DHHS), and the WHO recommend ART initiation for all individuals living with HIV, regardless of their CD4 T cell count, to reduce morbidities and mortalities associated with HIV infection [START_REF] Cellerai | Early and prolonged antiretroviral therapy is associated with an HIV-1-specific T-cell profile comparable to that of long-term non-progressors[END_REF][START_REF] Hocqueloux | Long-term antiretroviral therapy initiated during primary HIV-1 infection is key to achieving both low HIV reservoirs and normal T cell counts[END_REF], to improve patients' quality of life, and also to prevent HIV transmission [START_REF] Cohen | Prevention of HIV-1 infection with early antiretroviral therapy[END_REF] et al. 2015). In clinical trials, it was effective both in treatment-naïve and treatment-experienced patients. DTG is now recommended as first-line therapy in combination with a backbone of two NRTIs for HIV infection treatment by international guidelines including the WHO guidelines.

Importantly, DTG is suspected to give a higher risk of neural tube defects in infants exposed to the drug [START_REF] Zash | Neural-Tube Defects with Dolutegravir Treatment from the Time of Conception[END_REF], which leads to safety warning by the European Medicines Agency (EMA), the US FDA and subsequently the WHO guidelines for the importance of consistent and reliable contraception if women of childbearing potential plan to take DTG containing regimen. DTG appears to be safe when started later in pregnancy: after the period of risk of neural tube defects, up to eight weeks after conception.

In order to provide a potent, safe, tolerable and easy-to-adhere-to regimen for patients, some factors should be considered for selecting a good initial regimen. Such factors are, for example, the pretreatment HIV viral load, CD4 count, HIV genotypic resistance test results, HLA B*5701, patients'

preference to ensure a good adherence to treatment, specific comorbidities to avoid potential drugdrug interactions, treatment side effects and last but not least treatment cost.

The first-line therapy generally helps to suppress HIV viral load within 6 months of treatment. This duration could be longer if the initial viral load is high (>5 log cp/mL) or the CD4 is low (<200 cell/mm 3 ). In case of virological suppression, regimen switching is possible to enhance tolerability, to decrease toxicity, to prevent drug-drug interactions, to allow an optimal use of ART during pregnancy or pregnancy expectation, and to reduce cost. In case of treatment failure, evaluation should include an assessment of adherence, drug-drug or drug-food interactions, drug tolerability, HIV RNA and CD4 cell count trends over time, ART history, and prior and current drug-resistance testing results.

Overview of antiretroviral classes

HIV medicines are grouped into seven drug classes according to their mechanisms. They are chemokine receptor antagonists, fusion inhibitors, nucleoside/nucleotide reverse transcriptase inhibitors (NRTIs), non-nucleoside reverse transcriptase inhibitors (NNRTIs), protease inhibitors (PIs), integrase strand transfer inhibitors (INSTIs).

Chemokine receptor antagonists (CCR5 inhibitors)

Only one CCR5 inhibitor i.e. Maraviroc (MVC) is currently approved by the FDA and by the EMA for the treatment of CCR5-tropic HIV infection. It does not have activity against CXCR4-tropic HIV-1, dual tropic HIV-1, or HIV-2 [START_REF] Dorr | Maraviroc (UK-427,857), a potent, orally bioavailable, and selective small-molecule inhibitor of chemokine receptor CCR5 with broad-spectrum anti-human immunodeficiency virus type 1 activity[END_REF]. This molecule acts by binding to the hydrophobic transmembrane cavity of CCR5, altering the conformation of the CCR5 receptor. This binding disrupts chemokine binding as well as interaction of HIV-gp 120 with CCR5-tropic HIV-1 and therefore inhibits the virus from entering the cell [START_REF] Dragic | A binding pocket for a small molecule inhibitor of HIV-1 entry within the transmembrane helices of CCR5[END_REF][START_REF] Kondru | Molecular interactions of CCR5 with major classes of small-molecule anti-HIV CCR5 antagonists[END_REF].

Fusion inhibitors

Fusion inhibitors target the gp41, a transmembrane protein which anchors the viral envelop to host cell membrane and facilitates the fusion of virus into host cell. Enfuvirtide (T-20) is the only approved fusion inhibitors for treatment of HIV-1 infection. The drug is a synthetic peptide derived from amino acid sequence of a viral transmembrane glycoprotein in gp41 known as heptad repeat 2 (HR2). This molecule functions by mimicking the activity of HR2 and competitively binding to a second region of gp41, heptad repeat 1 (HR1) to prevent interaction between HR1 and HR2 which then disrupts the gp41 conformational changes associated with membrane fusion [START_REF] Hardy | Enfuvirtide, a new fusion inhibitor for therapy of human immunodeficiency virus infection[END_REF].

Nucleoside/Nucleotide Reverse Transcriptase Inhibitors (NRTIs)

The NRTIs were the first class of ARVs available for the treatment of HIV infection. They are analogues of the natural deoxynucleotides needed to synthesize the viral DNA. They are activated by cellular enzymes into their active NRTI triphosphate form. Once activated, they compete with the natural nucleoside triphosphate (dNTP) for binding the RT polymerase active site and act as terminator of DNA synthesis due to lack of a 3'-hydroxyl group (St Clair et al. 1987). This class includes zidovudine (AZT or ZDV), didanosine (ddI), stavudine (d4T), lamivudine (3TC), abacavir (ABC), emtricitabine (FTC), and tenofovir disoproxil fumarate (TDF).

Also because of their action mechanism, NRTIs inhibit mitochondrial DNA synthesis and impair mitochondrial function contributing to common toxicities of this class such as myopathy, neuropathy, lipoatrophy, and lactic acidosis, with or without hepatic steatosis [START_REF] Brinkman | Adverse effects of reverse transcriptase inhibitors: mitochondrial toxicity as common pathway[END_REF][START_REF] Kakuda | Pharmacology of nucleoside and nucleotide reverse transcriptase inhibitor-induced mitochondrial toxicity[END_REF]. In vitro, the potencies of inhibition of mitochondrial DNA synthesis were reported as ddI > d4T > AZT > 3TC = ABC = TDF [START_REF] Birkus | Assessment of mitochondrial toxicity in human cells treated with tenofovir: comparison with other nucleoside reverse transcriptase inhibitors[END_REF]. Other predominant toxicities are hypersensitivity reaction for ABC requiring HLA-B*5701 testing before its use, pancreatitis and peripheral neuropathy for ddI, mild headache, rash, gastrointestinal upset for FTC, constitutional symptoms for 3TC, lipoatrophy, pancreatitis, and peripheral neuropathy for d4T, Fanconi's syndrome, renal insufficiency and bone toxicity for TDF, myelosuppression and lipodystrophy for AZT [START_REF] Margolis | A review of the toxicity of HIV medications[END_REF].

Currently and frequently used molecules of this class for ART initiation are the combination of FTC/TDF or the ABC/3TC with a 3 rd agent according to the latest recommendations. The association AZT/3TC is no longer recommended due to its mitochondrial toxicity but still useful in treatment for newborns with perinatal HIV exposure or perinatal l HIV or patients with HIV encephalopathy (good distribution in CNS). The choice of NRTI combination depends on differences between TDF and ABC because FTC and 3TC have few adverse events and comparable efficacy. The principal advantage of TDF over ABC is its activity against HBV and a non-requirement for HLA-B*5701 testing. However, an association between reduction in kidney function and bone mineral density with the TDF use has been established in several studies.

Caution and surveillance on long-term nephrotoxicity are necessary for HIV-infected patients treated by TDF [START_REF] Tourret | Tenofovir effect on the kidneys of HIV-infected patients: a double-edged sword?[END_REF]. A new pro-drug of TDF, Tenofovir Alafenamide (TAF) allows obtaining a higher intra-cellular concentration of active metabolite (tenofovir diphosphate) compared to TDF, which therefore permits an administration of lower dose. Consequently, TAF has probably less bone and kidney toxicities than TDF while maintaining a similar virological efficacy [START_REF] Wang | The efficacy and safety of tenofovir alafenamide versus tenofovir disoproxil fumarate in antiretroviral regimens for HIV-1 therapy: Meta-analysis[END_REF]). This molecule is therefore particularly advantageous in people with underlying bone and kidney diseases or those at high risk for these illnesses. However, TAF is still contraindicated in people with Glomerular Filtration Rate (GFR) inferior to 30 mL/min [START_REF] Morlat | Prise en charge médicale des personnes vivant avec le VIH[END_REF]. In these cases, ABC is more advantageous than TDF or TAF because it does not require dose adjustment in patients with renal insufficiency and has less toxicity on kidney and bone. Therefore, the choice for two NRTIs combinations should be personalized following the context of each patient.

Non-Nucleoside Reverse Transcriptase Inhibitors (NNRTIs)

NNRTIs, in contrast with NRTIs, comprise a structurally diverse family of compounds. This class acts by binding a hydrophobic pocket adjacent to the active site catalytic residues of the RT, resulting in conformation and mobility change. This leads to unproductive complexes and thereby exerts a noncompetitive inhibition [START_REF] Spence | Mechanism of inhibition of HIV-1 reverse transcriptase by nonnucleoside inhibitors[END_REF][START_REF] Rittinger | Human immunodeficiency virus reverse transcriptase substrate-induced conformational changes and the mechanism of inhibition by nonnucleoside inhibitors[END_REF] In general, this class has a lower incidence of adverse effect compared to NRTIs. Frequently, NNRTIs cause rash which can be resolved early in therapy. Besides, the second generation of NNRTIs has longer half-lives, more favorable adverse effect profiles compared to the NRTIs.

Protease Inhibitors (PIs)

Molecules of this class are competitive inhibitors that bind to the active site of the protease enzyme and prevent the association of the protease enzyme with substrates, resulting in disruption of viral maturation [START_REF] Anderson | Viral protease inhibitors[END_REF] The side effects of PIs include gastrointestinal problems, rash, and PI-induced metabolic syndromes such as dyslipidemia, insulin-resistance, lipodystrophy/lipoatrophy, cardiovascular, and cerebrovascular diseases [START_REF] Manchanda | Adverse drug reactions to protease inhibitors[END_REF]). An increased risk of cardiovascular events was observed for some PIs including DRV/r [START_REF] Ryom | ASSOCIATION BETWEEN CARDIOVASCULAR DISEASE & CONTEMPORARILY USED PROTEASE INHIBITORS[END_REF], FPV/r, IDV/r, LPV/r [START_REF] Worm | Risk of myocardial infarction in patients with HIV infection exposed to specific individual antiretroviral drugs from the 3 major drug classes: the data collection on adverse events of anti-HIV drugs (D:A:D) study[END_REF] while this was not seen for ATV/r (Monforte et al. 2013[START_REF] Ryom | ASSOCIATION BETWEEN CARDIOVASCULAR DISEASE & CONTEMPORARILY USED PROTEASE INHIBITORS[END_REF]. Further studies are still needed to analyze this difference.

Compared to DRV/r; LPV/r, FPV/r, unboosted ATV, and SQV/r have several disadvantages such as greater pill burden, lower efficacy or increased toxicity and therefore are not recommended for ART initiation. Furthermore, on the basis of efficacy and safety data, ATV/r is no longer considered as a preferred choice for ART initiation compared to DRV/r by international guidelines [START_REF] Lennox | Efficacy and tolerability of 3 nonnucleoside reverse transcriptase inhibitor-sparing antiretroviral regimens for treatment-naive volunteers infected with HIV-1: a randomized, controlled equivalence trial[END_REF]. Therefore, DRV/r should be chosen if a PI/r-based regimen is considered for ART initiation. [START_REF] Walmsley | Dolutegravir plus abacavir-lamivudine for the treatment of HIV-1 infection[END_REF]) and also at week 144 primarily because of fewer discontinuations due to adverse events in the ABC/3TC/DTG arm [START_REF] Walmsley | Brief Report: Dolutegravir Plus Abacavir/Lamivudine for the Treatment of HIV-1 Infection in Antiretroviral Therapy-Naive Patients: Week 96 and Week 144 Results From the SINGLE Randomized Clinical Trial[END_REF]. Efficacy of DTG 50mg QD was also compared with DRV/r 800/100 mg QD, each in combination with investigator selected ABC/3TC or FTC/TDF in the FLAMINGO trial. DTG showed superiority in efficacy than DRV/r because of the higher rate of discontinuation in the DRV/r arm at week 48 [START_REF] Clotet | Once-daily dolutegravir versus darunavir plus ritonavir in antiretroviral-naive adults with HIV-1 infection (FLAMINGO): 48 week results from the randomised open-label phase 3b study[END_REF]. At week 96, the rate of virological suppression was greater in those receiving DTG than those receiving DRV/r, particularly in those with a pretreatment viral load > 100,000 copies/mL (Molina et al. 2015a) Furthermore, no treatment-emergent resistance on integrase was observed in patients with virological failure in all the three trials. The biotherapy combination of DTG/RPV was recently commercialized in May 2018. This combination was evaluated in 2 phase 3, randomized, non-inferiority SWORD-1 and SWORD-2 studies. DTG/RPV demonstrated non-inferiority to current ART regimen over 48 weeks in participants with viral suppression and showed a safety profile [START_REF] Llibre | Efficacy, safety, and tolerability of dolutegravir-rilpivirine for the maintenance of virological suppression in adults with HIV-1: phase 3, randomised, non-inferiority SWORD-1 and SWORD-2 studies[END_REF]. These results support the use of this regimen to maintain viral suppression.

In conclusion, all INSTIs are generally well tolerated although some neuropsychiatric manifestations such as insomnia, dizziness, headache, and anxiety have been reported [START_REF] Peñafiel | Tolerability of integrase inhibitors in a real-life setting[END_REF].

Neuropsychiatric adverse effects were more frequent with DTG but not significantly different among

INSTIs [START_REF] Peñafiel | Tolerability of integrase inhibitors in a real-life setting[END_REF][START_REF] Lepik | Adverse drug reactions to integrase strand transfer inhibitors[END_REF]. Recently, DTG has been suspected to be associated with a higher risk of neural tube defects in infants exposed to the drug [START_REF] Zash | Neural-Tube Defects with Dolutegravir Treatment from the Time of Conception[END_REF] [START_REF] Gao | Advances in HIV-1 Vaccine Development[END_REF]).

However, only the RV144 "Thai trial" using recombinant canarypox vector plus two recombinant gp120 boosts showed promising results. The trial enrolled 16,402 subjects at heterosexual risk of HIV acquisition which were divided into vaccine and placebo arms. The study showed a 31.2% of vaccine efficacy in preventing HIV-1 infection in the vaccine group [START_REF] Rerks-Ngarm | Vaccination with ALVAC and AIDSVAX to prevent HIV-1 infection in Thailand[END_REF].

Finally, the characterization of potent anti-HIV broadly neutralizing antibodies (bNAbs) has been extensively developed over the past few years. Anti-HIV-1 bNAbs target the HIV envelope glycoprotein and display both prophylactic and therapeutic efficacy in animal models (Shingai et al. 2014, Nishimura and[START_REF] Martin | Factors associated with the uptake of and adherence to HIV pre-exposure prophylaxis in people who have injected drugs: an observational, open-label extension of the Bangkok Tenofovir Study[END_REF]. The bNAbs can enhance clearance of HIV-1 infected cells and induce long-lasting immunity to a macaque SIV/HIV suggesting their potential impact on HIV reservoir [START_REF] Dufloo | HIV-1 cell-to-cell transmission and broadly neutralizing antibodies[END_REF]. The antiviral effects of therapeutic monoclonal bNAbs particularly those tested in combination are undergoing clinical trials (Ghosn et al. 2018).

VI. Resistance to ARVs

Resistance as a consequence of HIV diversity

A high rate of mutation in HIV-1, 4x10 -5 mutations per target bp per replication cycle has been determined in previous studies [START_REF] Mansky | HIV mutagenesis and the evolution of antiretroviral drug resistance. -Drug Resist[END_REF]. A suboptimal ARV regimen, due to lack of patient's adherence in some cases, can lead to selection of drug-resistant viruses which can limit the clinical benefit of ARV treatment. Some naturally occurring mutations, polymorphisms, could be associated severely compromises future treatment options for HIV-infected patients [START_REF] Whitcomb | Broad nucleoside reverse-transcriptase inhibitor cross-resistance in human immunodeficiency virus type 1 clinical isolates[END_REF]. The global prevalence of NRTI-NNRTI resistance was reported to increase in non B/CRFs [START_REF] Zazzi | The global burden of HIV-1 drug resistance in the past 20 years[END_REF]. The prevalence and incidence of drug resistance emergence have declined in recent years in high-income countries thanks to an increase in use of modern treatment regimens but are increasing in low/middle-income countries due to a progressively expanded number of patients under lower genetic barrier treatment without appropriate monitoring [START_REF] Gupta | Global trends in antiretroviral resistance in treatment-naive individuals with HIV after rollout of antiretroviral treatment in resource-limited settings: a global collaborative study and metaregression analysis[END_REF].

Importantly, these drug-resistant viruses can be archived very early in HIV primary infection in latently HIV-infected cells which can further reactivate under drug-selective pressure [START_REF] Parisi | Drug-resistance mutations can be archived very early in HIV primary infection[END_REF]. Although a recent study investigating the dynamics of archived HIV-1 resistance mutations without selective pressure of corresponding ARVs in latently HIV-infected cells by ultra-deep sequencing showed a clearance tendency of these mutations overtime, further studies are still necessary to conclusively confirm this finding [START_REF] Nouchi | Dynamics of drug resistance-associated mutations in HIV-1 DNA reverse transcriptase sequence during effective ART[END_REF].

Last but not least, viral replication due to drug-resistant virus increases the risk of HIV transmission among individuals and severely impacts ARV efficacy in those infected by these viruses. Indeed, a prevalence of transmitted drug resistance is estimated to be below 8% in all subtypes [START_REF] Zazzi | The global burden of HIV-1 drug resistance in the past 20 years[END_REF]). However, the prevalence of transmitted drug resistance is different across drug class and across regions. Indeed, a meta-analysis shows pre-treatment NNRTI resistance has exceeded 10% in several regions of low or middle-income countries [START_REF] Gupta | HIV-1 drug resistance before initiation or re-initiation of first-line antiretroviral therapy in low-income and middle-income countries: a systematic review and meta-regression analysis[END_REF].

Therefore, appropriate management of ARV treatment in HIV-infected patients to prevent resistance emergence is essential in clinical management of HIV-infected patients. Research of characteristics and patterns of ARV resistance therefore contributes largely to achieve the success of clinical management.

Resistance to Maraviroc

Potential pathways of resistance to MVC may include tropism switching [START_REF] Kuhmann | Genetic and phenotypic analyses of human immunodeficiency virus type 1 escape from a small-molecule CCR5 inhibitor[END_REF], increased affinity for the coreceptor [START_REF] Swenson | Genotypic analysis of the V3 region of HIV from virologic nonresponders to maraviroc-containing regimens reveals distinct patterns of failure[END_REF], increased rate of virus entry into host cells, and use of inhibitor-bound conformations of CCR5 [START_REF] Archer | Detection of low-frequency pretherapy chemokine (CXC motif) receptor 4 (CXCR4)using HIV-1 with ultra-deep pyrosequencing[END_REF]). One of the major concerns in MVC management is the tropism switching either by emergence from a pre-treatment CXCR4-using reservoir or by mutations mostly in the V3 loop region of gp120 which alter viral tropism. Some studies using deep sequencing technique allows a sensitive detection of pre-treatment non-R5 subpopulation which emerged at failure [START_REF] Swenson | Genotypic analysis of the V3 region of HIV from virologic nonresponders to maraviroc-containing regimens reveals distinct patterns of failure[END_REF]. Furthermore, the development of several mutations mostly in V3 loop region of gp120 which is consistent with the role of this domain in mediating coreceptor interactions might play an important role in resistance to MVC [START_REF] Westby | Emergence of CXCR4-using human immunodeficiency virus type 1 (HIV-1) variants in a minority of HIV-1-infected patients following treatment with the CCR5 antagonist maraviroc is from a pretreatment CXCR4-using virus reservoir[END_REF][START_REF] Archer | Detection of low-frequency pretherapy chemokine (CXC motif) receptor 4 (CXCR4)using HIV-1 with ultra-deep pyrosequencing[END_REF]. The most common mutations included substitutions of glycine (G) to arginine (R) at position 11 (G11R), proline (P) to R at position 13 (P13R), and alanine to lysine (K) at position 25 (A25K) [START_REF] Asin-Milan | Mutations in variable domains of the HIV-1 envelope gene can have a significant impact on maraviroc and vicriviroc resistance[END_REF]. However, there is still no consensus for predicting resistance to MVC including rules of HIVDB and the ANRS guidelines.

Resistance to Enfuvirtide

Resistance to enfuvirtide (T-20) observed in vitro involves principally amino acid changes in 3amino-acid motif at position G36, I37 and V38 of gp41 [START_REF] Rimsky | Determinants of human immunodeficiency virus type 1 resistance to gp41-derived inhibitory peptides[END_REF]) which prevents association of T-20 and N-terminal heptad repeat of gp41. Site-directed mutagenesis experiments suggested that the 36S, 36D, 37T, and 38M mutations could all contribute to T-20 resistance but a pair of mutations is necessary to create a resistant phenotype [START_REF] Derdeyn | Sensitivity of human immunodeficiency virus type 1 to the fusion inhibitor T-20 is modulated by coreceptor specificity defined by the V3 loop of gp120[END_REF][START_REF] Derdeyn | Sensitivity of human immunodeficiency virus type 1 to fusion inhibitors targeted to the gp41 first heptad repeat involves distinct regions of gp41 and is consistently modulated by gp120 interactions with the coreceptor[END_REF]. Other substitutions in gp41 conferring resistance to T-20 contain L33S and N43K, and a deletion of 5 amino acids, FNSTW in the V4 region of gp120 [START_REF] Fikkert | env chimeric virus technology for evaluating human immunodeficiency virus susceptibility to entry inhibitors[END_REF]. Moreover, coreceptor specificity influenced by substitutions in V3 loop region of gp120 could affect the fusion kinetics and modulate T-20 sensitivity [START_REF] Derdeyn | Sensitivity of human immunodeficiency virus type 1 to the fusion inhibitor T-20 is modulated by coreceptor specificity defined by the V3 loop of gp120[END_REF][START_REF] Derdeyn | Sensitivity of human immunodeficiency virus type 1 to fusion inhibitors targeted to the gp41 first heptad repeat involves distinct regions of gp41 and is consistently modulated by gp120 interactions with the coreceptor[END_REF].

Resistance to NRTIs

HIV-1 develops inevitably resistance to NRTIs through 2 phenotypic mechanisms: i) alterations in RT-template/primer interactions influencing subsequent NRTI incorporation and then enhancing removal of the chain-terminating residue from the 3' end of the primer and ii) alterations of RT discrimination between NRTIs and the analogous dNTPs (direct effect on NRTI binding and/or incorporation).

The 1 st mechanism of resistance to NRTIs is demonstrated in viruses carrying mutations selected by AZT, d4T known as thymidine analogue mutations (TAMs): M41L, D67N, K70R, L210W, T215Y/F, and K219Q/E which enhance the activity of chain-terminating residue removal. Two distinct TAM pathways lead to the stepwise accumulation of major (M41L, K70R, and T215Y/F), minor (D67N, L210W) conferring a high reduced susceptibility to AZT and broad cross-resistance between NRTIs at different degrees [START_REF] Marcelin | Resistance to nucleoside reverse transcriptase inhibitors[END_REF].

The 2 nd mechanism of resistance to NRTIs is demonstrated in viruses selecting point mutations K65R, L74V, Q151M, and M184V which have reduced affinity for specific NRTIs while maintaining affinity for the corresponding dNTP substrate and which consequently diminish incorporation of drugs into the DNA chain [START_REF] Marcelin | Resistance to nucleoside reverse transcriptase inhibitors[END_REF]). These mutations are located in or close to the dNTP substrate binding site. The first example concerns the K65R mutation. It is often considered as the TDF resistance mutation; however, is also selected by ABC, d4T, ddI, and rarely 3TC and can confer resistance to these molecules. This mutation is associated with reduced viral replication and fitness [START_REF] Parikh | Molecular mechanisms of bidirectional antagonism between K65R and thymidine analog mutations in HIV-1 reverse transcriptase[END_REF]). The selection of K65R severely impacts replicative fitness and therefore explains the bidirectional phenotypic antagonism between K65R and TAM pathways [START_REF] Parikh | Molecular mechanisms of bidirectional antagonism between K65R and thymidine analog mutations in HIV-1 reverse transcriptase[END_REF]. In general, this mutation is rarely selected (1.7-4%) with aforementioned molecules compared with the high incidence (>25%) of TAMs associated with AZT and d4T (McColl et al. 2008). Another example illustrating this mechanism of resistance is the M184V/I mutations selected by and conferring high level of resistance to 3TC/FTC (>100-fold increase). They are also selected by and cause low-level resistance to ABC/ddI. In contrast, presence of M184V/I increases susceptibility to AZT, d4T, and TDF and slows the emergence of resistance to these molecules [START_REF] Masquelier | Zidovudine resensitization and dual HIV-1 resistance to zidovudine and lamivudine in the delta lamivudine roll-over study[END_REF]. This mutation, like K65R, is associated with reduced viral replication in vitro and in vivo and hence acts antagonistically with TAMs (Ait- [START_REF] Ait-Khaled | M184V is associated with a low incidence of thymidine analogue mutations and low phenotypic resistance to zidovudine and stavudine[END_REF].

Finally, another mechanism of resistance to NRTIs is related to, instead of nucleotide substitution, an insertion at codon 69 which is associated with cross-resistance to multiple NRTIs. This mutation is observed clinically in a small proportion of heavily NRTI treatment-experience patients and confers a high-level resistance to AZT, d4T, ddI, ABC, TDF if occurring in combination with TAMs [START_REF] Marcelin | Resistance to nucleoside reverse transcriptase inhibitors[END_REF]. The latest algorithm for resistance interpretation to NRTIs according to ANRS guideline is found in the table 1.

Table 1: Algorithm for NRTI resistance interpretation according to the ANRS guideline For DNA provirus, Impact of stop codons and G to A mutations on ARV resistance is unknown

Resistance to NNRTIs

HIV-1 resistance to NNRTIs is associated with the acquisition of one or more mutations in the NNRTI-binding pocket of RT. Resistance mutations selected by NNRTIs can impact binding of these molecules to NNRTI-binding pocket by i) removing one or more favorable interactions between them, ii) introducing steric barriers to NNRTI binding or iii) introducing or eliminating inter-residue contacts in the binding pocket interfering with the ability of other residues to fold down over the NNRTIs.

The two most prevalent mutations selected by this class is either K103N or Y181C. The K103N is the most common mutation associated with NNRTIs and estimated to be present in 40%-60% of NNRTI-resistant viruses [START_REF] Lai | Mechanistic Study of Common Non-Nucleoside Reverse Transcriptase Inhibitor-Resistant Mutations with K103N and Y181C Substitutions[END_REF]. It displays significant resistance to the first generation NNRTIs such as EFV and NVP. The other prevalent mutation Y181C, conferring resistance to all NNRTIs according to ANRS algorithm, is present in 15%-25% of NNRTI-resistant viruses [START_REF] Tambuyzer | Compilation and prevalence of mutations associated with resistance to nonnucleoside reverse transcriptase inhibitors[END_REF]. This mutation can reduce susceptibility to all NNRTIs at variable degrees.

A relatively rare mutation Y188L was selected by NVP and EFV and conferred high-level resistance to these molecules [START_REF] Rhee | Distribution of human immunodeficiency virus type 1 protease and reverse transcriptase mutation patterns in 4,183 persons undergoing genotypic resistance testing[END_REF]. It is also associated with a reduced susceptibility to RPV and ETR [START_REF] Melikian | Non-nucleoside reverse transcriptase inhibitor (NNRTI) cross-resistance: implications for preclinical evaluation of novel NNRTIs and clinical genotypic resistance testing[END_REF].

The second generation NNRTIs, ETR and RPV, are likely to select the E138K as a major resistance mutation if no or very few other mutations are present and that Y181C may be antagonistic to E138K [START_REF] Asahchop | Distinct resistance patterns to etravirine and rilpivirine in viruses containing nonnucleoside reverse transcriptase inhibitor mutations at baseline[END_REF]. Furthermore, the E138K compensates for the poor replicative capacity of virus carrying M184I selected by 3TC/FTC. Consequently, the E138K + M184I combination was the most frequent mutation combination in treatment-naïve failing a first-line ART regimen of FTC/TDF/RPV in ECHO and THRIVE phase 3 trial [START_REF] Rimsky | 96-Week resistance analyses of rilpivirine in treatment-naive, HIV-1-infected adults from the ECHO and THRIVE Phase III trials[END_REF]). The E138K is also selected in patients receiving ETR and can reduce ETR susceptibility [START_REF] Tambuyzer | Effect of mutations at position E138 in HIV-1 reverse transcriptase on phenotypic susceptibility and virologic response to etravirine[END_REF].

In particular, a new molecule of this class, DOR, is under a phase 3 clinical trial. DOR has distinct resistance selection pathway. DOR selects in vitro firstly the V106A, followed by either the F227L

or the L234I separately [START_REF] Feng | In vitro resistance selection with doravirine (MK-1439), a novel nonnucleoside reverse transcriptase inhibitor with distinct mutation development pathways[END_REF]. DOR exhibits potent antiviral activity against wild-type virus and K103N, Y181C, and K103N/Y181C mutant viruses [START_REF] Feng | Doravirine Suppresses Common Nonnucleoside Reverse Transcriptase Inhibitor-Associated Mutants at Clinically Relevant Concentrations[END_REF]). These results suggest a complementary resistance profile between DOR and other NNTIs allowing its use in patients harboring resistant viruses to NNRTIs including ETR and RPV.

Of note, this class is still considered as a low-genetic barrier ARV class because of the crossresistance among NNRTIs due to selection of one mutation. Furthermore, the emergence of resistance mutations can happen in several days or weeks. The second generation of NNRTIs such as RPV or ETR possesses a higher genetic barrier but there is still cross-resistance between the two generations.

DOR showed distinct resistance development pathways but there is still a mutation selected by other NNRTIs conferring cross-resistance to DOR (Y188L). As a result, attention should be made in clinical monitoring of HIV-1 infected patients treated by NNRTIs to avoid emergence of crossresistance to this class.

The latest algorithm for resistance interpretation to NNRTIs according to ANRS guideline is found in the table 2.

Resistance to PIs

PIs act by binding specifically to the active site of enzyme, thereby preventing the HIV-1 protease from cleaving the precursor proteins, resulting in the production of immature non-infectious virus particles. This class is referred to high-genetic barrier ARV class because the virus requires multiple mutations to become resistant.

Major and minor mutations selected by the PIs are essentially present at the active site of the protease.

They are D30N, G48V, I50L/V, V82A/F/L/S/T, I84V/A, and L90M. These mutations cause alteration of the substrate-binding cleft and make the viral protease less capable to cleave its natural substrate, which results in a reduction in replicative capacity of the virus. To compensate for this reduction, secondary mutations accumulate later on during continuous PI therapy. These secondary mutations can either lead to an increase in resistance or to improve viral replicative capacity. Some primary mutations are characteristics of resistance to PIs. For example, the mutation I50L is selected by and characteristic for ATV/r treatment. It confers high-level resistance to ATV and increases susceptibility to the remaining PIs [START_REF] Sista | The HIV-1 protease resistance mutation I50L is associated with resistance to atazanavir and susceptibility to other protease inhibitors in multiple mutational contexts[END_REF]. This mutation emerged in a variety of background of patients and was most frequently accompanied by A71V, K45R, and/or G73S [START_REF] Colonno | Identification of I50L as the signature atazanavir (ATV)-resistance mutation in treatment-naive HIV-1-infected patients receiving ATV-containing regimens[END_REF]). Due to similar structures of PIs, resistance mutations selected on HIV-1 protease are commonly associated with cross-resistance to multiple inhibitors [START_REF] Rhee | HIV-1 protease mutations and protease inhibitor cross-resistance[END_REF].

DRV and TPV show a higher genetic barrier to resistance according to virological response studies [START_REF] Tenore | The Place of protease inhibitors in antiretroviral treatment[END_REF]. The resistance mutation profile of DRV has been defined as V11I, V32I, L33F, I47V, I50V, I54L/M, G73S, L76V, I84, and L89V [START_REF] Tremblay | Combating HIV resistance -focus on darunavir[END_REF]. DRV is considered actually as an important added option for highly treatment-experienced patients.

Particularly, selection of mutation in Gag gene outside the cleavage sites, possibly compensating for the reduction in replicative capacity caused by primary mutations, has been observed both in vitro and in vivo [START_REF] Gatanaga | Amino acid substitutions in Gag protein at non-cleavage sites are indispensable for the development of a high multitude of HIV-1 resistance against protease inhibitors[END_REF][START_REF] Myint | Gag non-cleavage site mutations contribute to full recovery of viral fitness in protease inhibitor-resistant human immunodeficiency virus type 1[END_REF]. However, further studies are still necessary.

Table 3: Algorithm for PI resistance interpretation according to the ANRS guideline

Resistance to INSTIs

The Primarily, three resistance pathways have been determined in patients failing RAL-containing regimens, namely Q148H/K/R, N155H and less frequently Y143C/H/R [START_REF] Cooper | Subgroup and resistance analyses of raltegravir for resistant HIV-1 infection[END_REF]. Despite distinct resistance pathways, the resistant virus population can shift under continuous drug pressure.

Indeed, the N155H pathway mutation can be displaced by variants carrying resistant mutations at positions 143 or 148. This is because viruses acquiring mutations at position 143 and 148 is less susceptible to RAL, exhibits a greater replicative capacity than those containing mutation at position 155 [START_REF] Fransen | Substitutions at amino acid positions 143, 148, and 155 of HIV-1 integrase define distinct genetic barriers to raltegravir resistance in vivo[END_REF]. These primary mutations reduce predictably viral replication capacity and therefore the virus selects other secondary mutations either to increase resistance or to restore viral fitness. For example, the E92Q mutation associated with the Y143H or N155H pathways is to increase the INSTI resistance while the G140S associated with Q148H is to restore viral replicative capacity.

Similarly, the addition of T97A to Y143C/R compensates for the integrase catalytic activity and further reduces susceptibility to RAL. Of note, some secondary mutations emerging with the primary resistance mutations such as L74I/M, T97A, S119R, V151I, E157Q and G163E preexist prior-to treatment, are considered as natural polymorphisms, and could be associated with resistance to

INSTIs [START_REF] Mbisa | Patterns of resistance development with integrase inhibitors in HIV[END_REF][START_REF] Anstett | Polymorphic substitution E157Q in HIV-1 integrase increases R263K-mediated dolutegravir resistance and decreases DNA binding activity[END_REF]. Resistance genotypic testing is necessary to avoid treatment failure in cases of presence of these resistance-associated polymorphisms prior to INSTI initiation.

Treatment of patients with EVG can select EVG-resistant mutation, many demonstrating crossresistance to RAL (the Q148 and the N155 pathway) [START_REF] Garrido | Plasma raltegravir exposure influences the antiviral activity and selection of resistance mutations[END_REF]. Mutations seen in patients failing EVG include typically T66I/A/K, E92Q/G, T97A, S147G, Q148H/R/K, and N155H [START_REF] Geretti | Emerging patterns and implications of HIV-1 integrase inhibitor resistance[END_REF]. The T66 and E92 pathways are predominately selected by EVG and are gradually replaced by other pathways such as Q148X because the latter provides a larger fold-change in resistance [START_REF] Goethals | Resistance mutations in human immunodeficiency virus type 1 integrase selected with elvitegravir confer reduced susceptibility to a wide range of integrase inhibitors[END_REF]. The rapid emergence of resistance mutations to RAL and EVG demonstrated that both molecules have a low genetic barrier to resistance.

Selection of DTG resistance in vitro does not occur as rapidly as RAL or EVG, and an accumulation of multiple mutations is necessary to cause resistance to DTG. DTG can retain its substantial activity against certain RAL or EVG resistant viruses. For example, the Y143R selected by RAL or EVG does not impact susceptibility to DTG even in combination with T97A (Fold change = 1.05) [START_REF] Underwood | The activity of the integrase inhibitor dolutegravir against HIV-1 variants isolated from raltegravir-treated adults[END_REF]. However, susceptibility is reduced by 10-fold or 20-fold by Q148 mutation especially in combining with mutations at codons L74I, E138, and G140 [START_REF] Canducci | Cross-resistance profile of the novel integrase inhibitor Dolutegravir (S/GSK1349572) using clonal viral variants selected in patients failing raltegravir[END_REF]. In vitro selection of resistance mutations to DTG occurs initially with the emergence of T124A (day 14), S153F (day 28), and L101I (day 70) [START_REF] Kobayashi | In vitro antiretroviral properties of S/GSK1349572, a next-generation HIV integrase inhibitor[END_REF]. However, the significance in vivo of these mutations is uncertain. A common mutation selected during DTG passage and in viruses of patients failing an incompletely suppressive DTG-based regimen is the R263K, which is also selected in vitro by EVG [START_REF] Margot | In vitro resistance selections using elvitegravir, raltegravir, and two metabolites of elvitegravir M1 and M4[END_REF]. This mutation conferred a low-level resistance to DTG [START_REF] Charpentier | Resistance to HIV Integrase Inhibitors: About R263K and E157Q Mutations[END_REF]. Importantly, although it is very rare but this mutation can preexist in treatment-naïve patients (about 0.9% in patients with primary infection in the French survey) [START_REF] Charpentier | Resistance to HIV Integrase Inhibitors: About R263K and E157Q Mutations[END_REF]. In treatment-experienced patients, the R263K was not detected by Sanger sequencing but it was found in minority proportion in 2/92 patients when using ultra-deep sequencing technology. Interestingly, the E157Q, possibly occurs in around 2%-5% of viruses from ARV-naïve patients depending on subtypes [START_REF] Charpentier | Resistance to HIV Integrase Inhibitors: About R263K and E157Q Mutations[END_REF], may act as a compensatory mutation to restore decreased integrase enzymatic activity caused by the R263K [START_REF] Anstett | Polymorphic substitution E157Q in HIV-1 integrase increases R263K-mediated dolutegravir resistance and decreases DNA binding activity[END_REF]).

However, this combination has not been observed in vivo in patient failing INSTI-based regimen.

There are only few studies about resistance patterns of CAB, a novel molecule of INSTIs designed under long-acting form for both HIV-1 pre-exposure prophylaxis and treatment of HIV-1 infection.

The LATTE clinical trial revealed a selection of the Q148 pathway in 1 patient (with the emergence of E138Q to NNRTIs) [START_REF] Margolis | Cabotegravir plus rilpivirine, once a day, after induction with cabotegravir plus nucleoside reverse transcriptase inhibitors in antiretroviral-naive adults with HIV-1 infection (LATTE): a randomised, phase 2b, dose-ranging trial[END_REF]. CBG retains its efficacy against most multiple integrase mutants except for those including the Q148X combining with the Q138A/K, or the G140C/S or the N155H [START_REF] Yoshinaga | Antiviral characteristics of GSK1265744, an HIV integrase inhibitor dosed orally or by long-acting injection[END_REF].

There is less information available concerning Bictegravir (BIC). BIC was tested in vitro and compared with other mutants selected by other INSTIs including CBG. BIC was shown to be more effective than DTG in retaining viral efficacy against triple mutants such as E138A/G140S/Q148H, E138K/G140S/Q148H, and G140S/Y143R/Q148H. The INISTI-triple mutant T97A/G140S/Q148H caused a larger reduction in susceptibility to BIC but the half maximal effective concentration (EC50)

of BIC against these triple mutants is still lower than that of DTG. Also in the same study, CBG was shown to be less potent than BIC and DTG because most of the triple mutants caused drops in susceptibility to CAB. Therefore, in terms of their respective abilities to broadly inhibit the known integrase mutants, BIC is better than DTG, and DTG is better than CAB [START_REF] Smith | Efficacies of Cabotegravir and Bictegravir against drug-resistant HIV-1 integrase mutants[END_REF]. increased risk of treatment failure was detected even at low minority variant frequencies (<0.5% and 10-99 mutant copies/mL). In other studies, NNRTI-MiRVs were more prevalent in patient with previous exposure to NNRTIs [START_REF] Varghese | Minority variants associated with transmitted and acquired HIV-1 nonnucleoside reverse transcriptase inhibitor resistance: implications for the use of second-generation nonnucleoside reverse transcriptase inhibitors[END_REF][START_REF] Halvas | Low frequency nonnucleoside reverse-transcriptase inhibitor-resistant variants contribute to failure of efavirenz-containing regimens in treatment-experienced patients[END_REF]. Of note, NNRTI-MiRVs were also detected at treatment failure and could increase the overall burden of resistance, hence reduced subsequent choices for ARV regimens [START_REF] Halvas | Low frequency nonnucleoside reverse-transcriptase inhibitor-resistant variants contribute to failure of efavirenz-containing regimens in treatment-experienced patients[END_REF]. The detection of NNRTI-MiRVs at treatment failure is clinically important in case of prior-treatment histories if longitudinal genotypes are not available.

Similarly, several studies have demonstrated that VF to a CCR5 antagonist could be caused by tropism evolution, broadened co-receptor usage, and emergence of pre-existing minority CXCR4using HIV-1, which were not detected by tropism assays based on Sanger sequencing. Deep V3 sequencing emerged as a promising and sensitive tool for determining viral tropism which is clinically essential in considering the use of MVC. Indeed, several studies evidenced the benefits of viral tropism determination by UDS, which predicted better virological response to MVC (Swenson et al. 2011a, b, Rodriguez et al. 2015).

No association or controversial results between MiRVs and treatment outcome 7.2.1. Minority resistant variants and NRTIs

However, apart impact on the first generation NNRTIs and MVC as described above, the association between presence of MiRVs and virological response to other ARV classes remains controversial.

Possible associations of NRTI-MiRVs and VF were reported in several small-scale studies. In the CASTLE study, the baseline rate and clinical significance of transmitted drug-resistance was investigated in patients treated by FTC/TDF-based regimens (either with ATV/r or LPV/r). The authors compared the presence of transmitted drug-resistance mutations in two groups of patients with and without virological response. Overall, the similar rates (25.5% vs 33.3%) of transmitted drug-resistance mutations including MiRVs were observed in both groups, which could be explained by a high potency and high genetic barrier of boosted PIs (ATV/r and LPV/r) [START_REF] Lataillade | Prevalence and clinical significance of HIV drug resistance mutations by ultra-deep sequencing in antiretroviral-naïve subjects in the CASTLE study[END_REF]).

However, when considering patients with presence of baseline NRTI-resistant mutations including those in minority, 6/9 patients experienced treatment failure when M184V/I was present with or without TAMs or K65R; 7/16 failed treatment with detection of multiple TAMs; and 3/3 had treatment failure when both multiple TAMs+M184V were present; 1/2 failed treatment when K65R

was detected [START_REF] Lataillade | Prevalence and clinical significance of HIV drug resistance mutations by ultra-deep sequencing in antiretroviral-naïve subjects in the CASTLE study[END_REF]). However, this association has not been established in other studies [START_REF] Metzner | Efficient suppression of minority drug-resistant HIV type 1 (HIV-1) variants present at primary HIV-1 infection by ritonavir-boosted protease inhibitor-containing antiretroviral therapy[END_REF], 2011[START_REF] Stekler | Prevalence and impact of minority variant drug resistance mutations in primary HIV-1 infection[END_REF][START_REF] Gianella | Detection of minority resistance during early HIV-1 infection: natural variation and spurious detection rather than transmission and evolution of multiple viral variants[END_REF], Charpentier et al. 2015).

For example, the pooled analysis of Li et al. in treatment-naïve patients initiating NNRTIs-based regimens reported no elevated risk of virological failure with presence of only NRTI-MiRVs. It should be noted that not all patients were tested for NRTI-MiRVs and resistant mutations were limited to only M184V and K65R [START_REF] Li | Low-frequency HIV-1 drug resistance mutations and risk of NNRTI-based antiretroviral treatment failure: a systematic review and pooled analysis[END_REF]). Another study by Metzner et al. using allele-specific PCR detected presence of NRTI-MiRVs such as the M184V and K65R in 8.2% and 2.7% of treatmentnaïve patients, which did not increase the treatment failure rate [START_REF] Metzner | Prevalence of key resistance mutations K65R, K103N, and M184V as minority HIV-1 variants in chronically HIV-1 infected, treatment-naïve patients[END_REF]. Moreover, the ANRS 139 TRIO trial evaluated the combination of RAL, ETR, and DRV/r with or without an optimized background therapy in 103 highly treatment-experienced patients but naïve to the above 3 drugs. These patients harboured multi-resistant viruses. The study reported a high level of baseline MiRVs including those resistant to NRTIs, NNRTIs and PIs and INSTIs but these MiRVs were not associated with a higher risk of treatment failure (except a trend for ETR-MiRVs) [START_REF] Charpentier | Highly frequent HIV-1 minority resistant variants at baseline of the ANRS 139 TRIO trial had a limited impact on virological response[END_REF].

Minority resistant variants and second generation NNRTIs

Few studies evaluating the impact of ETR-MiRVs on treatment outcome are available. As described above, the ANRS 139 TRIO trial assessed the prevalence of MiRVs and their impact on virological response in 103 highly treatment-experienced patients treated by the combination of RAL, ETR, and DRV/r with or without an optimized background therapy. This study showed a trend of increased risk of virological failure in patients with a higher proportion of ETR-MiRVs. Indeed, ETR-MiRVs were present in 6/12 (50%) of patients failing treatment while detected in 18/70 (26%) of patients having treatment success [START_REF] Charpentier | Highly frequent HIV-1 minority resistant variants at baseline of the ANRS 139 TRIO trial had a limited impact on virological response[END_REF]. However, the impact of baseline ETR-MiRVs was not established in the PIANO study. This study assessed ETR resistance by Sanger sequencing and UDS in 101 treatment-experienced patients who received ETR BID and a background regimen. The frequency of ETR-MiRVs in VF and VS groups were not significantly different. Furthermore, when accounting for presence of ETR-MiRVs, the susceptibility to ETR changed in 3/8 patients in VF group but also in 3/5 patients in VS group. Therefore, the authors concluded that the presence of ETR-MiRVs at baseline was not consistently associated with treatment failure [START_REF] Tambuyzer | Assessment of etravirine resistance in HIV-1-infected paediatric patients using population and deep sequencing: final results of the PIANO study[END_REF].

Regarding 

Minority resistant variants and PIs

Few studies have investigated the impact of baseline PI-MiRVs because of the low number of patients failing PI regimens in clinical trials and also because of the high genetic barrier of this class leading to a rare selection of PI-resistant mutations in patients experiencing PI failure [START_REF] El Bouzidi | HIV-1 drug resistance mutations emerging on darunavir therapy in PI-naive andexperienced patients in the UK[END_REF].

Generally, no association between presence of baseline PI-MiRVs and treatment outcome have been established. Indeed, the CASTLE study as described above showed a low prevalence of baseline PI-MiRVs (N88S, I50V, or L76V) in about 8% of patients at a very low frequency (around 0.5%). The rate of resistance mutations in the group of VS patients was even higher than that in the VF group.

Furthermore, all VF samples remained phenotypically susceptible to PI/r treatment. Therefore, in this study, baseline PI-MiRVs were concluded to have no effect on virological response of subjects on a boosted PI at week 48 [START_REF] Lataillade | Prevalence and clinical significance of HIV drug resistance mutations by ultra-deep sequencing in antiretroviral-naïve subjects in the CASTLE study[END_REF]. In parallel, another recent study by Perrier et al.

confirmed the little impact of PI-MiRVs on response to PIs. The authors assessed the prevalence of PI-MiRVs on 94 and 16 patients initiating a DRV/r-and ATV/r-based regimens, respectively. The study reported a similar proportion of patients harbouring baseline PI-MiRVs in the VS and VF groups (10.6% vs 18.8%, p-value = 0.40) [START_REF] Perrier | No impact of HIV-1 protease minority resistant variants on the virological response to a first-line PI-based regimen containing darunavir or atazanavir[END_REF].

Minority resistant variants and INSTIs

The impact of MiRVs on INSTI has been analyzed mostly on patients failing RAL-based regimen because RAL was the first molecule to be commercialized in this class. Presence of baseline RAL primary resistance mutations were very rare even using ultrasensitive assays [START_REF] Liu | Analysis of low-frequency mutations associated with drug resistance to raltegravir before antiretroviral treatment[END_REF], Armenia et al. 2012). A study by Liu J et al. found a higher rate of baseline MiRVs in VF group than that in VS group (46% vs 31%) although this difference was not statistically significant. Importantly, these mutations were secondary resistance mutations and present at low frequencies (<1%) [START_REF] Liu | Analysis of low-frequency mutations associated with drug resistance to raltegravir before antiretroviral treatment[END_REF]. Several other small-scale studies showed that INSTI-MiRV had little impact on the virological response to a RAL containing regimen. The absence of RAL primary resistance mutations was observed by both Sanger sequencing and UDS in 23 treatment-naïve patients receiving a RAL plus an optimized background [START_REF] Armenia | Study of genotypic and phenotypic HIV-1 dynamics of integrase mutations during raltegravir treatment: a refined analysis by ultra-deep 454 pyrosequencing[END_REF]. Several secondary mutations such as T97A, V151I, and D163R were rarely detected at baseline and were not associated with VF and selection of resistance variants at failure. Furthermore, the development of either primary or secondary resistance mutations at failure was not correlated with any pre-existing mutations. In conclusion, these results

suggest that INSTI-MiRVs did not contribute significantly to treatment failure [START_REF] Armenia | Study of genotypic and phenotypic HIV-1 dynamics of integrase mutations during raltegravir treatment: a refined analysis by ultra-deep 454 pyrosequencing[END_REF].

The little impact of baseline INSTI-MiRVs was further confirmed by a study by Charpentier et al.

using allele-specific real-time PCR systems targeting mutations Q148H, Q148R, and N155H. In this study, the authors found a high proportion of the minority Q148R (<1%) in more than 80% of patients (n= 79). However, 24 out of the 26 patients in this study harboring the minority Q148R variant at baseline achieved undetectable HIV viral load. Although two patients with the baseline minority Q148R failed treatment and developed the Q148R resistance pathway at failure, the association between presence of the baseline minority Q148R and virological response to RAL was not established [START_REF] Charpentier | High frequency of integrase Q148R minority variants in HIV-infected patients naive of integrase inhibitors[END_REF] 

Presence of minority resistant variants at treatment failure

Several studies have investigated the presence of MiRVs at treatment failure especially in cases no other cause is attributed in order to better explain treatment failure. Furthermore, the presence of MiRVs at failure could increase the overall burden of resistance and limit choices of subsequent therapies. Indeed, the clinical implication of MiRVs at time of viroligical failure was investigated by The authors suggest the use of UDS in patients failing an NRTI + NNRTI regimen to optimize the choice of subsequent treatment [START_REF] Todesco | Improved detection of resistance at failure to a tenofovir, emtricitabine and efavirenz regimen by ultradeep sequencing[END_REF]. 

Prevalence and incidence of HCV infection

HCV is a major health problem because it was estimated to infect 71 million people and cause approximatively 399000 deaths every year mostly from liver-related diseases (WHO Hepatitis C Fact sheets 2018). The total global prevalence of anti-HCV antibodies is estimated at 2.5% with a global viremic rate of 67% [START_REF] Petruzziello | Global epidemiology of hepatitis C virus infection: An up-date of the distribution and circulation of hepatitis C virus genotypes[END_REF]. The prevalence of anti-HCV antibodies is greatly different across regions. In the whole Sub-Saharan Africa, anti-HCV antibodies are detected in 2.9%

of the population corresponding to 26.9 million of cases. This prevalence varies from 0.9% in the Southern countries to 6.0% in the Central area [START_REF] Petruzziello | Global epidemiology of hepatitis C virus infection: An up-date of the distribution and circulation of hepatitis C virus genotypes[END_REF]. In Europe, the prevalence of anti-HCV antibodies is estimated at 1.8% of the population and varies from 0.9% to 1.3% across regions. In Asia, the percentage of people with HCV infection is calculated at 2.8% varying from 1.1% to 5.8% across the regions [START_REF] Petruzziello | Global epidemiology of hepatitis C virus infection: An up-date of the distribution and circulation of hepatitis C virus genotypes[END_REF]. Egypt presented the highest prevalence of 14.7% likely due to the use of contaminated syringes during the campaigns to eradicate Schistosoma [START_REF] Frank | The role of parenteral antischistosomal therapy in the spread of hepatitis C virus in Egypt[END_REF]. In France, the anti-HCV prevalence is estimated at 0.8% (0.7-1.1%) in general population and at 0.034% in first-time blood donors. Although the anti-HCV prevalence is shown to decline over time, France is still among European countries having the largest burden of chronic HCV [START_REF] Hofstraat | Current prevalence of chronic hepatitis B and C virus infection in the general population, blood donors and pregnant women in the EU/EEA: a systematic review[END_REF]).

HCV Classification

The up-to-date classification system has been adopted by the International Committee on Taxonomy of Viruses from the proposal by Simmonds et al. based on the phylogenetic analysis of the core/E1

or the polymerase or the complete genome sequences [START_REF] Simmonds | Consensus proposals for a unified system of nomenclature of hepatitis C virus genotypes[END_REF]. The HCV are currently classified into 8 distinct genotypes (GT) (1 to 8) based on the diversity of their nucleotide sequence (Smith et al. 2014[START_REF] Borgia | Identification of a Novel Hepatitis C Virus Genotype From Punjab, India: Expanding Classification of Hepatitis C Virus Into 8 Genotypes[END_REF]). The novel HCV GT 8, which is distinct from other GTs (1-7) with a divergence of > 30% nucleotide sequence has just been described in four patients originating from India [START_REF] Borgia | Identification of a Novel Hepatitis C Virus Genotype From Punjab, India: Expanding Classification of Hepatitis C Virus Into 8 Genotypes[END_REF]). After GT classification, viruses can be further classified into 67 distinct subtypes and 20 provisional subtypes because of their large intra-genotype diversity. For example, viral sequences classified in GT4 can be different at the nucleotide level up to 19.6%. HCV GT1 is the most prevalent worldwide (44%), followed by GT3 (25%), GT4 (15%), and 2 (11%), and GT5 and 6 are responsible for the remaining < 5% [START_REF] Petruzziello | Global epidemiology of hepatitis C virus infection: An up-date of the distribution and circulation of hepatitis C virus genotypes[END_REF][START_REF] Observatory | Global prevalence and genotype distribution of hepatitis C virus infection in 2015: a modelling study[END_REF]). However, it should be noted that most of studies are from Americas and Europe where the GT1 is the most frequently diagnosed and therefore the prevalence of other GT viruses could be underestimated [START_REF] Messina | Global distribution and prevalence of hepatitis C virus genotypes[END_REF]. 

Global distribution of HCV by genotypes

The global contemporary distribution of HCV genotypes is complex because of the disproportionality in reported studies across the regions. Globally, HCV infections are largely dominant in Caribbean, Latin America, North America, and Europe by GT1 (83%, 74.3%, 66.3%, 64.4%, respectively). GT4 largely impacts the North Africa and the Middle East regions (65.3%), probably related to the high prevalence of GT4 infection in Egypt. In Asia, the two most prevalent GT are GT1 (46.6%) and GT3 (22.4%). India and Pakistan are predominated by GT3 viruses (64.1% and 79.0%) while in Australia, the predominant viruses are GT1 viruses (49.6%), closely followed by GT3 (42.2%) (Polaris [START_REF] Observatory | Global prevalence and genotype distribution of hepatitis C virus infection in 2015: a modelling study[END_REF]. In Europe, the GT1 is predominant in 64.4% among people with HCV infection, followed by GT3 (25.5%), GT2 (5.5%), and GT4 (3.7%). Only a small percentage of GT5, GT6 and mixed or unassigned genotypes have been reported [START_REF] Petruzziello | Global epidemiology of hepatitis C virus infection: An up-date of the distribution and circulation of hepatitis C virus genotypes[END_REF]. 

HCV transmission modes

Globally, contemporary HCV transmission mainly occurs through the sharing of injecting equipment, the reuse of inadequately sterilized medical equipment, especially syringes and needles in healthcare settings, and the transfusion of unscreened blood (WHO Hepatitis C Fact sheets 2018). There is a significant difference between the routes of HCV transmission in high and low-income countries. In resource-limited countries, HCV infections could be acquired through recreational drug use but the number of HCV infections acquired through unsafe medical procedures is likely to be remarkably higher [START_REF] Thursz | HCV transmission in industrialized countries and resource-constrained areas[END_REF]. In high-resource countries with a highly standardized screening of donated blood samples and sterilization of medical equipment such as Europe, surveillance data reported that the most likely route of HCV transmission was injecting drug use which accounted for 45.5% of cases with complete information. The second most common route of transmission among acute infections was nosocomial, accounting for 17.7%, followed by male-to-male sexual contact ( 

II. HCV virology

HCV structure and genome

HCV is a member of the Flaviviridae family, genus Hepacivirus, which shares several basic virological and structural features. For example, they are enveloped by a lipid bilayer with two or more anchored envelope proteins (E) which surround the nucleocapsid composed of multiple core protein copies (C) and the RNA genome [START_REF] Chevaliez | HCV Genome and Life Cycle[END_REF].

HCV RNA is a positive-sense, single stranded RNA of approximatively 9600 nucleotides in length.

The HCV genome has one continuous reading frame (ORF) with non-translated regions (NTRs) on both extremities 3' and 5'. The HCV ORF encodes a single polyprotein which is cleaved by a combination of host and viral proteases into at least 10 individual proteins of different characteristics, comprising 3 structural proteins (C or core, E1 and E2), a small protein, p7 ion channel with not completely defined function, and 6 nonstructural (NS) proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B).

The core protein serves for the viral capsid formation and is also suggested to directly interact with numerous cellular proteins and modulate cellular processes which may be important in the viral lifecycle such as transcriptional events, apoptotic pathways, cellular transformation, immune presentation and lipid metabolism [START_REF] Mclauchlan | Properties of the hepatitis C virus core protein: a structural protein that modulates cellular processes[END_REF].

E1 and E2 envelope glycoprotein are crucial for viral entry and fusion when assembling as noncovalent heterodimers which may represent the functional complex on the virion surface [START_REF] Bartosch | Infectious hepatitis C virus pseudo-particles containing functional E1-E2 envelope protein complexes[END_REF]. E2 interaction with one or several components of the receptor complex is thought to initiate viral attachment step. Indeed, E2 was evidenced to interact with CD81 molecule, a putative HCV receptor molecule which has been mostly studied [START_REF] Flint | The role of the hepatitis C virus glycoproteins in infection[END_REF]. The E2 contains hypervariable regions (HVR), HVR1 and HVR2 which show extensive sequence diversity. The chemico-physical properties and conformation of HVR-1 are highly conserved despite strong variability in amino acid sequence suggesting its important role in the viral lifecycle [START_REF] Penin | Conservation of the conformation and positive charges of hepatitis C virus E2 envelope glycoprotein hypervariable region 1 points to a role in cell attachment[END_REF]. The E1 protein is less known about its function but it is thought to be involved in the fusion of viral membrane into cytoplasm [START_REF] Flint | The role of the hepatitis C virus glycoproteins in infection[END_REF].

The NS2 gene encodes a transmembrane protein responsible for the endoplasmic reticulum (ER) membrane association through a complex series of interactions with other HCV proteins [START_REF] Jirasko | Structural and functional studies of nonstructural protein 2 of the hepatitis C virus reveal its key role as organizer of virion assembly[END_REF]. NS3 is a multi-functional protein and NS4 is a co-factor of NS3 protease activity. NS3-NS4A complex cleaves post-translationally all non-structural protein products [START_REF] Bartenschlager | The NS3/4A proteinase of the hepatitis C virus: unravelling structure and function of an unusual enzyme and a prime target for antiviral therapy[END_REF].

It is therefore unsurprisingly that NS3-NS4A is one of the most popular targets for HCV treatment.

The role of NS4B is not clearly characterized but one of its functions is to be a membrane anchor for the replication complex [START_REF] Elazar | An N-terminal amphipathic helix in hepatitis C virus (HCV) NS4B mediates membrane association, correct localization of replication complex proteins, and HCV RNA replication[END_REF]). NS5A protein is involved in viral replication, assembly, and release of HCV particles. NS5A protein is thought to play a central role in HCV replication regulation. The mechanism by which the NS5A regulates HCV replication is still unclear. The association of NS5A with lipid rafts derived from intracellular membranes appears to be crucial for the HCV replication complex formation [START_REF] Gao | Interactions between viral nonstructural proteins and host protein hVAP-33 mediate the formation of hepatitis C virus RNA replication complex on lipid raft[END_REF]). 

HCV replication cycle

There The post-processing phase is the replication which is catalyzed by NS5B (polymerase) with help from the HCV replication complexes containing all the non-structural HCV proteins [START_REF] Egger | Expression of hepatitis C virus proteins induces distinct membrane alterations including a candidate viral replication complex[END_REF].

The synthesis of numerous positive RNA strands from negative-sense intermediates is initiated.

These produced genomes are used to produce largely viral proteins allowing a remarkably high rate of viral replication.

The assembly and release of new HCV virions are the final phase of the HCV lifecycle which is less known due to the lack of appropriate study models. During this process, all proteins are brought together and packaged to produce infectious virions. A recent study has identified a highly conserved basic cluster in NS5A domain which is critical for particle assembly [START_REF] Zayas | Coordination of Hepatitis C Virus Assembly by Distinct Regulatory Regions in Nonstructural Protein 5A[END_REF]. Moreover, the fact that mutations in core, envelope proteins or NS5A impact the NS2 subcellular localization and impair virus production indicates that the NS2 protein cross-talks with both structural and nonstructural proteins during virus assembly [START_REF] Popescu | NS2 protein of hepatitis C virus interacts with structural and non-structural proteins towards virus assembly[END_REF]. 

III. Natural history of HCV infection

Acute Hepatitis C (AHC)

The acute illness of HCV infection is frequently undiagnosed because a majority of individuals have no or few symptoms. Therefore, numerous individuals progress to chronic hepatitis without monitoring. Traditionally, the acute-phase of HCV infection is defined as the 6 months following infection acquisition [START_REF] Thomas | Natural history of hepatitis C[END_REF] 

Chronic hepatitis C and progression

An average of 50-85% of patients who are unable to clear their virus in the acute phase establishes a persistence of infection, namely chronic hepatitis C (CHC). This stage of infection is often characterized by mild and non-specific symptoms such as fatigue, anorexia, and nausea [START_REF] Zaltron | Chronic HCV infection: epidemiological and clinical relevance[END_REF]. Abnormal ALT values, marking hepatocellular cytolysis, are often observed but are not correlated directly with liver fibrosis (Puoti et al. 2012).

CHC is generally a slowly progressive disease characterized by persistent hepatic inflammation which causes cirrhosis development in about 10%-20% of patients over 20-30 years of contamination.

The establishment of cirrhosis is unpredictable because the illness is possibly indolent for many years in some patients but progresses to severe liver-related diseases in others, with progression of fibrosis to cirrhosis, cirrhosis decompensation and/or hepatocellular-carcinoma (HCC). Some factors associated with accelerated progression toward fibrosis and cirrhosis are older age at infection, male gender, obesity, excessive alcohol consumption, and HIV co-infection without effective treatment [START_REF] Freeman | Estimating progression to cirrhosis in chronic hepatitis C virus infection[END_REF][START_REF] Thein | Estimation of stage-specific fibrosis progression rates in chronic hepatitis C virus infection: a meta-analysis and meta-regression[END_REF]. The probability of progression to fibrosis and cirrhosis increases over time and is estimated to occur in 16% of patients after 20 years of chronic infection and in 41% of patients after 30 years [START_REF] Thein | Estimation of stage-specific fibrosis progression rates in chronic hepatitis C virus infection: a meta-analysis and meta-regression[END_REF].

IV. Diagnosis of HCV infection

HCV infection is diagnosed by direct or indirect methods. The indirect or serology tests permit detection of total anti-HCV antibodies. Serology assays for detecting anti-HCV antibodies have been developed through three generations of ELISA assay since 1989 and the sensitivity and specificity increase through each generation. The 1 st generation of anti-HCV ELISA detected presence of the antigen c100-3 (NS4) which allowed detection of antibodies 16 weeks after exposure while the 2 nd generation ELISA incorporated two more epitopes from the core antigen and NS3 antigen which reduced the window period of infectivity to 10 weeks. The 3 rd generation ELISA added antigen from the NS5 and decreased the window period for two more weeks. The newest generation or the 4 th generation that can simultaneously detect HCV capsid antigen as well as antibodies to the core, NS3, NS4, and NS5 region is little characterized in terms of improvement in sensitivity and specificity compared to the 3 rd generation [START_REF] Gupta | Hepatitis C virus: Screening, diagnosis, and interpretation of laboratory assays[END_REF][START_REF] Villar | Update on hepatitis B and C virus diagnosis[END_REF].

A cost-effective and easily applied test to confirm HCV infection in anti-HCV positive individuals is also available. This is a quantitative fluorescence enzyme immunoassay based on the detection of HCV core antigen which is known to form the internal capsid and highly conserved and antigenic.

During viral assembly, the nucleocapsid peptides (p22) are released into plasma and can be detected earlier than antibodies [START_REF] Tanaka | Serum levels of hepatitis C virus core protein in patients with chronic hepatitis C treated with interferon alfa[END_REF]. It was shown that this assay with signal amplification has high specificity and good correlation with HCV RNA above 3000 IU/mL [START_REF] Freiman | Hepatitis C Core Antigen Testing for Diagnosis of Hepatitis C Virus Infection: A Systematic Review and Meta-analysis[END_REF]). If accepting to miss low level HCV viremic patients, the HCV core antigen assay can serve as an alternative of HCV RNA test in resource-limited settings. Furthermore, HCV core antigen level varies closely with HCV RNA dynamics which can in turn allow clinical monitoring of anti-HCV treatment but it is not practical to determine the end of treatment response and sustained virological responses [START_REF] Seme | The role of core antigen detection in management of hepatitis C: a critical review[END_REF]).

In the direct method, the presence of virus is detected by amplification of viral genomic material (HCV RNA) in a real-time polymerase chain reaction (PCR) after a reverse transcription step. The presence of HCV RNA in peripheral blood is a reliable marker of active HCV replication, which can be detected within 1 or 2 weeks after infection. Therefore, this method plays a key role in diagnosing acute hepatitis C because of early detectable HCV RNA after exposure. Furthermore, the HCV-RNA test can be performed during pre-treatment and on-treatment phases to monitor virological response and during post-treatment period for follow-up of patients who achieved a sustained virological response (SVR). The monotring of HCV-RNA becomes simpler for patients treated by IFN-free regimens, which generally involves HCV-RNA measurement at baseline (or eventually at week 2 after beginning treatment), at the end of treatment, at 12 weeks and 24 weeks after treatment cessation.

The value of HCV RNA generally varies, then reaches a peak and disappears in resolved infection while stabilizing in patients progressing to chronic infection. The HCV RNA level is not affected by the level of liver disease until the end-stage liver disease when a low level of HCV RNA due to hepatocyte depletion and extensive fibrosis is observed [START_REF] Pawlotsky | Use and interpretation of virological tests for hepatitis C[END_REF].

Universal screening of HCV infection for all individuals at least once in life is now recommended by

French Association for the Study of the Liver (Association Française pour L'Etude du Foie) in order to rapidly diagnose patients infected by HCV and to target the persistence of hidden HCV epidemic.

Several methods can be used to perform this screening including anti-HCV antibody tests and rapid tests and the HCV RNA is realized to confirm cases of positive serology or rapid tests (Association

Française pour l'Etude du Foie 2018).

For diagnosis of acute HCV infection, the best laboratory evidence is: 1) a positive HCV RNA test during the seronegative window period [START_REF] Cox | Prospective evaluation of community-acquired acute-phase hepatitis C virus infection[END_REF] or 2) a positive HCV antibody test after a prior negative HCV antibody test (seroconversion). These approaches may be misleading in case of immunosuppression where antibody production is impaired. However, the detection of HCV RNA in a narrow window period or detection of HCV antibody seroconversion need a longitudinal follow-up of individuals, which is difficult in clinical practice. Other criteria such as an elevation of serum alanine aminotransferase (ALT) without an alternate cause or acute hepatitis symptoms (in particular jaundice) are also employed for AHC diagnosis. However, these are still insufficient as patients develop a symptomatic AHC in only 15-30% of cases and ALT elevation cannot distinguish between AHC with hepatitis illness due to other etiologies [START_REF] Orland | Acute hepatitis C[END_REF]. Importantly, a remarkable heterogeneity in definitions for AHC was observed throughout different studies, which made the comparison among studies difficult [START_REF] Hajarizadeh | Case definitions for acute hepatitis C virus infection: a systematic review[END_REF]. The standardization of AHC definition would be necessary to uniform cross-study comparison.

For patients with chronic HCV infection, diagnosis is based on the presence of both anti-HCV antibodies and HCV-RNA. If a patient is diagnosed with CHC, he will have an assessment of liver damage degree (fibrosis and cirrhosis). This can be done by liver biopsy or through a variety of noninvasive tests [START_REF] Myers | Prediction of liver histological lesions with biochemical markers in patients with chronic hepatitis B[END_REF], Foucher et al. 2006).

V. HCV therapy

Introduction to HCV therapy

According inhibitors) for the treatment of patients infected by HCV GT1. This combination improved the SVR rates but adverse event and drug-drug interaction problems were still challenging [START_REF] Pawlotsky | The results of Phase III clinical trials with telaprevir and boceprevir presented at the Liver Meeting 2010: a new standard of care for hepatitis C virus genotype 1 infection, but with issues still pending[END_REF].

The introduction of new generations DAAs has marked a turning point in the treatment of HCV infection because of their higher potency, fewer side-effects and shorter duration of treatment [START_REF] Feld | Second generation direct-acting antivirals -Do we expect major improvements?[END_REF].

Decades of interferon-ribavirin as standard of care

In 1991, the first treatment for HCV infection, IFN-, was approved by the FDA. IFN- has been known as a potent antiviral, anti-inflammatory drug and immunomodulator against HCV. A 6-month course of IFN- monotherapy resulted in the SVR rates of 6-12% which could increase to 16-20% in case of treatment prolongation to 12 months (Di Bisceglie and Hoofnagle 2002). Significantly enhanced SVRs up to 35-40% were observed when adding ribavirin to IFN-, a nucleoside analogue whose mechanism of action is still unclear [START_REF] Di Bisceglie | Optimal therapy of hepatitis C[END_REF]. RBV probably has multiple mechanisms of action [START_REF] Thomas | The application and mechanism of action of ribavirin in therapy of hepatitis C[END_REF]. RBV does not have a direct antiviral action in vitro with a high EC50 (in the range of micromolar) against most viruses. Interestingly, RBV monotherapy reduces minimally HCV viremia (< 2 log reduction in HCV RNA) and improves significantly ALT levels in patients with chronic HCV infection. Thereby, RBV was proposed to affect host immune response. Furthermore, a synergic effect between RBV and IFN- is also observed clinically; however, the exact mechanism of this synergism is unknown [START_REF] Lau | Mechanism of action of ribavirin in the combination treatment of chronic HCV infection[END_REF].

Clinically, RBV does not add major antiviral effect against HCV when combined with IFN- but it

shows main effect on prevention of virological relapse and this effect seems to be dose-dependent [START_REF] Fried | Peginterferon alfa-2a plus ribavirin for chronic hepatitis C virus infection[END_REF]. The SVR increased again to 54-56% when using ribavirin with the pegylated forms of IFN- [START_REF] Fried | Peginterferon alfa-2a plus ribavirin for chronic hepatitis C virus infection[END_REF]. However, the SVR rates under IFN- and RBV are different depending on HCV GTs and could be decreased down to 30% in HCV genotype 1a for example [START_REF] Legrand-Abravanel | Influence of the HCV subtype on the virological response to pegylated interferon and ribavirin therapy[END_REF]. Another limitation of this combination is its adverse events. The treatment by IFN- and RBV combination causes several side effects such as flu-like syndrome, depression, and anemia in which the most common is a moderate and reversible hemolysis with a reduced hemoglobin level by 10% to 20% compared to baseline.

These constraints have pushed researchers to look for new HCV targets. Recently, better understanding of the virus lifecycle and protein functions allowed the development of new drug targets. These new drugs are direct-acting antiviral agents that block either a viral enzyme or functional proteins essential to the viral lifecycle.

Direct-acting antivirals (DAAs)

Actually, there are four classes of DAAs: NS5B nucleoside and non-nucleoside polymerase inhibitors, NS3/NS4 protease inhibitors and NS5A inhibitors.

NS5B inhibitors

The and lower genetic barrier to resistance and are not considered as a preferred choice of DAA therapies [START_REF] Kati | In vitro activity and resistance profile of dasabuvir, a nonnucleoside hepatitis C virus polymerase inhibitor[END_REF].

First generation NS3/NS4A inhibitors

In 2011, the first generation of PIs, boceprevir (BOC) and telaprevir (TVR), was licensed for use in HCV GT1 patients. Both BOC and TVR must be administered with peg-IFN and RBV. The efficacy of these triple therapies was various depending on groups of patients, treatment-naïve or experiencedpatients including those with relapse, partial response or non-response to peg-IFN and RBV, and cirrhotic or non-cirrhotic patients [START_REF] Wilby | Review of boceprevir and telaprevir for the treatment of chronic hepatitis C. -Can[END_REF]. Despite an increase in SVR rates, these molecules possessed severe adverse effects leading to therapy discontinuation such as anemia for BOC and gastrointestinal disorders, rash, pruritus and anemia for TVR [START_REF] Wilby | Review of boceprevir and telaprevir for the treatment of chronic hepatitis C. -Can[END_REF].

The second wave of genotype-specific PIs, simeprevir (SMV), has been approved in 2014. SMV

shows potent antiviral effects with minimal cytotoxicity. The most common side-effects are fatigue, headache, nausea, insomnia and pruritus and serious adverse events and treatment discontinuation occurred in only 5% and 3% of patients, respectively (Sulkowski et al. 2016a). The SVR rates from a small-size study (168 patients), COMOS, reported a high SVR rate from 93%-100% in patients with chronic HCV GT1 infections with different degrees of liver fibrosis who had previously not responded to PEG-IFN/RBV or were treatment naïve [START_REF] Lawitz | Simeprevir plus sofosbuvir, with or without ribavirin, to treat chronic infection with hepatitis C virus genotype 1 in non-responders to pegylated interferon and ribavirin and treatmentnaive patients: the COSMOS randomised study[END_REF]. A real-life cohort, the TRIO (955 patients in total) study from the US, showed a slightly lower SVR rates than those in COMOS study [START_REF] Dieterich | Evaluation of sofosbuvir and simeprevir-based regimens in the TRIO network -Academic and community treatment of a real-world, heterogeneous population[END_REF]). The TRIO cohort reported the total SVR12 rates at 12 weeks after the end of treatment (SVR12) of 83% in treatment-naïve patients with GT1 infection receiving SMV/SOF ± RBV (80% for GT1a and 92% for GT1b). Also from this cohort, the SMV/SOF ± RBV regimen yielded SVR12 rates of 87% for non-cirrhotic and 76% for cirrhotic patients. In patients who had and had not received a protease inhibitor, the SMV-containing regimen produced the SVR12 rates of 82% and 80%, respectively. No significant difference in SVR12 rates was observed in patients with or without previous treatment by protease inhibitor. In OPTIMIST-1 (155 patients without cirrhosis) and OPTIMIST-2 (103 patients with cirrhosis) studies in HCV GT1-infected, treatmentnaïve and treatment experienced patients, the overall SVR12 rates was 97% and 83%, respectively in patients receiving 12 weeks of SMV/SOF regimen [START_REF] Lawitz | Simeprevir plus sofosbuvir, with or without ribavirin, to treat chronic infection with hepatitis C virus genotype 1 in non-responders to pegylated interferon and ribavirin and treatmentnaive patients: the COSMOS randomised study[END_REF][START_REF] Kwo | Simeprevir plus sofosbuvir (12 and 8 weeks) in hepatitis C virus genotype 1-infected patients without cirrhosis: OPTIMIST-1, a phase 3, randomized study[END_REF])

Second generation NS3/NS4A inhibitors

The grazoprevir (GRZ) was approved in combination with another NS5A inhibitor, elbasvir (EBR).

This combination is specific for treatment of GT1 and GT4 virus (European Association for the Study of the Liver 2018b). The efficacy and safety of this combination have been shown in treatment-naïve and treatment-experienced patients including cirrhotic patients [START_REF] Lawitz | Efficacy and safety of 12 weeks versus 18 weeks of treatment with grazoprevir (MK-5172) and elbasvir (MK-8742) with or without ribavirin for hepatitis C virus genotype 1 infection in previously untreated patients with cirrhosis and patients with previous null response with or without cirrhosis (C-WORTHY): a randomised, open-label phase 2 trial[END_REF][START_REF] Zeuzem | Grazoprevir-Elbasvir Combination Therapy for Treatment-Naive Cirrhotic and Noncirrhotic Patients With Chronic Hepatitis C Virus Genotype 1, 4, or 6 Infection: A Randomized Trial[END_REF]. For example, a part of the randomized, multi-center and open-label trial, C-WORTHY, evaluated safety and efficacy of 8 weeks versus 12 weeks of GRZ/EBR with or without RBV in HCV GT1 mono-infected and HIV/HCV co-infected treatment-naïve patients. Achievement of SVR12 was obtained for 93% of patients with and 98% without RBV in mono-HCV infected patients. In the HIV co-infected patients, the SVR12 rates were achieved in 97% of patients with RBV and 87% without RBV. Lower SVR12 rates were observed in HCV GT1a patients treated by 8 weeks compared to those treated by 12 weeks of GRZ/EBR [START_REF] Lawitz | Efficacy and safety of 12 weeks versus 18 weeks of treatment with grazoprevir (MK-5172) and elbasvir (MK-8742) with or without ribavirin for hepatitis C virus genotype 1 infection in previously untreated patients with cirrhosis and patients with previous null response with or without cirrhosis (C-WORTHY): a randomised, open-label phase 2 trial[END_REF]. The C-EDGE-TN study evaluating the efficacy and safety of this combination without RBV in treatment-naïve patients infected by HCV GT1, 4, or 6 with or without cirrhosis. The SVR12 rates were obtained in 92% of GT1 infection, 100% in GT4 infection, and 80% in GT6 infection. The similar SVR12 rates between cirrhotic and non-cirrhotic patients were observed, 97% vs 94% respectively [START_REF] Zeuzem | Grazoprevir-Elbasvir Combination Therapy for Treatment-Naive Cirrhotic and Noncirrhotic Patients With Chronic Hepatitis C Virus Genotype 1, 4, or 6 Infection: A Randomized Trial[END_REF]. The pilot trial, SAVIH, evaluating the use of short duration therapy of GRZ/ELB during 8 weeks in patients with acute hepatitis C and infected by HCV GT1 or 4 in HIV-infected patients is ongoing. showed that 8 weeks or 12 weeks of G/P resulted in an overall SVR12 of 98% and 99%, respectively regardless of prior-treatment experience [START_REF] Puoti | High SVR12 with 8-week and 12-week glecaprevir/pibrentasvir therapy: An integrated analysis of HCV genotype 1-6 patients without cirrhosis[END_REF]). In patients with cirrhosis, the EXPEDITION-1 and 2 showed that 98% of cirrhotic patients achieved SVR12 after 12 weeks of G/P including those co-infected by HIV [START_REF] Forns | Glecaprevir plus pibrentasvir for chronic hepatitis C virus genotype 1, 2, 4, 5, or 6 infection in adults with compensated cirrhosis (EXPEDITION-1): a single-arm, open-label, multicentre phase 3 trial[END_REF].

Voxilaprevir (VOX) was approved in association with SOF/VEL for adults with chronic infection of HCV GT1-6 who had failed previous DAA treatment with a regimen containing an NS5A inhibitor.

In POLARIS-2 and POLARIS-3 trials, treatment-naïve patients with HCV infection were assigned randomly in groups receiving 8 weeks of SOF/VEL/VOX or 12 weeks of SOF/VEL [START_REF] Younossi | Sofosbuvir and velpatasvir with or without voxilaprevir in direct-acting antiviralnaïve chronic hepatitis C: patient-reported outcomes from POLARIS 2 and 3[END_REF]). The POLARIS-2 enrolled patients infected by all HCV GTs except for GT3 with or without cirrhosis while the POLARIS-3 enrolled HCV GT3-infected patients with cirrhosis. In POLARIS-2, the 12 weeks of SOF/VEL produced a high SVR rate of 98% compared to 95% in patients receiving 8 weeks of SOF/VEL/VOX. In POLARIS-3, the two regimens had similar rates of SVR in patients with HCV GT3 and cirrhosis. The efficacy of SOF/VEL/VOX regimen was evaluated in two phase experiencing failure on DAA regimen across HCV GTs.

First generation NS5A inhibitors

The HCV NS5A enzyme plays an important role in viral replication and assembly. Furthermore, it is implicated in interaction and modulation of host cell signaling pathways, essential to viral lifecycle (Tan 2006).

Ledipasvir (LDV) was at first approved in combination with SOF for treatment-naïve patient infected by HCV GT1 and later extended for GT4, GT5, and GT6 (Abergel et al., 2016a(Abergel et al., , 2016b;;[START_REF] Gane | Resistance Analysis of Treatment-Naïve and DAA-Experienced Genotype 1 Patients With and Without Cirrhosis Who Received Short-Duration Treatment With Sofosbuvir/Velpatasvir + GS[END_REF]Kohli et al., 2015). The approval of LDV for HCV GT1 infected patients has been based on a pair of trials: ION-1 (865 naïve patients including those with cirrhosis) [START_REF] Afdhal | Ledipasvir and sofosbuvir for untreated HCV genotype 1 infection[END_REF]) and ION-3 (647 naïve patients excluding those with cirrhosis) [START_REF] Kowdley | Ledipasvir and sofosbuvir for 8 or 12 weeks for chronic HCV without cirrhosis[END_REF]. Results from ION-1 trial showed impressive SVR rates, 97% to 99%, without depending on treatment length (12 or 24 weeks), with/without RBV, or genotype 1 subtype. The ION-3 compared a shorter course of therapy ( 12weeks vs 8 weeks). The SVR rates were high from 93%-95% across the study arms but the failure rate was higher in the 8-week arm. Comparable effectiveness between 8-week and 12-week course have been shown in real-life cohort data [START_REF] Backus | Real-world effectiveness and predictors of sustained virological response with alloral therapy in 21,242 hepatitis C genotype-1 patients[END_REF]). However, this is not a randomized study in which baseline characteristics of patients may have varied between 8-weeks and 12-weeks groups.

The ION-2 study involved 440 patients infected with HCV GT1 failing to achieve SVR after treatment by PEG-IFN/RBV with or without a protease inhibitor. The high SVR rates were observed across treatment groups: 94% in patients with 12 weeks of LDV/SOF, 96% in those with 12 weeks of LDV/RBV/SOF, 99% in those with 24 weeks of LDV/SOF, and 99% in those with 24 weeks of LDF/RBV/SOF [START_REF] Afdhal | Ledipasvir and sofosbuvir for untreated HCV genotype 1 infection[END_REF].

Daclatasvir (DCV) is another NS5A inhibitor with broad coverage of HCV genotypes. DCV is more potent than LDV in GT3 virus. DCV was at first approved in combination with SOF to treat GT3 virus and later extended to GT1 virus with or without RBV [START_REF] Sulkowski | Daclatasvir plus sofosbuvir for previously treated or untreated chronic HCV infection[END_REF], Nelson et al. 2015[START_REF] Wyles | Daclatasvir plus Sofosbuvir for HCV in Patients Coinfected with HIV-1[END_REF]. The ANRS CO20 HEPATHER cohort showed the efficacy of DCV/SOF regimen with a high SVR rate of 95% (729/768) in HCV GT1a-infected patients ranging from 92% with 12 weeks DCV/SOF to 99% with 24 weeks DCV/RBV/SOF. No statistical difference was observed in SVR12 rates between the 24 or 12 week-regimen or between with or without RBV regimen [START_REF] Pol | Safety and efficacy of daclatasvir-sofosbuvir in HCV genotype 1-mono-infected patients[END_REF]). In patients with severe liver diseases, DCV/SOF with or without RBV allowed achieving high SVR12 rates in patients regardless of HCV genotype, cirrhosis, liver transplant, or HIV coinfection status [START_REF] Welzel | Daclatasvir plus sofosbuvir, with or without ribavirin, achieved high sustained virological response rates in patients with HCV infection and advanced liver disease in a real-world cohort[END_REF]). However, DCV is no longer recommended as first choice of therapy for GT1 and GT3 virus (AASLD 2018, European Association for the Study of the Liver 2018b).

Elbasvir (EBR) was the second wave of 1 st generation NS5A inhibitors and was approved in combination with grazoprevir in 2016 for treatment of HCV GT1 and GT4 patients with or without compensated cirrhosis. The recommendation is based on results of EDGE and C-WORTHY trials in which overall SVR12 rates of 95% were shown in all patients including cirrhotic patients (97% SVR12) [START_REF] Lawitz | Efficacy and safety of 12 weeks versus 18 weeks of treatment with grazoprevir (MK-5172) and elbasvir (MK-8742) with or without ribavirin for hepatitis C virus genotype 1 infection in previously untreated patients with cirrhosis and patients with previous null response with or without cirrhosis (C-WORTHY): a randomised, open-label phase 2 trial[END_REF][START_REF] Zeuzem | Grazoprevir-Elbasvir Combination Therapy for Treatment-Naive Cirrhotic and Noncirrhotic Patients With Chronic Hepatitis C Virus Genotype 1, 4, or 6 Infection: A Randomized Trial[END_REF]. A retrospective study analyzing data from 11 clinical trials (n = 1070) showed a total SVR rate of 97.2% in patients with HCV GT1b infection.

SVR12 rates were high in all groups including those with compensated cirrhosis, HIV co-infection and high baseline viral load (>800000 IU/mL) [START_REF] Zeuzem | The safety and efficacy of elbasvir and grazoprevir in participants with hepatitis C virus genotype 1b infection[END_REF]).

The pan-genotypic NS5A inhibitor, velpatasvir (VEL), belongs to the second wave of 1 st generation NS5A inhibitors which was approved in combination with SOF for treatment-naïve and treatmentexperienced patients of all HCV GTs. The ASTRAL trials have shown impressive SVR rates of 95%-99% among both treatment-naïve and experienced patients including those with compensated cirrhosis infected by HCV of any GTs [START_REF] Feld | Sofosbuvir and Velpatasvir for HCV Genotype 1, 2, 4, 5, and 6 Infection[END_REF], Foster et al. 2015).

Second generation NS5A inhibitors

Pibrentasvir (PIB) is a pan-genotypic NS5A inhibitor approved in combination with GLE. The efficacy of this regimen in clinical trials has been described in the previous section.

VI. HCV resistance to direct-acting antivirals

The high mutation rate of HCV polymerase 

Resistance to NS5B inhibitors

The selection of RASs to SOF is rare as SOF possesses a high resistance barrier. For all HCV GTs, the main RAS to SOF is the S282T selected in vitro [START_REF] Xu | In vitro selection of resistance to sofosbuvir in HCV replicons of genotype-1 to -6[END_REF]. This mutation conferred resistance to SOF in GT1a and GT1b with 7.8 and 13-fold increase in 50% effective concentration (EC50), respectively, while it conferred a modest shift (EC50 fold change ∼ 2) for the GT2a virus [START_REF] Lam | Genotype and subtype profiling of PSI-7977 as a nucleotide inhibitor of hepatitis C virus[END_REF]). The S282T is rarely selected in patients failing SOF-containing regimen except those infected with certain HCV subtypes [START_REF] Fourati | Frequent antiviral treatment failures in patients infected with hepatitis C virus genotype 4, subtype 4r[END_REF]. Indeed, a study by Gane et al. has shown a very low frequency of this RAS in patients failing SOF-based regimen both at baseline (0/8598 patients) and at failure (10/901 patients) even by UDS [START_REF] Gane | The emergence of NS5B resistance associated substitution S282T after sofosbuvir-based treatment[END_REF]. Also by deep sequencing and phenotypic analysis at earliest time after relapse, a study by Svaroskaia et al.

analyzing SOF resistance from 1645 subjects infected by HCV GT1-6 revealed no identification of S282T at baseline and no association of baseline polymorphisms with treatment failure. The emergence of two variants with L159F and V321V was observed in 6 and 5 HCV GT3-infected patients, respectively, causing no significant effect on in vitro susceptibility to SOF [START_REF] Svarovskaia | Infrequent development of resistance in genotype 1-6 hepatitis C virus-infected subjects treated with sofosbuvir in phase 2 and 3 clinical trials[END_REF].

Resistance to dasabuvir (DSV) is more common because this molecule possesses a lower resistance barrier compared to SOF. Several RASs have been detected to emerge in vitro such as the C316Y, M414T, Y448C, Y448H, and S556G. The most common RASs observed in patients infected with GT1 viruses and failing to DSV was S556G [START_REF] Krishnan | Resistance analysis of baseline and treatment-emergent variants in hepatitis C virus genotype 1 in the AVIATOR study with paritaprevir-ritonavir, ombitasvir, and dasabuvir[END_REF]. Of note, this substitution can be present prior-to treatment at a prevalence of 3% in GT1a infection and can reach 16% in GT1b infection. Importantly, for HCV GT 2,3,4,and 5, 

Resistance to NS3/NS4A inhibitors

RASs to NS3 inhibitors are less likely to pre-exist prior to DAA therapy and rapidly disappear after stopping anti-NS3 treatment because they are associated with impairment of viral replicative capacity.

The Q80K is the only substitution often detected at baseline because it does not impair viral fitness.

This mutation is mostly present in patients with GT1a infection. Prevalence at baseline of the other RASs to NS3 inhibitors ranges from 0.1% to 3.1% in GT1 virus (Sarrazin 2016). The A156T was never detected at baseline.

RASs to the 1 st generation NS3 inhibitors, boceprevir (BOC) and telaprevir (TVR), often involve acid amino positions V36, T54, R155, and A156 in which resistance pattern and impact on treatment outcome depend on viral subtypes. The most commonly observed RASs in patient failing BOC are V36M, T54S, and R155K in GT1a and T54A/S, V55A, A156S, and V170A in GT1b viruses [START_REF] Lontok | Hepatitis C virus drug resistance-associated substitutions: State of the art summary[END_REF]. Resistance patterns to TVR are V36M and R155K in GT1a and V36A, T54A, and A156S in GT1b viruses [START_REF] Lontok | Hepatitis C virus drug resistance-associated substitutions: State of the art summary[END_REF]. Importantly, the R155K and the A156T substitutions are also associated with resistance to the new generation NS3 inhibitors [START_REF] Sorbo | Hepatitis C virus drug resistance associated substitutions and their clinical relevance: Update 2018[END_REF].

Regarding resistance to simeprevir (SMV), the second wave of the 1 st generation NS3 inhibitors, the most commonly selected RASs observed were R155K and D168E/V in GT1a and Q80R and D168E/V in GT1b viruses. Importantly, Q80K was present as polymorphism in GT1a viruses and prevalent in about 30% of American patients and in 19% of European patients [START_REF] Izquierdo | Simeprevir for the treatment of hepatitis C virus infection[END_REF][START_REF] Sarrazin | Prevalence of the hepatitis C virus NS3 polymorphism Q80K in genotype 1 patients in the European region[END_REF]. This RAS conferred susceptibility reduction to SMV in patients treated by SMV/PEG-IFN/RBV. It reduced 10-fold susceptibility to SMV [START_REF] Bae | Susceptibility of treatment-naive hepatitis C virus (HCV) clinical isolates to HCV protease inhibitors[END_REF]). The study by Lenz substitution resulting in lower SVR rates to SMV and was much more prevalent in GT1a infection (29.5%) than in GT1b infection (0.5%) [START_REF] Lenz | Virology analyses of HCV isolates from genotype 1-infected patients treated with simeprevir plus peginterferon/ribavirin in Phase IIb/III studies[END_REF]. Overall, the emergence of RAS at positions 80, 122, 155 and/or 168 at failure (mainly R155K in GT1a with and without Q80K, and D168V in GT1b) was found in 91.4% of patients treated by SMV containing regimens. However, this substitution seemed to have minimal or no impact on SVR rates in patients treated by peg-IFN free regimen (SOF + SMV), except for those with cirrhosis, particularly for treatment-experienced patients [START_REF] Lontok | Hepatitis C virus drug resistance-associated substitutions: State of the art summary[END_REF]. In patients failing SMV-containing regimens, the presence of Q80K at baseline was often observed with the emergence of R155K at failure [START_REF] Lenz | Virology analyses of HCV isolates from genotype 1-infected patients treated with simeprevir plus peginterferon/ribavirin in Phase IIb/III studies[END_REF].

Grazoprevir (GZR) is an approved NS3 inhibitor in combination with a NS5A inhibitor, Elbasvir (EBR). GZR exhibited in vitro susceptibility to a broad panel of RASs including key RASs at positions 155 and 168 with subnanomolar to low-nanomolar potencies. However, the potency of GZR against A156T was less robust [START_REF] Summa | MK-5172, a selective inhibitor of hepatitis C virus NS3/4a protease with broad activity across genotypes and resistant variants[END_REF]. In a pooled analysis of 50 subjects infected by GT1a (n=37), GT1b (n=8) and GT4 (n=5) experiencing failure on GZR/EBR in Phase 2 and Phase 3 clinical trials, the most common NS3-RASs were observed particularly at position D168 (n=18) in GT1a. However, the baseline NS3-Q80K polymorphism, a common polymorphism in GT1a infection, did not impact treatment response. Baseline polymorphisms at other positions were uncommon and did not appear to be associated with reduced efficacy of GZR/EBR [START_REF] Komatsu | Regulatory Analysis of Effects of Hepatitis C Virus NS5A Polymorphisms on Efficacy of Elbasvir and Grazoprevir[END_REF].

Glecaprevir (GLE) has a higher genetic barrier to resistance than 1 st generation NS3 inhibitors. In vitro, GLE commonly select the NS3-RASs A156 T/V in GT1a, 1b, 2a and 4a which confer a more than 100-fold resistance to GLE. Of note, the A156T/V are less selected in vivo probably due to their viral fitness impairment [START_REF] Ng | Resistance selection using glecaprevir and pibrentasvir in replicons of major hepatitis C virus genotypes[END_REF]. Virological activity of GLE in vitro is still retained against clinically important substitutions at positions R155 and D168 in GT1 replicons [START_REF] Ng | ABT-493, a Potent HCV NS3/4A Protease Inhibitor With Broad Genotype Coverage[END_REF]).

However, a greater level of resistance to GLE in GT1a, and/or GT1b, and/or GT3 replicons of RASs was observed in vitro for a combination of substitutions at position 56+168, or 89+156, or 156+168 [START_REF] Sorbo | Hepatitis C virus drug resistance associated substitutions and their clinical relevance: Update 2018[END_REF]. In vivo, a pooled analysis evaluating the GLE/PIB regimen in 2256 patients showed the selection of NS3-RASs Y56H, Q80R, A156G, or Q168L/R in 9/17 GT3a-infected patients failing treatment while very few patients infected by other HCV GTs failed the treatment to give a specific pattern of RASs [START_REF] Krishnan | Pooled Resistance Analysis in HCV Genotype 1-6 Infected Patients Treated With Glecaprevir/Pibrentasvir in Phase 2 and 3 Clinical Trials[END_REF].

Voxilaprevir (VOX) is a pan-genotypic NS3 inhibitor approved in combination with SOF/VEL for treatment of patients experiencing previously DAA failures. In vitro, the RAS A156L/T/V was characterized as a signature mutation to VOX in GT1a/b, GT2a, GT3a, and GT4a as it conferred a more than 100 fold-change in EC50. Selection of resistance in vivo to VOX is rare. Indeed, the POLARIS-1 trial evaluating 12 weeks of SOF/VEL/VOX in patients previously receiving an NS5

inhibitor showed an absence of RAS emergence among the group of six relapsers [START_REF] Bourlière | Sofosbuvir, Velpatasvir, and Voxilaprevir for Previously Treated HCV Infection[END_REF]). The similar result was observed in the POLARIS-4 trial among DAA experienced patients infected with HCV GT1-3. In this study, no treatment-RASs emerged in patients treated by SOL/VEL/VOX and baseline RASs did not affect treatment outcome [START_REF] Bourlière | Sofosbuvir, Velpatasvir, and Voxilaprevir for Previously Treated HCV Infection[END_REF]).

Resistance to NS5A inhibitors

RASs to NS5A inhibitors are considered to reduce the binding affinity of NS5A domain and can impact the efficacy of NS5A inhibitors [START_REF] Kwon | Direct binding of ledipasvir to HCV NS5A: mechanism of resistance to an HCV antiviral agent[END_REF]. In particular, RASs can be selected under treatment pressure or pre-exist prior to treatment. Indeed, a study using deep sequencing on 5397 samples of patients reported a prevalence of pretreatment NS5A-RASs in 13% of GT1a patients and in 18% of GT1b patients if using the 15% cut-off. The significant difference in SVR rates among treatment-experienced patients with and without pretreatment RASs justified negative impact of baseline RASs on treatment outcome in this subgroup of patients [START_REF] Zeuzem | NS5A resistance-associated substitutions in patients with genotype 1 hepatitis C virus: Prevalence and effect on treatment outcome[END_REF]).

NS5A inhibitors have a low genetic barrier to resistance and a broad and cross resistance with a rapid selection of RASs is often observed among this class. The NS5A-RASs are commonly observed at positions 28,30,31,58,92,93 which have different impacts on anti-NS5A response depending on viral subtypes [START_REF] Sorbo | Hepatitis C virus drug resistance associated substitutions and their clinical relevance: Update 2018[END_REF]. The most prevalent and clinically relevant RAS to NS5A inhibitors is Y93H. Indeed, the Y93H is the most frequently selected in virus of patients failing NS5A inhibitors and able to confer resistance to NS5A inhibitors across subtypes [START_REF] Dietz | Patterns of Resistance-Associated Substitutions in Patients With Chronic HCV Infection Following Treatment With Direct-Acting Antivirals[END_REF]. Regarding patients failing SOF/LDV, a European study showed the selection of Y93H at failure in 34% of GT1a and in 83% of GT1b and a high prevalence of Y93H at failure was also observed for other GT viruses [START_REF] Dietz | Patterns of Resistance-Associated Substitutions in Patients With Chronic HCV Infection Following Treatment With Direct-Acting Antivirals[END_REF]. Additional LDV-RASs at positions 28 and/or 30 and/or 31 were also detected together with RAS at position 93 in viruses of patients failing LDV-containing regimens [START_REF] Dietz | Patterns of Resistance-Associated Substitutions in Patients With Chronic HCV Infection Following Treatment With Direct-Acting Antivirals[END_REF] . In particular, this mutation when accompanied by other RASs at positions 28, 30 or 31 can increase significantly resistance to all NS5A inhibitors [START_REF] Sorbo | Hepatitis C virus drug resistance associated substitutions and their clinical relevance: Update 2018[END_REF].

For patients failing Daclatasvir (DCV) containing regimen, selection of DCV-RASs is often related to common positions such as 28,30,31,58,and 93 in GT1a;31,and 93 in GT1b; 31 and 93 in GT3;

and 28 and 30 in GT4a/d [START_REF] Lontok | Hepatitis C virus drug resistance-associated substitutions: State of the art summary[END_REF]. Complex RAS pattern comprising substitution at position 30 and another substitution at positions 28, 31, 58, 62, or 93 were able to confer a high level of resistance to DCV (>10000 fold-change) in GT1a virus. In GT2, 3, 4, and 5 viruses, the complex pattern of RASs involving position 30 was also observed [START_REF] Fridell | Resistance analysis of the hepatitis C virus NS5A inhibitor BMS-790052 in an in vitro replicon system[END_REF].

About patients failing GZR/EBR regimen, RASs were also observed at key positions on NS5A protein such as 28, 30, 31, 58, and 93 in GT1a;positions 31 and 93 in GT1b;positions 28, 30, 58 and 93 in GT4a (Forns et al. 2015). An important level of resistance to EBR was reported in virus of patients carrying dual or multiple mutants involving the aforementioned positions [START_REF] Black | Resistance analysis of virologic failures in Hepatitis C genotype 1 infected patients treated ith grazopre ir/el as ir +/-ri a iri : The C-worthy study[END_REF].

In GT1a infection, significant reduction in SVR rates was observed in patients receiving 12 weeks of EBR/GZR with presence of some important RASs at positions 28, 30, 31, and 93 compared to those without NS5A-RASs from 98% to 58% in treatment-naïve or prior relapse and from 97% to 29% in GT1a PEG-IFN/RBV non-responders [START_REF] Jacobson | Prevalence and Impact of Baseline NSA Resistance Associated Variants (RAVs) on the Efficacy of Elbasvir/Grazoprevir (EBR/GZR) Against GT1a Infection[END_REF]. Therefore, NS5A-RAS testing is recommended by AASLD for HCV-GT1a-infected patients considered for GZR/EBR treatment (AASLD 2018).

Importantly, selection of RASs to the newly approved NS5A inhibitors including velpatasvir (VEL)

and pibrentasvir (PIB) could be also observed at common positions 28,30,31,58,93 as to the first generation [START_REF] Sorbo | Hepatitis C virus drug resistance associated substitutions and their clinical relevance: Update 2018[END_REF]. In general, both molecules demonstrate a high genetic barrier to resistance across all HCV GTs and the presence of baseline NS5A-RASs did not impact treatment outcome except for GT3 infection [START_REF] Hezode | Resistance analysis in patients with genotype 1-6 HCV infection treated with sofosbuvir/velpatasvir in the phase III studies[END_REF][START_REF] Krishnan | Pooled Resistance Analysis in HCV Genotype 1-6 Infected Patients Treated With Glecaprevir/Pibrentasvir in Phase 2 and 3 Clinical Trials[END_REF].

In [START_REF] Hezode | Resistance analysis in patients with genotype 1-6 HCV infection treated with sofosbuvir/velpatasvir in the phase III studies[END_REF]. For GT4 infection, the prevalence and impact of baseline RASs on response to SOF/VEL was investigated in another study of 115 patients [START_REF] Camus | Resistance characterization of ledipasvir and velpatasvir in hepatitis C virus genotype 4[END_REF]. All patients achieved SVR12 even though at least one baseline NS5A-RAS was present in 55% of patients and multiple NS5A-RASs (>=2) were present in 46% of patients. These results suggest that NS5A-RASs did not impact SOF/VEL treatment outcome in patients with HCV GT4 infection [START_REF] Camus | Resistance characterization of ledipasvir and velpatasvir in hepatitis C virus genotype 4[END_REF].

In few patients failing PIB containing regimen, the selection of one or several RASs involving S24F, M28G/K, A30G/K, L31F/I/M, P58T, and Y93H was observed for GT3 infection while RAS selection among K24R, M28A/G, Q30K/R, L31M, H58D, and Y93H was observed for GT1a infection [START_REF] Sorbo | Hepatitis C virus drug resistance associated substitutions and their clinical relevance: Update 2018[END_REF]. A pooled analysis evaluated resistance to GLE/PIB from data of 8 phase were detected. The presence of these baseline RASs was not associated with treatment failure. At failure, deep sequencing at 1% of sensitivity threshold was performed and available for 302 patients.

The S282T was additionally detected by UDS in only one patient receiving SOF monotherapy. This mutation emerged during treatment and decreased at 8 weeks post-treatment and became undetectable at weeks 12 and 24 post-treatment. The L159F and V321A emerged in less than 0.5% of patients but have no significant impact on in vitro susceptibility to SOF [START_REF] Svarovskaia | Infrequent development of resistance in genotype 1-6 hepatitis C virus-infected subjects treated with sofosbuvir in phase 2 and 3 clinical trials[END_REF]). The coexistence of C316N and minority L159F which was described in some studies to be associated with low level of resistance to SOF was discovered in several studies using UDS [START_REF] Margeridon-Thermet | Similar prevalence of low-abundance drug-resistant variants in treatment-naive patients with genotype 1a and 1b hepatitis C virus infections as determined by ultradeep pyrosequencing[END_REF][START_REF] Svarovskaia | L159F and V321A Sofosbuvir-Associated Hepatitis C Virus NS5B Substitutions[END_REF][START_REF] Ito | Prevalence and characteristics of naturally occurring sofosbuvir resistance-associated variants in patients with hepatitis C virus genotype 1b infection[END_REF]. Several other studies also using deep sequencing reported an absence of major RASs to SOF such as the S282T or L320I/F in baseline samples of HCV 

Minority RASs and NS3/NS4A inhibitors

The impact of minority RASs on NS3 inhibitor response has not been well investigated. Akuta et al. [START_REF] Fevery | Pre-existence and Persistence of Resistant Minority Hepatitis C Virus Variants in Genotype 1-Infected Patients Treated With Simeprevir/Peginterferon/Ribavirin[END_REF]). Another study using deep sequencing in 238 patients infected by HCV GT1a showed that the prevalence of baseline Q80K in HCV NS3 gene did not increase while other NS5A-RASs were additionally detected such as V36M/L and V55A in 11% of patients when looking for minority RASs [START_REF] Beloukas | Detection of the NS3 Q80K polymorphism by Sanger and deep sequencing in hepatitis C virus genotype 1a strains in the UK[END_REF]. The fact that Q80K variants were not frequently detected or absent in minority population was because they did not impair viral fitness allowing transmissibility and persistence at high frequency within the viral quasispecies even without drug selective pressure. However, another study using deep sequencing reported minority NS3-RAS detection including the Q80K (in two more patients) in GT1 virus of treatment-naïve patients ( 136GT1a and 55 GT1b). No significant difference in the prevalence of minority NS3-RASs was observed between GT1a and GT1b isolates in this study [START_REF] Margeridon-Thermet | Similar prevalence of low-abundance drug-resistant variants in treatment-naive patients with genotype 1a and 1b hepatitis C virus infections as determined by ultradeep pyrosequencing[END_REF].

In a small-scale study (n=75 GT1 patients), the presence of pre-treatment NS3-RASs did not affect response to short duration of treatment with SOF/VEL/VOX even though baseline NS3-RASs were detected in 3 

Minority RASs and NS5A inhibitors

The usefulness of UDS in detecting baseline minority RASs to NS5A inhibitors is more frequently seen than to NS5B inhibitors. Indeed, a study using deep sequencing investigated the prevalence of minority NS5A-RASs and their clinical impact on LDV/SOF in 5397 patients included in phase 2 and phase 3 trials [START_REF] Zeuzem | NS5A resistance-associated substitutions in patients with genotype 1 hepatitis C virus: Prevalence and effect on treatment outcome[END_REF]. At the 15% cut-off, the study revealed that pre-treatment NS5A and LDV-specific RASs were detected in 13% and 8% of GT1a patients and in 18% and 16% of GT1b patients, respectively. The SVR rates to LDV/SOF were lower for those with LDV-specific RASs in some patient groups, in particular treatment-experienced patients infected by HCV GT1a (76% vs 97% for those with and without LDV-specific RASs) [START_REF] Zeuzem | NS5A resistance-associated substitutions in patients with genotype 1 hepatitis C virus: Prevalence and effect on treatment outcome[END_REF]. A more recently published study by Wang et al using deep sequencing at a 10% cut-off reported the prevalence of NS5A-RASs in 13% of patients (n = 490). Among 486 patients, 226 patients were treated with LDV/SOF ± RBV and others were treated with SMV containing regimen. Baseline LDV-RASs in treatment-experienced GT1a-infected patients or and in cirrhotic LDV/SOF subgroup was associated with 2%-4% lower SVR12 rates (Wang et al. 2018b). Similarly, the study by Sarrazin et al. on 2144 patients infected with HCV GT1a or GT1b receiving LDV/SOF revealed slightly lower response rates of 90% in GT1a-infected patients with baseline NS5A-RASs compared to 98% in patients without baseline NS5A-RASs using both pooled analysis of Sanger sequencing and UDS at a 15% cut-off.

However, no such difference was observed for patients infected by GT1b (Sarrazin et al. 2016).

In HCV GT4 infection, the prevalence and impact of baseline minority RASs on LDV/SOF (n = 44) was also investigated [START_REF] Camus | Resistance characterization of ledipasvir and velpatasvir in hepatitis C virus genotype 4[END_REF]. For patients treated by LDV/SOF, baseline NS5A-RASs were already present in 44/44 patients at a 15% deep-sequencing cut-off. The most prevalent RAS was L31M (in 41/44 patients) and other RASs or polymorphisms were frequently observed at codon 28 and 30, all present in majority except for two patients harbouring L28M variants in minority. An association between the presence of specific multiple NS5A-RASs and lower SVR12 rates following LDV/SOF treatment was suggested in a small minority of patients because 100% of patients (17/17) with a single majority L31M or L30R achieved SVR12 while 95% (20/21) of patients with two majority NS5A-RASs achieved SVR12. Interestingly, three patients had the triple majority NS5A-RASs such as L28M + L31M + P58T (GT4b) or L28M/V + L30R + L31M (2 GT4r) relapsed while two other patients with the triple NS5A variant L28M/V + L30R + L31M (GT4r) or L28M + L31M + P58T (GT4a) achieved SVR12. Of note, the L28M in the two patients with treatment success was present at < 2% of the total viral population. It suggested that the presence of minority RASs at a frequency < 15% had not impacted the treatment outcome. In all the three relapse patients, the baseline NS5A-RASs were maintained or enriched post-treatment. Reversion of these substitutions to the consensus residues significantly increased LDV susceptibility [START_REF] Camus | Resistance characterization of ledipasvir and velpatasvir in hepatitis C virus genotype 4[END_REF].

In another study in 44 HCV GT3a-infected patients treated by DCV/SOF, UDS was performed to study the NS5A resistance characteristics in patients experiencing treatment failure (n = 3). The longitudinal UDS analysis of these patients highlighted the dynamics of viral quasispecies and revealed the enrichment of some novel substitutions on NS5A and also on NS5B at several time points after therapy failure [START_REF] Bartolini | Characterization of Naturally Occurring NS5A and NS5B Polymorphisms in Patients Infected with HCV Genotype 3a Treated with Direct-Acting Antiviral Agents[END_REF].

The resistance profile to a newly approved pan-genotypic NS5A inhibitor, VEL, was also characterized by UDS in several studies [START_REF] Lawitz | Clinical Resistance to Velpatasvir (GS-5816), a Novel Pan-Genotypic Inhibitor of the Hepatitis C Virus NS5A Protein[END_REF][START_REF] Hezode | Resistance analysis in patients with genotype 1-6 HCV infection treated with sofosbuvir/velpatasvir in the phase III studies[END_REF]. A study in 77 patients infected with HCV GT1-6 revealed that pre-treatment RASs were associated with a slightly reduced HCV RNA response in GT1a and GT3-infected patients while no association was established for patients infected by other genotypes [START_REF] Lawitz | Clinical Resistance to Velpatasvir (GS-5816), a Novel Pan-Genotypic Inhibitor of the Hepatitis C Virus NS5A Protein[END_REF]. In a large-scale study of 1778 patients from the ASTRAL 1-3, ASTRAL 5, and POLARIS 2-3 studies, deep sequencing was performed at baseline and at failure for all patients treated by VEL/SOF. Overall, at 15% of detection cut-off, baseline NS5A-RASs were detected in 28% of patients (ranging from 9% in GT5 virus to 61% in GT2 virus). No significant effect of baseline NS5A-RASs on SVR at week 12 (SRV12) with VEL/SOF as a high SRV rate was observed in all subtypes (97% in GT1b and 100% in GT1a, 2, 4-6 infections). In GT3 infection, the SVR rate was lower at 93% in patients with baseline NS5A-RASs versus 98% without baseline NS5A-RASs. Furthermore, the presence of the baseline Y93H seemed

to impact the treatment outcome by VEL/SOF in GT3 infection when the SVR12 rate in patients infected with GT3 virus was 86% with the presence of baseline Y93H and 98% without the presence of baseline Y93H [START_REF] Hezode | Resistance analysis in patients with genotype 1-6 HCV infection treated with sofosbuvir/velpatasvir in the phase III studies[END_REF]. However, in a recently published study by Sarrazin et al., deep sequencing of NS3, NS5A, and NS5B at a 15% cut-off was performed at baseline for all patients receiving SOF/VEL/VOX in POLARIS 1 (n=263) and POLARIS-4 (n=182) and at failure for patients failing this regimen (n=7). The study showed that baseline RASs did not affect the SVR12 rate when assessed in all patients or by genotype even in DAA-experienced patients with multiple RASs. In 7 out of 417 DAA-experienced patients experiencing relapse, only one of whom carrying treatmentselected resistant viruses at failure. This patient was infected by HCV GT1a virus and selected NS5A-RASs L31M and Y93H in addition to pre-existing NS3-Q80K and NS5A-Q30T at baseline [START_REF] Sarrazin | No Impact of Resistance Associated Substitutions on the Efficacy of Sofosbuvir, Velpatasvir, and Voxilaprevir for 12 Weeks in HCV DAA-experienced Patients[END_REF].

I. A brief history of DNA sequencing and Sanger sequencing

Determining the nucleic acid residues order in biology or sequencing is applied in a wide variety of research. This order contains information of hereditary and biochemical properties of biological life.

Over the last years, DNA sequencing technologies have witnessed tremendous changes from sequencing of short oligonucleotides to millions of base, from struggling to decode a single gene to a rapid and widely available whole genome sequencing for a short period of time.

DNA sequencing is a combination of molecular biology and nucleotide chemistry which emerged in the 1950s when Dr. Sanger and his laboratory at the Medical Research Council in Cambridge, United Kingdom, developed a method for DNA sequencing [START_REF] Sanger | DNA sequencing with chain-terminating inhibitors[END_REF]). This method is based on the incorporation of chain-terminating dideoxynucleotides (ddNTPs) instead of natural deoxynucleotides (dNTPs) during DNA replication which makes the DNA polymerase unable to extend the synthetized strand. In detail, the DNA polymerase incorporates appropriate dNTPs to In 1986, the Hood LEROY laboratory developed a method for the partial automation of DNA by replacing the use of radiolabeled ddNTPs with reactions primed by fluorescently labeled primers (different fluorescence for each nucleotide reaction) [START_REF] Smith | Fluorescence detection in automated DNA sequence analysis[END_REF]) and Applied Biosystems (ABI) commercialized a fluorescence DNA sequencing instrument. In this instrument, a raster scanning laser beam crossed the surface of the gel plates to provide an excitation wavelength for the differentially labeled fluorescent primers to be detected during the electrophoretic separation of fragments. Additional improvements of sequencing enzymology and processes and of polymerase chain reaction (PCR) were also made during this time. Finally, the throughput per run of the sequencer increased over time permitting 96 samples or ultimately 384 well-sequencing reactions contributing enormously to the scalability. However, this technology still contains several manual and laborintensive and error-prone steps because of working with polyacrylamide gels and loading samples by hand.

The capillary electrophoresis was introduced almost 30 years ago by Jorgensen as a new alternative to slab gel electrophoresis [START_REF] Jorgenson | Capillary zone electrophoresis[END_REF]. The introduction of capillary sequencing instrument firstly from MegaBACE TM [START_REF] Marsh | High-throughput DNA sequencing on a capillary array electrophoresis system[END_REF], then the ABI PRISM ® 3700 and a later upgrade (ABI 3730) addressed several manual steps of slab gel sequencing as previously described.

Samples could also be loaded directly from the microtiter plate to the capillaries for separation.

Furthermore, the run time was greatly accelerated [START_REF] Mardis | Next-generation sequencing platforms[END_REF].

II. General principles of ultra-deep sequencing

Ultra-Deep Sequencing (UDS) or Next-Generation Sequencing (NGS) is able to process a lot of sequencing data and therefore reduce sequencing cost per base pair (bp). These technologies use different sequencing biochemistries and methods for DNA amplification, leading to different advantages and inconveniences of each technology in terms of read length, quality and throughput.

However, they share a basic workflow:

 Library construction: adapters are covalently added to each DNA fragment end by DNA ligase. These adapters allow binding of the library fragments to a solid surface either beads or a flowcell (a flat microfluidic channel). These adapters are universal sequences specific to each platform and can be added to the library fragment by PCR.  Clonal amplification: in this step, the single library molecules are clonally amplified. The original DNA fragment and their copies cluster in a same position (focus). Amplification is necessary in this step to generate sufficient signal for nucleotide detection.  Sequencing: this step is a stepwise reaction series consisting of a nucleotide addition step, a detection determining incorporated nucleotide identity on each sequenced fragment focus and wash step to remove fluorescent labels or blocking groups. These steps are performed simultaneously or as distinct steps in a way that can generate huge datasets.

A major disadvantage of deep sequencing technologies is their limited read lengths. Although the third generation of UDS including the Oxford Nanopore technologies, the MinION is promising in providing long reads but their error rate still needs improvement to be able to apply in virology research. Shorter read can be assembled to create longer reads based on overlapped regions but it can create in silico errors especially when the overlapped regions are not sufficiently discriminant.

Discussion of each deep-sequencing platform is further detailed in followings sections.

III. Ultra-deep sequencing platforms

Instruments of different sequencing technologies introduced over the past decade ares presented in the following timeline: 

Pyrosequencing (454 Roche platform)

The 454 Roche, which is no longer available, was the first deep sequencing platform to be launched in the market in 2005. The introduction of the Roche 454 deep sequencing machine marked a turning point in the sequencing history. The pyrosequencing method is based on detection of pyrophosphate (PPi) released at each nucleotide incorporation into the template DNA which induces the sulfurylase reaction. This reaction results in a quantitative conversion of PPi to ATP (adenosine triphosphate) which is used later by the luciferase to convert luciferin to oxyluferin, emitting light. The procedure for 454 sequencing involves library construction step in which DNA molecules are attached to beads via adapter sequences, emulsion PCR step in which each bead is coated in emulsion and a clonal DNA amplification occurs, and multiple washes. These DNA-coated beads are then transferred in a picotiter plate so that each bead fits one well which serves as individual reactors where enzymatic reactions take place [START_REF] Heather | The sequence of sequencers: The history of sequencing DNA[END_REF]. This technology is capable of producing reads of up to 700 bp with accuracy of 99.9% after filter. The read length is the most outstanding advantage of Roche compared to other deep sequencing systems but this technique has several limitations such as high cost of reagents per base, labor-intensive manipulations and furthermore a relatively high error rate in homopolymer regions [START_REF] Liu | Comparison of next-generation sequencing systems[END_REF]. The procedure for Roche 454 pyrosequencing is shown in the following figure. 

Illumina sequencing by synthesis (the Solexa technology)

The data presented in this PhD thesis have been produced using Illumina Sequencing by Synthesis technology. The Illumina deep sequencing system uses fluorescent-dye reversible terminator chemistry in which a mixture of four reversible terminators (A, C, G, and T) each labelled with a different removable fluorophore are added simultaneously to a specialized chip called flow cell, along with the DNA polymerase. The risk of mis-incorporation is minimized because of the use of 3'modified nucleotides allowing addition of all four nucleotides simultaneously rather than sequentially. A spectra of base-specific fluorescent emission is then recorded for each incorporation of complementary bases which allows determining the identity of each inserted base. The fluorophore and termination moieties, linked to the nucleotide base and 3′ deoxyribose sugar position, respectively, are then cleaved and washed away. The 3' hydroxyl group is regenerated and ready for the next cycle of nucleotide addition. A cycle of nucleotide and DNA polymerase introduction, incorporation and cleavage successively continues allowing DNA chain elongation. This sequencing process has been called 'bridge amplification' because DNA strand bends over and attaches to a second oligonucleotide on the flow cell surface forming a bridge. The complementary strand is synthetized by polymerase. And the two strands are released and straightened, which results in a cluster of DNA forward and reverse strand clones [START_REF] Mardis | Next-generation DNA sequencing methods[END_REF].

The sequence from each cluster is determined by processing fluorescent signals from each cycle and applying a base-calling algorithm. The accuracy of base calling step is measured by a quality score, the Phred quality score, which will be described in the following section. The Illumina-specific errors are substitution type miscalls due to the fact that the fluorophores are illuminated by a red laser for A and C and a green laser for G and T which make difficult to separate signals by different filters.

Furthermore, problems such as incomplete removal of the 3' terminators or sequences in a cluster skipping an incorporation cycle increase the error rates towards the end of reads [START_REF] Dohm | Substantial biases in ultra-short read data sets from high-throughput DNA sequencing[END_REF][START_REF] Schirmer | Insight into biases and sequencing errors for amplicon sequencing with the Illumina MiSeq platform[END_REF].

Briefly, the Illumina sequencing workflow includes basic steps as following (available at https://www.illumina.com/documents/products/illumina_sequencing_introduction.pdf)  Library preparation: There are different ways of Illumina library preparation depending on study approaches. Amplified and magnetic bead-purified DNA amplicon are either fragmented (fragment length >500 bp) or not (fragment length < 500bp). The 5' and 3' 

Third generation long-range DNA sequencing

The two commercially available third generation sequencing technologies are Pacific Biosciences (PacBio) Single Molecule Real Time (SMRT) sequencing and the Oxford Nanopore Technologies sequencing platform. The outstanding characteristic of these technologies is that they can produce long reads ranging from 5000-15000 bp, in some cases exceeding 100,000 bp enabling the assembly of sequences to produce long contiguous sequences even for large complex genome. Furthermore they may not require routine PCR amplification if the starting amount of DNA is sufficient, thereby avoiding amplification bias.

PacBio SMRT sequencing is a real-time sequencing method which captures sequence information during replication process of the target DNA molecule and does not require a pause between read steps [START_REF] Schadt | A window into third-generation sequencing[END_REF]. When the polymerase incorporates nucleotides with individually phospholinked fluorophores to begin sequencing reaction, each fluorophore corresponds to a specific base. The fluorescent nucleotide is brought into the polymerase active site when nucleotide incorporation initiates. A high-resolution camera records the fluorescence emitted from the phosphate-coupled fluorophore released by the nucleotide during the incorporation reaction. The incorporation events of successive nucleotides are recorded in a movie of light pulses during synthesis of DNA strand by polymerase. Sample preparation process for PacBio system does not involve costly additional equipment and consists of several simple steps (fragmenting DNA into desired lengths, blunting the ends, ligating adaptors, and sequencing) which can be finished within one day [START_REF] Schadt | A window into third-generation sequencing[END_REF]. Therefore, this technology offers longer reads and faster runs. The original PacBio system with the first generation chemistry generated read lengths around 1500 bp while the current chemistry can produce long reads of over 60 kb. However, PacBio is limited at some points as a low throughput, high error rate, and high cost per base [START_REF] Rhoads | PacBio Sequencing and Its Applications[END_REF]. The typical throughput of PacBio system is 0.5-1 billion bases per run while the Illumina HiSeq 2500 can produce up to 1 trillion bases per dual flow cell [START_REF] Illumina | Performance specifications for the HiSeq 2500 System[END_REF]. Another remarkable weakness of the PacBio technology is the relatively high error rate around 11-15% which can be reduced by sequencing a molecule multiple times as the errors are distributed randomly along a continuous long read [START_REF] Korlach | Understanding Accuracy in SMRT® Sequencing[END_REF]). Together with using PacBio sequencing alone, many hybrid sequencing strategies such as with Illumina technology have been developed to improve the base-calling accuracy of this technique while maintaining an appropriate read length [START_REF] Barrero | Gene-enriched draft genome of the cattle tick Rhipicephalus microplus: assembly by the hybrid Pacific Biosciences/Illumina approach enabled analysis of the highly repetitive genome[END_REF][START_REF] Mahmoud | Efficiency of PacBio long read correction by 2nd generation Illumina sequencing[END_REF]. A: The DNA template is binding to a polymerase immobilized at the bottom in the detection volume. B: Each of the four nucleotides is labeled with a different fluorescent dye (indicated in red, yellow, green, and blue, respectively for G, C, T, and A) so that they have distinct emission spectrums.

When a nucleotide is incorporated by the polymerase, a light pulse is produced that help identify the base.

The Oxford Nanopore Technologies are a single molecule sequencing technology based on nanopore (nano-scale hole). In its devices, when biological molecules pass through nanopores, changes of the ionic current through nanopores are measured and are used to identify that molecule. Indeed, when the bases G, A, T and C pass through a nanopore, the current changes differently (Oxford Nanopore Technologies 2018). MinION, the first prototype of this technology released in an early access trial in 2014, is a small and mobile phone sized USB device. It has low capital cost, is by far the most portable sequencer available, and can produce sequencing data in real time which can be widely applied in medical diagnostics. This technology revolutionizes not just the sequencing data in terms of read lengths but also where and when or by whom the data can be produced.

However, the drawback of this technology lies in its high sequencing error rate like PacBio system which can be improved by sequencing two times a read [START_REF] Laver | Assessing the performance of the Oxford Nanopore Technologies MinION[END_REF]. Furthermore, hybrid sequencing strategy is another method which can improve sequencing error rate. MinION sequencing reads were shown to enhance contiguity of de novo assembly when used in conjunction with Illumina Miseq data [START_REF] Laver | Assessing the performance of the Oxford Nanopore Technologies MinION[END_REF]. 

IV. UDS data analysis

Evaluation of UDS data quality

The UDS data are generated when luminescence of fluorescent signals are captured and processed, which are algorithmically translated into nucleotide base in the form of a sequence if these signals are sufficiently distinguished from background noise. The process of base-calling can produce errors and each base is then assigned to a quality score called the Phred quality score. The Phred quality score measures base calling accuracy and is the most common metric used to assess accuracy of a sequencing platform. It indicates the probability that a given base is called incorrectly by the sequencer [START_REF] Ewing | Base-calling of automated sequencer traces using phred. II. Error probabilities[END_REF]. A quality score of 30 (Q30) assigned to a base is equivalent to the probability of an incorrect base call 1 in 1000 times, meaning that the probability of a correct base-call is 99.9%. It is difficult to directly compare quality scores among platforms because each platform has its own algorithm. The Roche 454 platform is well known for a higher error rate in homopolymer regions while the Illumina platform is known for insertion and deletion error types. To accurately identify real nucleotide variant changes, sequencing of a viral clone as control for error rate is therefore necessary in each experiment. Another solution to distinguish between real nucleotide changes and sequencing errors is the redundancy of nucleotide changes in multiple reads. The sequencing coverage is defined as the number of times a nucleotide base has been sequenced. The higher the sequencing coverage is, the more accurately a nucleotide change can be determined by sequencing platforms. Empirical results from literature have suggested as few as 4-5 reads per allele are sufficient while most researchers require 10-30 reads per allele [START_REF] Voelkerding | Next generation sequencing for clinical diagnostics-principles and application to targeted resequencing for hypertrophic cardiomyopathy: a paper from the 2009 William Beaumont Hospital Symposium on Molecular Pathology[END_REF].

Confidence in variants identification increases when bidirectional sequencing reads are concordant and this concept is also applied in variant interpretation by Sanger sequencing technique.

Alignment

Analyses of deep sequencing data generally rely on mapping reads against a reference genome which is known for the species. This step is challenging because deep sequencing platforms generally create short reads which are complicated by nucleotide variants, sequencing errors and PCR bias. In general, the alignment process needs to quickly determine the correct position of reads corresponding to the reference genome while taking into account sequencing errors and variations among the reads and reference sequence. In theory, an alignment algorithm assigns a score to estimate how well a read aligns onto a reference sequence. Besides memory and time requirement, limitations and appropriateness of aligners to answer the study question, some important features need to be

Phylogenetic reconstruction

Relationship and evolutional patterns of different genes, species, individuals, or other entities of interests are revealed by phylogenetic analyses in form of phylogenetic trees which are depicted by root, branch, node, and tip. Phylogenetic trees are constructed from evolutionarily or genetically related nucleotide or amino acid sequences. Sequences are firstly aligned to create an alignment matrix within which each row represents a sequence and each column represents homologous nucleotides or amino acids. Numerous methods and evolutionary models possessing both strengths and weaknesses are developed to infer phylogenetic trees from alignment matrix. And the choice of one method over another for a particular biological question depends on a compromise of desired accuracy and analysis time.

Distance-based method relies on a measure of genetic distance between each pair of aligned sequences. This method is still widely used for their computational speed and is therefore suitable for projects on large phylogeny reconstruction but tend to underestimate the evolutionary information.

The simplest distance, pairwise distance (also named as the Hamming distance), corresponds to the proportion of differences between each pair of sequences while the evolutionary distance measures the number of changes having actually occurred between two taxa and taking into consideration the possibility of multiple unseen mutations at one position [START_REF] Pardi | Distance-based methods in phylogenetics[END_REF]. Phylogenetic trees can be obtained by matrix of distances using the un-weighted pair grouping with arithmetic mean (UPGMA), least square (LS, also called minimum evolution), neighbor-joining (NJ), or BIONJ methods [START_REF] De Bruyn | Phylogenetic reconstruction methods: an overview[END_REF].

Character-based methods take advantage of all the information available in sequences and the most widely used are the maximum parsimony and maximum likelihood methods. The goal of maximum parsimony method is to identify the phylogenetic tree with the fewest necessary changes to explain the differences among observed sequences. The maximum method uses statistical techniques and assigned probabilities for a group of possible phylogenetic trees. This method has strong statistical foundations and allows comparison of different trees, parameters, and models but is computationally demanding. For this reason, some computational tricks have been developed to reduce analysis time such as the so-called approximate tree searching methods. In this PhD, the FastTree 2 software inferring approximately maximum-likelihood phylogenetic trees was used for large data set from deep sequencing technique (Price et al. 2010) .

V. Advantages of ultra-deep sequencing over Sanger sequencing in virology research

RNA viruses like HIV and HCV can replicate in generating a set of dynamic mutations which make a diverse viral population called quasi-species [START_REF] Domingo | Viral quasispecies evolution[END_REF]. The quasi-species are subjected to a continuous process of genetic variation, competition among the variants generated, and selection of the most fitted distribution in a given environment to adapt to environment changings. The Sanger or consensus sequencing with one viral sequence generated is unable to fully characterize the viral quasispecies. It is technically heavy, poorly sensitive, and even unthinkable today to use Sanger sequencing for studies focusing on discovery of novel viruses, characterization of the human microbiome, full-length genome sequencing, evolution of viral quasi-species, impact of minority resistant variants on treatment outcome, and epidemiology of viral infections and transmission [START_REF] Barzon | Applications of next-generation sequencing technologies to diagnostic virology[END_REF]. UDS, a novel technology producing a high throughput of sequencing data is able to tackle these virology questions. Here, this section presented principal applications of UDS in virology research.

Identification of novel or unsuspected viral pathogens

Although classical methods including virus culture, electron microscopy, histopathology, serology, and PCR can identify new viruses, these methods have several limitations. For example, it is difficult to cultivate many viruses in cell culture; some viruses do not exhibit cytopathic effect during their growth; amplification by PCR of targeted conserved genetic regions may be unable if it is a completely novel virus with no pre-existing reference sequences [START_REF] Tang | Metagenomics for the discovery of novel human viruses[END_REF]. Despite a possibility of combining these methods, it is still time-consuming to discover novel viruses based on these conventional technologies. UDS increases the technical sensitivity and led to identification of new viruses such as enterovirus, named enterovirus 109 (EV109) [START_REF] Yozwiak | Human enterovirus 109: a novel interspecies recombinant enterovirus isolated from a case of acute pediatric respiratory illness in Nicaragua[END_REF], a polyomavirus in Human merkel cell carcinoma [START_REF] Feng | Clonal integration of a polyomavirus in human Merkel cell carcinoma[END_REF], or several different types of human papillomavirus (HPV) including those causing squamous cell carcinoma of the skin and other skin lesions [START_REF] Ekström | High throughput sequencing reveals diversity of Human Papillomaviruses in cutaneous lesions[END_REF]. Furthermore, it also allows etiologic diagnosis of viral infections by using a metagenomics approach such as the recent identification of viruses responsible for unknown severed febrile diseases [START_REF] Yozwiak | Virus identification in unknown tropical febrile illness cases using deep sequencing[END_REF].

Characterization of the human microbiome

The diverse and complex microbiome colonizing the human body includes the entire population of microbes i.e. bacteria, fungi, and viruses. The metagenomic-based approach refers to culture-independent studies of the collective set of genomes of mixed microbial communities to explore all microbial genomes residing in host including the human body [START_REF] Petrosino | Metagenomic pyrosequencing and microbial identification[END_REF]. The main approach of UDS, whole genome shotgun sequencing, is generally used to study the metagenomic of human microbiome. This approach is accomplished by unrestricted sequencing of the genome of all microorganisms present in a sample. Several examples of this approach in virology research are characterization of fecal virome and their relations with bacterial metagenome [START_REF] Reyes | Viruses in the faecal microbiota of monozygotic twins and their mothers[END_REF], interplay of viruses and bacteria in colon tissue from subjects with inflammatory bowel diseases [START_REF] Wang | Metagenomic analysis of microbiome in colon tissue from subjects with inflammatory bowel diseases reveals interplay of viruses and bacteria[END_REF], or disease-specific alterations of enteric virome in inflammatory bowel disease [START_REF] Norman | Disease-specific alterations in the enteric virome in inflammatory bowel disease[END_REF].

Full-length genome sequencing

The sequencing of full-length genome is essential in several types of virology research. One of applications of this approach is to provide new insights into the diversity of viral populations within their hosts [START_REF] Giallonardo | Full-length haplotype reconstruction to infer the structure of heterogeneous virus populations[END_REF], to use in large molecular epidemiological studies and clinical management [START_REF] Grossmann | Subtype-independent near full-length HIV-1 genome sequencing and assembly to be used in large molecular epidemiological studies and clinical management[END_REF], or to simply classify viral genotypes and subtypes [START_REF] Bull | A method for near full-length amplification and sequencing for six hepatitis C virus genotypes[END_REF]. Technically, full-length genome sequence can be obtained through shotgun sequencing of virus with random primers in which a huge amount of host genome is generated or through PCR amplification targeting a specific genome segments.

Analysis of virus-host interaction

Virus-host interaction analysis is generally a field for fundamental science but the better understanding of viral mechanism in causing diseases could improve identification of diagnostic and prognostic markers, potential targets for antiviral drugs and design of new vaccines. Deep sequencing was applied to analyze the virus-host interaction and pathogenesis in studies like identification of new viral genes and transcript isoforms during Epstein-Barr virus and cytomegalovirus infection using RNA-sequencing [START_REF] Gatherer | High-resolution human cytomegalovirus transcriptome[END_REF] or characterization of host-virus regulatory interactions during Epstein-Barr virus infection [START_REF] Concha | Identification of new viral genes and transcript isoforms during Epstein-Barr virus reactivation using RNA-Seq[END_REF].

Characterization of intra-host variability

The UDS technique generates a high throughput of sequencing data which can allow an in-depth characterization of viral variability. Indeed, RNA viruses such as HCV and HIV show high intra-host diversity as a result of their high replication capacity and lack of proofreading capability. The mixture of closely related viral genomes within a given host, referred to as quasispecies, allows rapid adaptability of virus to intra-host (host immune response) and extra-host environments (antivirals).

The profound characterization of viral diversity by UDS has been applied largely to analyze drug resistance which is discussed in the following section and to trace back the viral transmission networks among particular population such as PWID [START_REF] Rodrigo | Phylogenetic analysis of full-length, early infection, hepatitis C virus genomes among people with intravenous drug use: the InC3 Study[END_REF] or MSM [START_REF] Caro-Pérez | Phylogenetic analysis of an epidemic outbreak of acute hepatitis C in HIV-infected patients by ultra-deep pyrosequencing[END_REF]. Indeed, RNA viruses such as HIV and HCV mutate very quickly, which confers a rapid divergence of viral sequences between the source and the recipient. Several studies have used UDS to investigate genetic relatedness among HCV or HIV infected individuals in an HCV or HIV outbreak (Escobar-Gutiérrez et al. 2012, Montoya et al. 2016[START_REF] Rytsareva | Efficient detection of viral transmissions with Next-Generation Sequencing data[END_REF], Caro-Pérez et al. 2017).

Concerning HCV, a study using UDS was conducted in individuals using illegally injection drugs in Mexico to search for HCV transmission events among them. UDS proved its advantage in this study when being able to establish a transmission event between two individuals by phylogenetic analysis [START_REF] Escobar-Gutiérrez | European Association for the Study of the Liver 2018b. EASL Recommendations on Treatment of Hepatitis C[END_REF]. In another study by Montoya et al., 

Monitoring drug-resistant variants

The gold standard of HIV or HCV resistance testing is based on the Sanger or bulk sequencing technique. In clinical practice, drug-resistant mutations are often looked for in genes targeted by HIV or HCV therapies. In detail, HIV genotypic resistance testing is often performed in reverse transcriptase, protease, integrase, and the V3 loop of the HIV envelop gene (viral tropism determination for the use of MVC) and HCV resistance testing is realized in NS5A, NS3, and to a lesser degree in NS5B genes.

The UDS technique is currently and increasingly used in clinical practice to detect minority resistant variants (MiRVs) of HIV and HCV to antivirals prior or post-treatment. Indeed, this technique allows detection of drug-resistant mutations presenting at frequency as low as 1% of the viral population while Sanger sequencing detects mutations at frequencies of more than 15%-25% of the viral population [START_REF] Larder | Quantitative detection of HIV-1 drug resistance mutations by automated DNA sequencing[END_REF]. MiRVs found in treatment-naïve patients can originate from transmitted drug resistance [START_REF] Metzner | Origin of minority drug-resistant HIV-1 variants in primary HIV-1 infection[END_REF] or be generated from natural diversification of virus.

Without selective drug pressure, virus harboring resistance mutations has lower fitness compared to wild-type virus and therefore is more likely to disappear and undetectable by Sanger sequencing. However, they can emerge and render failure to treatment when an unsuitable antiviral therapy is used. MiRVs can also be found in virus of patients at failure of antiviral treatment [START_REF] Todesco | Improved detection of resistance at failure to a tenofovir, emtricitabine and efavirenz regimen by ultradeep sequencing[END_REF]. The presence of these MiRVs in virus of patients at failure may additionally explain treatment failure in some cases, particularly when no majority resistant variants (MaRVs) are detected by Sanger sequencing and no other causes contributing to failure like lack of treatment adherence are attributed. Furthermore, these MiRVs can emerge and cause failure to subsequent treatment if using an inadequate antiviral therapy. However, the negative impact of these MiRVs on treatment response is still under debate as some studies have conclusively established this association while others have not.

HIV and HCV are two RNA viruses that represent major public health problems and some questions about their transmission and treatment remain to be answered. In this PhD, we used both Sanger sequencing and UDS to address two questions about prevalence and impact of MiRVs of both viruses to new antiviral therapies. One question was asked for HIV-infected patients experiencing failure on the most recently approved ARV class, Integrase Strand Transfer Inhibitors (INSTIs) and another question was for HCV-infected patients failing direct-acting antivirals (DAAs), particularly for those infected by genotype 3 and genotype 4 viruses. Furthermore, we also evaluated the utility of UDS in identification and characterization of HCV transmission networks. In this thesis, we gave attention to a key population, MSM at high-risk behaviors who were either co-infected by HIV or at high risk of HIV acquisition. Details of each study are presented in the objectives and results are discussed thereafter.

Study 1: Prevalence and Clinical Impact of Minority Resistant Variants in

Patients Failing integrase Inhibitor-Based Regimen by Ultra-Deep Sequencing

In this study, we aimed firstly to investigate the prevalence at failure of resistance variants on 

Study 4: Mixed HCV Genotype Infections in Men Having Sex with Men with

Recent HCV infection by Ultra-Deep Sequencing

The high prevalence of mixed HCV genotype (GT) infections (ranging from 14%-39%) in people who inject drugs (PWID) was observed as a consequence of their high-risk behaviors for multiple HCV exposures such as ongoing injection and needle sharing. The prevalence of mixed HCV GT infections in the subgroup of men having sex with men (MSM) at high risk of multiple HCV exposures could be as high as that observed in PWID. Importantly, mixed HCV GT infections can impact clinical outcome as different GT viruses have different susceptibilities to genotype-specific HCV treatment. However, few data about mixed HCV GT infections are available for the MSM communities at high-risk of multiple HCV exposures. Therefore, in this study, we investigated by UDS the prevalence of mixed HCV GT infections in a population of mostly HIV co-infected MSM with recent HCV infection in Paris. for treatment in both ARV-naïve and -experienced HIV-infected patients because of their durable virological efficacy, favourable tolerability and toxicity profiles, and ease of use [START_REF] Lennox | Safety and efficacy of raltegravir-based versus efavirenz-based combination therapy in treatment-naive patients with HIV-1 infection: a multicentre, double-blind randomised controlled trial[END_REF], Sax et al. 2012, Molina et al. 2015a). Selection of raltegravir (RAL) and elvitegravir (EVG)-resistant strains have been shown in patients experiencing virological failure [START_REF] Sax | Co-formulated elvitegravir, cobicistat, emtricitabine, and tenofovir versus co-formulated efavirenz, emtricitabine, and tenofovir for initial treatment of HIV-1 infection: a randomised, double-blind, phase 3 trial, analysis of results after 48 weeks[END_REF], Messiaen et al. 2013, Marcelin et al. 2013) while reduced susceptibility to DTG is primarily described in in vitro study (Van Wesenbeeck et al. 2011, Canducci et al. 2011). However, absence of detectable resistance mutations in patients failing INSTI-based regimens was also found in clinical setting. For example, a study by Fourati et al. on 502 patients failing raltegravir-based regimen showed a selection at failure of resistance mutations to INSTIs in only 39% of cases [START_REF] Fourati | Cross-resistance to elvitegravir and dolutegravir in 502 patients failing on raltegravir: a French national study of raltegravir-experienced HIV-1-infected patients[END_REF]. In should be noted that the use of traditional Sanger sequencing may underestimate the prevalence of drug-resistant variants.

In this study, our objectives were firstly to investigate the prevalence at failure of resistance variants The Novoalign® algorithm, Geneious ® algorithm and Smartgene® algorithm were compared on a subset of samples (data not shown). The Novoalign alignment software was chosen because it is a powerful tool for mapping short reads onto a reference genome with high sensitivity and which allows mapping of more reads than other aligners and minimizing false callings of alignment data [START_REF] Yu | How do alignment programs perform on sequencing data with varying qualities and from repetitive regions?[END_REF]. Geneious is also a powerful tool for analyzing and visualizing deep sequencing data. The Geneious user friendly interface with multiple functions from assembly, alignment to annotation of genomic reads makes it more widely used by biologists and bio-informaticians (Kearse et al. 2012).

The Smartgene platform is a fully automated analysis pipeline commercially available via SmartGene (www.smartgene.com; SmartGene, Zug, Switzerland), which allows rapid analysis of HIV and HCV minority resistant variants. Equivalency of the three aligners was confirmed and Smargene platform was used for studies of minority resistant variants (MiRVs) for its rapidity and performance.

At failure, the prevalence of at least one INSTI-resistant variant was 39.6% by Sanger and the most dominant resistance pathways were N155H and Q148H/K/R. In this study, available results of INSTI plasma concentration measurement (102/134 patients) showed a good adherence to ART in 79% of patients. Furthermore, no difference in INSTI Ctrough was observed between groups of patients with at least one INSTI majority resistant variant (MaRV) and without MaRVs. To investigate other potential factors explaining failure on INSTI regimens such as baseline mutations implicated in resistance to associated ARVs, we evaluated the susceptibility of virus at baseline to ARVs received by calculating Genotypic Susceptibility Score (GSS). Results of "susceptible", "possible resistance", and "resistance" to an ARV were interpreted into scores of 1, 0.5, and 0, respectively. We found that only 10% of patients had a total GSS of 1 to 1.5 while 90% of patients had a total GSS of 2 (33.8%) or more than 2 (56.2%). These results suggest that patients were treated with a solid backbone of ARVs and therefore resistance to other drug classes at baseline could not explain failure on INSTIbased regimen. By using UDS, we detected at least one INSTI-resistant variant in 57.5% of patients vs 39.6% by Sanger, changing resistance interpretation in 17/134 (13%) patients.

The clinical impact of these MiRVs on response to INSTI is still under debate. Indeed, the detection of pre-existing MiRV was correlated with a higher risk of virological failure for first generation NNRTIs [START_REF] Li | Impact of minority nonnucleoside reverse transcriptase inhibitor resistance mutations on resistance genotype after virologic failure[END_REF], Cozzi-Lepri et al. 2015) while few other studies have failed to establish this association for NRTIs and PIs [START_REF] Charpentier | Highly frequent HIV-1 minority resistant variants at baseline of the ANRS 139 TRIO trial had a limited impact on virological response[END_REF], Perrier et al. 2018). To the best of our knowledge, few studies have conclusively established the relation between presence of MiRVs on integrase gene and risk of failure under INSTI treatment. To better characterize this association, we used UDS to search for the presence of baseline MiRVs on integrase gene in patients with virological failure and in those with virological success under INSTI regimen. The prevalence of baseline MiRVs was similar in both groups (14.7% vs 12.9% in treatment failure and in treatment success groups, respectively). Moreover, MiRVs detected at baseline in 5/34 patients failing an INSTI-based regimens were not found at failure either as majority or as minority mutations regardless of selection of other MaRVs at failure. These results suggest that the presence of INSTI-MiRVs at baseline might not be associated with risk of virological failure in patients under INSTI-based regimens.

In conclusion, UDS is more sensitive than Sanger to detect INSTI-MiRVs at failure. Presence of MiRVs at failure could be important for choice of switch to other INSTIs. However, there was no association between presence of baseline MiRVs and response to INSTI-based therapies in our study.

resistance against anti-NS5B, in viruses of 2 patients (N300S in one GT4a and K270R + I523M in one GT4d virus). Importantly, the K270R substitution has been previously described to be selected together with other mutants in HCV GT1b-replicon cells in an in vitro study [START_REF] Lu | Evolution of resistant M414T mutants among hepatitis C virus replicon cells treated with polymerase inhibitor A-782759[END_REF]. For the NS5A region, both NGS and Sanger sequencing detected presence of RASs or polymorphisms implicated in resistance in viruses of 8/10 patients (2 GT3a and 6 GT4).

Interestingly, pre-existing minority substitutions on NS5A were enriched in viruses of 4 patients. The RAS Y93H emerged from 1% at baseline to 98.7 % at failure in one HCV GT3a infected patient treated by SOF + DCV + RBV. In three other patients infected by a GT4 virus and treated by SOF + LDV, we detected the emergence from around 1% at baseline up to nearly 100% at failure of three substitutions at position 28 (L28M and L28F). These substitutions were accompanied by polymorphisms L30R in two patients and L30R + T58P in the third patient. To our knowledge, few studies have established the association between substitutions at position 28 and resistance to LDV in GT4 virus. A study by Dietz J et al. on 18 patients infected by HCV GT4 and failing LDV/SOF regimen showed that RASs L28M/V became prominent in 39% of patients [START_REF] Dietz | Patterns of Resistance-Associated Substitutions in Patients With Chronic HCV Infection Following Treatment With Direct-Acting Antivirals[END_REF].

Although the new L28F was not tested in phenotypic in vitro model in this study, further investigations of this substitution by mutagenesis are necessary and substitutions at codon 28 should be taken into account in resistance interpretation guidelines for GT4 virus.

In conclusion, the use of NGS in patients failing DAAs and infected by HCV GT3 and GT4 revealed the emergence of specific patterns of substitutions on NS5A and NS5B, in particular substitutions at position 28 on NS5A in GT4 virus, highlighting the need to list these substitutions in guidelines for resistance interpretation. RAS screening by NGS might not be beneficial enough in first-line therapy thanks to the high SVR rate of DAA treatment. However, in the case of failure on previous DAA regimens, RASs in particular on NS5A gene could be accumulated under treatment pressure and gradually disappear after the end of treatment. NGS, when feasible and more accessible in clinical practice, should be therefore performed right before retreatment by new DAA regimens especially if a same class of DAAs is considered, to choose an optimized strategy of retreatment. Several outbreaks of acute hepatitis C (AHC) among HIV-infected men who have sex with men (MSM) have been described particularly in developed countries [START_REF] Götz | A cluster of acute hepatitis C virus infection among men who have sex with men--results from contact tracing and public health implications[END_REF], van de Laar et al. 2007, 2009, Giraudon et al. 2008, Gamage et al. 2011). In France, a regular increase of HCV incidence from 4.3 to 11.1 per 1000 person-years (PY) in French HIV-positive MSM was reported in the large Dat'AIDS cohort [START_REF] Pradat | Incidence of new hepatitis C virus infection is still increasing in French MSM living with HIV[END_REF]. Moreover, a large European MSM specific HCV transmission network was described in HIV-positive MSM recently diagnosed with HCV infection (van de Laar et al. 2009). Recent results from a meta-analysis revealed a pooled incidence of HCV 19 times higher in HIV-positive MSM than in HIV-negative MSM in resource-rich countries [START_REF] Ghisla | Incidence of hepatitis C in HIV positive and negative men who have sex with men 2000-2016: a systematic review and meta-analysis[END_REF]). It should be noted that the incidence in HIV-negative MSM could be much higher in individuals eligible for Pre-Exposure Prophylaxis (PrEP), mostly due to their high-risk behaviours (Gras 2018). A few studies using Sanger sequencing approach showed a spread of HCV strains from HIV-positive toward HIV-negative MSM [START_REF] Hoornenborg | MSM starting preexposure prophylaxis are at risk of hepatitis C virus infection[END_REF], Charre et al. 2018). However, Sanger sequencing is not able to characterize fully viral diversity while ultra-deep sequencing (UDS) is. Therefore, in this study, we firstly identified and characterized HCV transmission chains and secondly detected closely related HCV transmission events by UDS among HIV-positive and HIV-negative MSM with recent HCV infection in Paris.

Sanger sequencing and UDS were performed on NS5B fragment from virus of 50 HIV-positive and 18 HIV-negative patients with recent HCV infection (including 13 patients from the ANRS Pre-Exposure Prophylaxis (PrEP) IPERGAY study) (Molina et al. 2015b(Molina et al. , 2017)). UDS data were analysed by Geneious (version 10.3.2). Phylogenetic trees were constructed by FastTree (version 2.1) and submitted to ClusterPicker (version 1.2.3) for transmission chain detection at different thresholds of maximum genetic distance (MGD) (3% for Sanger, 3% and 4.5% for UDS).

At 3% of MGD, Sanger detected 10 transmission chains in which a median of 3 subjects (min-max = 2-6) was identified while UDS at 3% of MGD detected 17 chains (median = 2 subjects, min-max = 2-5) and UDS at 4.5% of MGD detected 18 chains (median = 2 subjects; min-max=2-6). In particular, UDS through detection of minority variants identified 3 and 4 additional transmission chains at 3% and 4.5% of MGD, respectively, which were not detected by Sanger. However, Sanger sequencing also allowed detection of 1 transmission chain which was not noticed at all by UDS.

Further analysis of patients' characteristics in each transmission chain showed mixed transmission chains comprising HIV-positive and negative subjects: 8/10 chains by Sanger at 3%, 9/17 chains by UDS at 3%, and 10/18 chains by UDS at 4.5% of MGD. Overall, more than 50% enrolled HIVnegative individuals clustered with HIV-positive ones in this study. To better characterize the transmission dynamics among individuals in a transmission chain, we reported five closely related transmission events in which numerous sequences of different samples were almost identical (MGD <0.5%). Importantly, several individuals shared numerous identical sequences (MGD = 0%) suggesting direct transmission events [START_REF] Romero-Severson | Phylogenetically resolving epidemiologic linkage[END_REF]). However, we did not totally exclude the possible intermediary link among them.

In conclusion, in this study, a high clustering rate of HCV infections was observed in HIV-positive and HIV-negative MSM communities in Paris. Furthermore, HIV-positive MSM shared HCV transmission networks with HIV-negative MSM. More frequently screening and surveillance of hepatitis C infection regardless of the HIV status is essential to prevent a further spread of HCV in this high-risk community.
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International Journal of Antimicrobial Agents (submitted) (ranging from 14%-39%) in people who inject drugs was observed as a consequence of their highrisk behaviors for multiple HCV exposures such as ongoing injection and needle sharing [START_REF] Cunningham | Mixed HCV infection and reinfection in people who inject drugs--impact on therapy[END_REF]. The prevalence of mixed HCV GT infections in the subgroup of men having sex with men (MSM) at high risk of multiple HCV exposures could be as high as that observed in people injecting drugs. However, few data about mixed HCV GT infections are available for this community. To the best of our knowledge, there are several documented case reports of superinfection via sexual transmission in HIV/HCV co-infected MSM. [START_REF] Ghosn | Sexually transmitted hepatitis C virus superinfection in HIV/hepatitis C virus co-infected men who have sex with men[END_REF], Loulergue et al. 2012, Chung et al. 2015) More profound knowledge about the prevalence of mixed HCV GT infections in this community could help to establish an optimized strategy for surveillance, diagnostics, and treatment regimen choice. Therefore, in this study, we investigated by UDS the prevalence of mixed HCV GT infections in a population of mostly HIV co-infected MSM with recent HCV infection in Paris.

Mixed HCV Genotype Infections in Men Having

We deep-sequenced NS5B fragment from viruses of patients with recent HCV infection: 50 HIVpositive and 18 HIV-negative including 13 from the ANRS Pre-Exposure Prophylaxis (PrEP) IPERGAY study (Molina et al. 2015b(Molina et al. , 2017)). UDS data were analysed by Geneious (version 10.3.2).

Phylogenetic trees were constructed by FastTree (version 2.1).

In this study, mixed GT infections were detected in three patients (4.4%). All the three patients were infected by HCV for the first time. Two patients were co-infected by HIV and the other was HIV negative and enrolled in the ANRS IPERGAY study. We detected one mixed GT infection between predominant GT4d and minority GT1a, one between predominant GT4d and minority GT1b, and one between predominant GT1a and minority GT4d viruses. All the three patients had anti-HCV treatment success. Interestingly, a switch from GT1a to GT4d virus after 2 years was observed in one patient previously infected by predominant GT1a and minority GT4d virus. The previous minority GT4d sequences obtained from UDS were compared with the later consensus GT4d sequence obtained from Sanger sequencing. The minimum genetic distance among them was 2%, which did not allow making difference between the emergence of previous minority GT4d virus and the acquisition of new virus.

In conclusion, a prevalence of 4.4% of mixed HCV GT infections was observed in a population of MSM with recent HCV infection who were almost (50/68, 73.5%) HIV co-infected. HCV genotype determination becomes less clinically significant with the introduction of pan-genotypic DAAs but it should be noted that these treatments are still not globally available. The impact of mixed HCV GT infections on anti-HCV treatment response in MSM with high-risk behaviors remains to be fully elucidated in a larger group of patients because the treatment success in patients with mixed HCV GT infections was limited to only three subjects in this study. For treatment failure prevention, early initiation of pan-genotypic anti-HCV treatment is needed. In case of unavailability of pan-genotypic DAAs, closely monitoring of treatment response is therefore important in this high-risk population.

True revolutions in virology research as well as in diagnostic applications have been made with the advent of ultra-deep sequencing or next-generation technologies thanks to the high speed and throughput of data generated. These technologies have been increasingly applied in different fields of virology research from metagenomics for virus discovery and characterization of intra-host variability to full genome sequencing, detection of novel pathogen, and viral dynamics investigation.

These technologies get a lot of focus for studies of RNA viruses such as HIV and HCV whose high replication and mutation rates results in a spectrum of variants closely genetic-related referred to as quasispecies. Viral quasispecies evolve rapidly and select mutations to resist against antiviral drugs under drug-selective pressure. Traditional approaches, like Sanger sequencing, are unable to detect and quantify minority variants in viral population which may have biological and clinical relevance. We also used UDS technique to study the minority variants in HCV-infected patients experiencing failure on direct-acting antivirals (DAAs). We targeted patients infected by HCV GT3 and GT4 as the clinical impact of minority resistance-associated substitutions (RASs) at baseline in virus of these genotypes are less studied and HCV GT3 or GT4 non-a, especially GT4r, are less responsive to DAAs. Therefore, we investigated the prevalence of RASs at baseline and at failure, and then the emergence dynamics of pre-existing minority RASs in HCV GT3 or GT4 infected patients failing an anti-NS5B with or without anti-NS5A regimen. The novel finding of this study was that the emergence of substitutions at positions 28 (L28M and L28F) was detected in virus of three GT4infected patients. These substitutions were accompanied by polymorphisms L30R in two patients and L30R + T58P in the third patient. This finding is clinically significant as few studies have established the association between substitutions at position 28 and resistance to ledipasvir (LDV) in GT4 virus.

Substitutions at the key position 28 have been well demonstrated to impact DAA response in GT1 virus. And the L28M was selected at failure in some HCV-infected patients failing LDV-containing regimen. Although the new L28F was not tested in phenotypic in vitro model in this study, further investigations of this substitution by mutagenesis are necessary. The low number of patients enrolled because of high and increasing SVR rate under DAA therapy and also because of absence of samples at baseline constituted a limitation in this study. In addition, the investigated group is heterogeneous making it difficult to draw a robust conclusion for a specific genotype or a specific profile of patients.

However, the net emergence at failure of substitutions at codon 28 of NS5A protein in GT4-infected patients highlights the need to consider these substitutions in resistance interpretation guidelines for GT4 virus. In case of failure on previous DAA regimens, RASs in particular on NS5A gene could be accumulated under treatment pressure and gradually disappear after the end of treatment. UDS, when feasible and more accessible in clinical practice, should be performed right before retreatment by new DAA regimens especially if a same class of DAAs is considered, to choose an optimized strategy of retreatment.

An aspect of UDS applications in virology research was evaluated in this PhD through the study on HCV transmission networks among men having sex with men (MSM) with recent HCV infection coinfected by HIV or at high risk of HIV acquisition in Paris. In France, a regular increase of HCV incidence in HIV-positive MSM was reported in the large Dat'AIDS cohort despite high treatment coverage. The HCV infection incidence in HIV-negative MSM was high as well in individuals eligible for PrEP, mostly due to their high-risk behaviours. Furthermore, two studies using Sanger sequencing approach showed a spread of HCV strains from HIV-positive toward HIV-negative MSM in two urban cities Amsterdam, Netherland and Lyon, France. UDS, in this context, can provide a complete view and an in-depth characterization of viral population through generation of high throughput sequencing data. In this study, we firstly identified and characterized HCV transmission chains and secondly detected closely related HCV transmission events among HIV-positive and HIVnegative MSM with acute hepatitis C in Paris. UDS detected more transmission chains than Sanger did but fewer subjects were identified in each chain. UDS was not more advantageous over Sanger sequencing in the context of large scale prevention and rapid intervention. However, UDS allowed a detailed evaluation of transmission dynamics among subjects of a same transmission chain. The detection of multiple identical or almost identical sequences suggests direct or closely related transmission networks among them. Interestingly, both sequencing techniques detected shared HCV transmission networks among HIV-positive MSM and HIV-negative MSM. Our results suggest that the more frequently screening and surveillance of hepatitis C infection regardless of the HIV status is essential to prevent a spread of HCV in these high-risk communities. A limitation in our study was the length of fragment NS5B sequenced. Indeed, a longer sequence could permit more accurate differentiation of linked or unlinked virus and thus more exactly identify transmission chains [START_REF] Lamoury | The Influence of Hepatitis C Virus Genetic Region on Phylogenetic Clustering Analysis[END_REF]. In our study, a quite short fragment of NS5B was amplified but it was counterbalanced by a high throughput of sequencing data, which had been applied in different settings [START_REF] Wang | Hepatitis C virus transmission bottlenecks analyzed by deep sequencing[END_REF], Gonçalves Rossi et al. 2016). Although we did not have sufficient epidemiological data to confirm the true transmission events among individuals, the fact that almost all individuals (67/68) were from Paris justified in some way their epidemiological connection as well as the fact that transmission chains identified by UDS were established through multiple clustered viral strains increased the likeliness of true transmission event identification.

We also analysed possible mixed HCV genotype (GT) infections in these communities because of their high risk for multiple HCV exposures. Indeed, the high prevalence of mixed HCV GT infections (ranging from 14%-39%) in people who inject drugs (PWID) was observed as a consequence of their high-risk behaviors for multiple HCV exposures such as ongoing injection and needle sharing. It should be noted, especially in resource-limited settings where pan-genotypic DAAs are not yet available, that different GT viruses have different susceptibilities to current genotype-specific DAAs.

Therefore, the prevalence of mixed HCV GT infections in this population is an important research question worth being elucidated. Our study showed the prevalence of mixed HCV GT infection in 4.4% (3/68) of patients. Although the three patients with mixed HCV GT infections responded well to DAA treatment, attention is still necessary because our observation was limited to only three patients. We suggest clinicians to early initiate pan-genotypic anti-HCV treatment or closely monitor treatment response in this high-risk population in case pan-genotypic DAAs are unavailable. A limitation in this study was the strict cut-off of 3% of genetic distance used to totally eliminate viral sequences possibly contaminated from PCR or sequencing. Only sequences of a sample with genetic distance greater than 3% compared to sequences of other samples in the same experiment were considered as a mixed GT infection. This cut-off is quite strict and may underestimate the mixed GT infection rate in our study.

In conclusion of all studies above, UDS does not seem to be more interesting and beneficial than Sanger sequencing in prevention of ART failure in HIV-infected patients and brings little information for the clinical care of HCV-infected patients.

For HIV, literature reviews and our study using UDS at 1% of detection threshold in patients failing INSTIs suggest that baseline MiRVs of HIV to ARVs at frequency of ≥ 1% are correlated with a higher risk of failure only on first generation NNRTIs [START_REF] Li | Low-frequency HIV-1 drug resistance mutations and risk of NNRTI-based antiretroviral treatment failure: a systematic review and pooled analysis[END_REF]) and on the CCR5 antagonists (MVC) [START_REF] Swenson | Genotypic analysis of the V3 region of HIV from virologic nonresponders to maraviroc-containing regimens reveals distinct patterns of failure[END_REF]. No clinical advantages of UDS in detecting baseline MiRVs and risk of virological failure have been shown for other ARV classes. This also could be related to the use of more robust combinations of ARV that are not impacted by MiRVs. Therefore, UDS should not be used to search for baseline MiRVs for the purpose of preventing treatment failure if taking into account the higher cost of experiments and longer time for UDS data analysis. However, the presence of MiRVs to ARVs at treatment failure and their impact on subsequent ARV regimens are still open for discussion. Indeed, multiple studies using deep-sequencing have additionally detected the presence of drug-specific MiRVs at failure [START_REF] Vandenhende | Prevalence and evolution of low frequency HIV drug resistance mutations detected by ultra deep sequencing in patients experiencing first line antiretroviral therapy failure[END_REF][START_REF] Todesco | Improved detection of resistance at failure to a tenofovir, emtricitabine and efavirenz regimen by ultradeep sequencing[END_REF][START_REF] Chen | HIV Drug Resistance Mutations (DRMs) Detected by Deep Sequencing in Virologic Failure Subjects on Therapy from Hunan Province, China[END_REF][START_REF] Casadellà | Treatment options after virological failure of first-line tenofovir-based regimens in South Africa: an analysis by deep sequencing[END_REF][START_REF] Van Eygen | Deep sequencing analysis of HIV-1 reverse transcriptase at baseline and time of failure in patients receiving rilpivirine in the phase III studies ECHO and THRIVE[END_REF]). It should be noted that these MiRVs can be enriched under treatment pressure and therefore restrict possible choices of subsequent treatments.

However, more data on the prevalence of MiRVs at failure in a larger group of patients failing ART, with the lastest ARV used, and the detection threshold of MiRVs at which these mutations should be taken into account for resistance interpretation are still needed.

For HCV, we showed the net emergence at failure of minority variants in GT4-infected patients failing DAAs. In general, drug-specific RASs may reduce the SVR rates when they are present in viruses of a given patient in at least 15% of frequency. RASs present at a lower frequency are not currently considered as clinically relevant (Pawlotsky 2016). RASs at frequencies as low as 1-15% are often set for research purposes and set to ≥ 10% to approximate results obtained by Sanger sequencing. Therefore, UDS at a 15% cut-off may not be useful in clinical practice for screening minority RASs prior to DAA treatment because it does not appear to bring additional benefits over Sanger sequencing in terms of technique sensitivity, cost and time for data analysis. Furthermore, with the introduction of pan-genotypic DAAs, the necessity for baseline RAS testing notably on NS5A gene become less clinically significant, even by Sanger sequencing because of the high SVR rates. Indeed, HCV resistance testing is not recommended to initiate pan-genotypic DAA therapy by international guidelines (AASLD 2018, Association Française pour l'Etude du Foie 2018, European Association for the Study of the Liver 2018b). An exception is made for treatment by 12 weeks of SOF/VEL in HCV GT3-infected, treatment-naïve patients with cirrhosis and treatment-experienced patients with or without cirrhosis by AASLD. Indeed, AASLD recommends NS5A-RAS testing in viruses of these patients and an addition of RBV or SOF/VEL/VOX should be used in patients harboring Y93H variants (AASLD 2018). It would be interesting to further study the impact of minority variants in these cases.

Anyway, the use of UDS is interesting to evaluate the emergence dynamics at failure of pre-existing RASs or novel substitutions which have not been known to be associated with resistance to DAAs as what had been done in this PhD. Indeed, this approach allows discovering novel substitutions which are not necessarily seen in in vitro studies but may be implicated in resistance to DAAs in vivo. Of note, HCV in vitro replication system is still difficult to obtain for all HCV genotypes [START_REF] Tariq | An overview: in vitro models of HCV replication in different cell cultures[END_REF]. Another field of UDS applications in HCV clinical setting is the search for additional minority RASs at time of relapse in patients treated by DAAs and failing to achieve SVR [START_REF] Wyles | Post-treatment resistance analysis of hepatitis C virus from phase II and III clinical trials of ledipasvir/sofosbuvir[END_REF][START_REF] Paolucci | Baseline and Breakthrough Resistance Mutations in HCV Patients Failing DAAs[END_REF]. The presence of minority RASs at failure should be considered to optimize retreatment regimens. In several studies, UDS additionally detected minority RASs at treatment failure but was not statistically more significant than Sanger sequencing [START_REF] Wyles | Post-treatment resistance analysis of hepatitis C virus from phase II and III clinical trials of ledipasvir/sofosbuvir[END_REF][START_REF] Paolucci | Baseline and Breakthrough Resistance Mutations in HCV Patients Failing DAAs[END_REF]. Therefore, further studies on a larger group of patients failing DAAs are required to elucidate the role of minority RASs at time of DAA failure. As RASs selected on NS3 gene rapidly disappear after cessation of treatment, UDS is potentially suitable for searching minority RASs when Sanger sequencing is not performed soon enough after the viral re-elevation and hence unable to capture majority RASs.

Successful prevention campaigns are essential to eradicate viral transmission and need in-depth knowledge about local epidemics such as risk of transmission in certain groups of patients, viral subtypes, transmission dynamics, social and sexual mixing networks, and patterns of geographic spread [START_REF] Dennis | Phylogenetic studies of transmission dynamics in generalized HIV epidemics: an essential tool where the burden is greatest?[END_REF]. And it is evident that the evaluation of success or failure of interventions must be assisted by phylogenetic and molecular epidemiology tools. In one study of this PhD, UDS did not show a clear advantage over Sanger sequencing when applying in phylogenetic studies to trace back the transmission networks among a group of patients at high risk of viral transmission or to help design large-scale prevention initiatives. However, UDS is promising to elucidate transmission patterns such as directionality thanks to its high resolution of sequencing data and in turn gives results with a high confidence level. For example, in criminal investigations of HIV transmission, phylogenetic inference has been used as part of the evidence to prove or disprove transmission between defendant and complainant. UDS in these cases might provide more firmed and exact timing and direction of transmission [START_REF] Abecasis | Phylogenetic analysis as a forensic tool in HIV transmission investigations[END_REF]. Of note, it is not possible to confirm direct transmission from one person to another using molecular data alone. Indeed, both could be infected from a third source, or they could be connected indirectly through a transmission chain including one or more intermediaries.

Both HIV and HCV exist as a population of quasispecies and UDS is apparently a promising tool to investigate the viral diversity. For HIV, numerous studies have used UDS to study HIV diversity such as quantification of latent HIV-1 reservoir [START_REF] Lee | Quantification of the Latent HIV-1 Reservoir Using Ultra Deep Sequencing and Primer ID in a Viral Outgrowth Assay[END_REF], characterization of HIV-1 reservoir dynamics to understand more about the compartmentalization of HIV-1 [START_REF] Buzón | Deep molecular characterization of HIV-1 dynamics under suppressive HAART[END_REF][START_REF] Lorenzo-Redondo | Persistent HIV-1 replication maintains the tissue reservoir during therapy[END_REF], following of changes in virus coreceptor use in patients on long-term suppressive ART [START_REF] Raymond | Evolution of HIV-1 quasispecies and coreceptor use in cell reservoirs of patients on suppressive antiretroviral therapy[END_REF]. For HCV, deep sequencing has also been applied to explain some clinical questions, for example, correlation between genetic heterogeneity and antiviral treatment outcome [START_REF] Cortés | Deep sequencing of hepatitis C virus hypervariable region 1 reveals no correlation between genetic heterogeneity and antiviral treatment outcome[END_REF], comparison of HCV quasispecies diversity between chronic HCV and hepatocellular carcinoma [START_REF] Park | Comparison of quasispecies diversity of HCV between chronic hepatitis c and hepatocellular carcinoma by Ultradeep pyrosequencing[END_REF], or investigation of HCV compartmentalization between liver and plasma [START_REF] Hedegaard | High resolution sequencing of hepatitis C virus reveals limited intra-hepatic compartmentalization in end-stage liver disease[END_REF]. The third generation of deep sequencing known as long-range DNA sequencing producing average read lengths of more than 10,000 bp has enormously improved analysis of genome structure and will obviously increase the resolution of studies on viral diversity in the future.

It should be noted that the cost of UDS is reduced but remains quite high for the purpose of routine assays. Furthermore, to render the technique cost-saving, a lot of samples must be pooled and sequenced at the same time increasing turnaround time of results. Concerning data analysis searching for HIV and HCV minority mutations, a free and standardized analysis geno2pheno[ngs-freq] [START_REF] Döring | geno2pheno[ngs-freq]: a genotypic interpretation system for identifying viral drug resistance using next-generation sequencing data[END_REF], a commercial and complete analysis platform Smartgene®, UDS automatic platform for diagnostics such as VELA system including automatic experimental procedures and bioinformatics analysis (Raymond et al. 2018a), or some commercial user-friendly software such as Geneious (Kearse et al. 2012) virological failure (VF). 4-6 The most frequent primary resistance pathways observed in vitro, in vivo and in clinical trials are Y143R, Q148H/R/K and N155H for raltegravir, and T66I, E92Q, Q148H/K/R and N155H for elvitegravir. 7,8 Dolutegravir is known to create a higher genetic barrier to resistance, and thus an accumulation of multiple mutations, possibly selected under raltegravir or elvitegravir pressure, is required to reduce susceptibility to dolutegravir. 9,10 In phenotypic studies, susceptibility to dolutegravir is reduced in the presence of Q148H/K/R mutations especially when combined with L74I, E138A/K/T, G140A/C/S or N155H. 7,11 However, several studies have shown that raltegravir failures were also observed in the absence of detectable resistance. For example, a Spanish cohort treated with raltegravir showed that the viruses of 50/89 (56%) patients lacked emerging mutations on the integrase gene at failure. 12 In a clinical setting, a study by Fourati et al. 13 on 502 patients failing a raltegravir-based regimen showed a selection at failure of resistance mutations to the INSTI class in only 39% of cases. In clinical practice, VF and the emergence of resistance mutations have rarely been reported in patients receiving dolutegravir-based therapy. 14,15 It should be noted that studies such as these are often performed by traditional Sanger sequencing and thus may underestimate the prevalence of drug-resistant variants. Therefore, our first objective was to investigate the prevalence at failure of resistant variants in patients failing an INSTI-based regimen by ultra-deep sequencing (UDS). Furthermore, to better document the VF under INSTI treatment, pharmacological determinations were performed concomitantly to investigate treatment adherence in patients failing INSTI-based regimen. Our second objective was to investigate the clinical impact of baseline minority resistant variants (MiRVs) on an INSTI-based regimen, one of the major questions still under discussion. Indeed, the detection of pre-existing MiRVs was correlated with a higher risk of VF for the first generation of NNRTIs, 16,17 while few other studies have failed to establish this association for NRTIs and PIs. 18-20 For INSTIs, several small-scale studies have shown that MiRVs have little impact on the virological response to a raltegravir-based regimen. 21,22 

Methods

Study population and design

RNA extraction, PCR and Sanger sequencing

Samples had been previously sequenced in our laboratory during the clinical monitoring of patients. Briefly, 80 lL of HIV RNA was extracted from 1 mL of plasma (NucliSENS V R easyMAG V R , bioMe ´rieux Clinical Diagnostics). The extracted RNA was reverse transcribed into cDNA and a fragment of the integrase gene (corresponding to amino acids 49-286) was amplified by PCR in a two-round process. The first round was performed with forward primer (4339-4359) 5 0 -TAG TAG CCA GCT GTG ATA AAT GTC-3 0 and reverse primer (5082-5102) 5 0 -TTC CAT GTT CTA ATC CTC ATC CTG-3 0 using a Transcriptor One Step RT-PCR kit (Roche Life Science, Germany) following the manufacturer's protocol. PCR products were diluted to 1/10 and subjected to a nested round with forward primer (4374-4389) 5 0 -GAA GCC ATG CAT GGA CAA G-3 0 and reverse primer (5072-5090) 5 0 -ATC CTC ATC CTG TCT ACT TGC C-3 0 using the Q5 V R High-Fidelity PCR Kit (New England Biolabs, USA) following the manufacturer's protocol. The PCR products were purified by Sephadex gel and sequenced using the Sanger method (BigDye Terminator, Applied Biosystems, Foster City, CA, USA).

UDS and computational method

Integrase amplicons were deep-sequenced using the Illumina MiSeq platform. The nested PCR products were purified by SPRIselect beads (Beckman Coulter, France), 'tagmentated' (fragmented and tagged) and prepared for libraries using Nextera V R DNA Sample Preparation and Index Kit (Illumina, USA) according to the manufacturer's protocol. Resulting libraries were quantified on a 2100 Bioanalyzer (Agilent Technologies), normalized and pooled equimolarly. Pooling libraries were subjected to standard Illumina paired-end sequencing at 2%150 bp on the MiSeq platform.

UDS analyses were performed using a fully automated analysis pipeline commercially available via SmartGene (www.smartgene.com; SmartGene, Zug, Switzerland). Briefly, paired-end reads are merged and quality-filtered to remove noise. Alignment is performed using a target-specific profile and a consensus is produced based on a user-selected ambiguity threshold. Mutations are called by frame-aware alignment with reference sequence HXB2 (Los Alamos, accession number AF033819) above a user-selected threshold (range " 0.5%-30%) at a predetermined minimum coverage of reads.

Resistance interpretation

Interpretation of resistance was in accordance with the ANRS resistance algorithm version 27 (updated September 2017, www.hivfrenchresistance. org). Briefly, integrase gene mutations A49G, T66I/A/K, L74M/I, E92Q, T97A, G118R, F121Y, E138A/K/T, G140A/C/S, Y143A/C/G/H/R/S, P145S, S147G, Q148E/G/H/K/R, V151L, S153Y/F, N155H/S/T, E157Q, S230G/R and R263K were analysed.

Mutational load was calculated based on the frequency of mutations detected by UDS and plasma viral load. Mutations were defined as majority if they accounted for 20% of viral population and were detected by both techniques, and as minority if they accounted for ,20% of viral population and were detected only by UDS.

The susceptibility of virus at baseline to ARVs received including INSTIs was evaluated by calculating the genotypic susceptibility score (GSS) based on Sanger genotypic resistance test results at baseline. Results of 'susceptible', 'possible resistance' and 'resistance' to an ARV were interpreted into scores of 1, 0.5 and 0, respectively. We classified patients into two groups: those with baseline GSS equal to 1 or 1.5 (considered as functional INSTI monotherapy) and those with GSS of 2.

ARV plasma concentration measurement

To evaluate each patient's adherence to ART, trough plasma concentrations of INSTI (C trough at 12 or 24 h) were determined using ultraperformance LC coupled with tandem MS (Acquity UPLC/TQ24H, Waters Corp., Milford, MA, USA) as described previously. 23 INSTI plasma concentrations were interpreted according to the respective in vitro protein-adjusted IC 95 for WT HIV-1 (raltegravir, 15 ng/mL; 24 elvitegravir, 45 ng/mL 25 )a n d according to the pharmacokinetic/pharmacodynamic relationship of the SAILING trial 26 (dolutegravir, 1000 ng/mL).

Results

Patient characteristics

Of 134 patients failing an INSTI-based regimen, 65, 20 and 49 patients failed raltegravir-, elvitegravir-and dolutegravir-based regimens, respectively. Patient characteristics are described in Table 1.

Viruses at baseline of 34 patients with VF were compared with those of 31 patients with VS under INSTI treatment. Significant differences between both groups were observed for gender, viral load at baseline, nadir CD4 and use of NRTI class in association with INSTIs. Patient characteristics are shown in Table 2.

Read coverage and technical validation of UDS

A median of 62250 reads per amplicon (IQR " 55147-100483) was obtained. The cellular clone 8E5, harbouring a single HIV provirus, was also amplified and sequenced following the same procedure as a control for error rate. The mean + SD of error rate per bp (%) was 0.004+0.0766. The maximal error rate obtained at one nucleotide position was 1.6% but was only observed once in the 5 0 extremity where the reads coverage diminished significantly, far fewer than 5000 reads. Few data are available regarding the threshold to interpret the impact of MiRVs in a clinical context. Therefore, thresholds of 1% and 5% with a minimum coverage of 5000 reads at one nucleotide position were used to retain MiRVs for resistance interpretation.

Sanger sequences were submitted to GenBank with accession numbers MH143121-MH143242 and UDS sequences were submitted to GenBank with accession number SRP137063.

INSTI plasma concentration results

INSTI plasma concentrations at time of treatment failure were available for 102/134 patients. Eighty-five patients (79.4%) had an effective C trough of the INSTIs used, while 6 (5.6%) and 11 (10.2%) patients had low level and undetectable levels of the INSTIs used, respectively. The median (IQR) C trough values for raltegravir q12h, dolutegravir q24h, dolutegravir q12h and elvitegravir/cobicistat on available dosage results were 107 (53. 5-500), 1868 (1310-2877), 2002 (787-3171) and 472 (258-826) ng/mL, respectively (Figure 1).

GSS at baseline based on Sanger genotypic resistance test results

Sanger genotypic resistance test results were available for 130/134 patients failing INSTI-based regimens. Thirteen patients (10%) had a total GSS at baseline of 1 or 1.5, while 117 patients (90%) had a GSS of 2 (44/130, 33.8%) or .2 (73/130, 56.2%).

Prevalence of majority resistant variants (MaRVs) at failure detected by both Sanger sequencing and UDS techniques

Overall, viruses harboured no MaRVs and were then considered as fully susceptible to all INSTIs in 60.4% cases (n " 81/134). INSTI C trough measurement was available for 60 of them. Fifty of these 60 patients (83.3%) had an effective C trough of the INSTIs used, while 4 (6.7%) and 6 (10.0%) patients had a low level and an undetectable level of the INSTIs used, respectively. C trough measurement was available for 42 of 51 patients whose virus was resistant genotypically to at least one INSTI. Effective, low-level and undetectable C trough values were determined in 34 (81.0%), 3 (7.1%) and 5 (11.9%) patients, respectively.

Genotypically, viruses of 35.8% (n " 48), 38.8% (n " 52), 24.6% (n " 33) and 4.5% (n " 6) of patients were considered to be resistant to raltegravir, elvitegravir, dolutegravir q24h and dolutegravir q12h, respectively. Regarding INSTI mutation patterns, among The other INSTI mutations detected were T66A/K/I (n " 3), L74M/I (n " 12), E92Q (n " 6), T97A (n " 10), E138A/K (n " 4), G140A/C/S (n " 7), S147G (n " 4), S153Y (n " 1) and E157Q (n " 3). Q148H/K/R was accompanied by G140A/C/S in 7 cases among the 12 patients harbouring this resistance profile. No patients had the R263K mutation.

No statistical difference was observed in the prevalence of MaRVs at failure in INSTI-naive and -experienced patients (37.8% and 43.2%, respectively; P " 0.729).

Prevalence of MiRVs at failure additionally detected by UDS

UDS additionally detected MiRVs in viruses of 9% (12/134) of patients at the 5% threshold and in 18% (24/134) of patients at the 1% threshold. Among those 24 patients, 13, 3 and 8 failed a raltegravir-, a dolutegravir-and an elvitegravir-based regimen, respectively. Ten out of the 24 patients were previously treated with an INSTI-based regimen.

Considering the 1% threshold, among the 13 patients failing a raltegravir-based regimen (6 were INSTI-experienced patients), we detected the presence of MiRVs at failure, including T66A/I (3/13), E92Q (3/13), T97A (3/13), E138A/K (4/13), G140S (1/13), Y143C (2/13), S147G (1/13), N155H (3/13) andS230G (1/13). In particular, the virus of one patient carried mutations E92Q at 21.5% and N155H at 25.7%, which were detected only by UDS.

Among the three patients failing an elvitegravir-based regimen, R263K was detected at a non-negligible frequency (7.9% and 20.4%) in viruses of two patients who were previously treated with raltegravir. Furthermore, in the virus of another patient naive to INSTI treatment, S230R was additionally detected by UDS at 41%, which was in association with the major mutation N155H found at 100% by both techniques.

Four out of eight patients failing a dolutegravir-based regimen were previously treated with a raltegravir-containing regimen. Only two among them harboured viruses carrying MaRVs detected by both techniques, such as E138K, G140S and Q148H. UDS additionally detected the T66A as MiRVs in these two patients. Six out of 8 patients' viruses (75%) carried solely MiRVs detected by UDS at failure, such as T66A/I (2/6), Y143C/H (2/6), S147G (1/6), Q148R (2/6) and S153F (1/6).

No MiRVs detected by UDS at frequencies of 20% were identifiable from the Sanger sequencing chromatograms even as background noise.

Overall, the presence of MiRVs led to changes in resistance interpretation of the INSTI class in 13% (17/134) of patients when taking into account mutations at the 1% threshold and in 7% (10/134) of patients at the 5% threshold.

No statistical difference was observed in the prevalence of MiRVs at failure in INSTI-naive and -experienced patients (55.6% and 61.3%, respectively; P " 0.527).

To verify if these MiRVs existed prior to treatment or were selected under treatment pressure, we were able to sequence viruses at baseline of 10/24 patients who carried MiRVs at failure; this sequencing was not possible for the 14 other patients due to the absence of samples or low viral load prior to INSTI treatment. Finally, no MiRVs were detected in viruses at baseline of the 10 patients for whom viral sequences were obtained. MiRVs and MaRVs at failure are shown in Table S1 (available as Supplementary data at JAC Online).

Presence of MiRVs at baseline in patients with VF and in those with VS

To further evaluate the impact of MiRVs on response to INSTI treatment, samples at baseline of patients with VF (n " 34) and those with VS (n " 31) were sequenced by UDS. No MaRVs were detected at baseline in either group. Among the 34 patients failing INSTI treatment, 17 (50%) harboured at failure viruses carrying INSTI MaRVs. We detected MiRVs in 5/34 (14.7%) viruses at baseline, but none of these mutations was detected either as majority or minority mutations at failure. Regarding the 31 patients who achieved VS under INSTI treatment, MiRVs were found at baseline in viruses of 4 (12.9%) patients, with one in particular harbouring Q148H at 13.1%. Statistical analysis showed no difference between both groups in terms of presence of MiRVs at baseline (P " 0.817). Detected mutations and clinical data of patients are presented in Tables 3 and4.

Discussion

In this study, we analysed the prevalence and impact of INSTIresistant variants on treatment outcome by a sensitive technique, UDS, compared with Sanger sequencing. In accordance with results from other studies, we detected by both techniques the presence of INSTI MaRVs at failure in only 39.6% of INSTI nonresponders. Indeed, Fourati et al. 13 found the same prevalence (39%) of resistant variants in their study of 502 patients failing a raltegravir-based regimen. Moreover, both studies concluded that, when resistant variants were detected, the most dominant resistant pathways evidenced were N155H and Q148H/K/R. 13 In this study, the INSTI plasma concentration measurement results available (102/134 patients) showed good adherence to ART in 79% of patients. No difference in patient adherence was observed between patients whose viruses carried at least one INSTI MaRV and those without an MaRV. Effective INSTI C trough values in the former and the latter were 83% and 81%, respectively. To explore other factors, such as mutations in the reverse transcriptase and protease at baseline inducing resistance to associated drugs, we evaluated the susceptibility of virus at baseline to ARVs received by calculating the GSS. We found that only 10% of patients had a total GSS of 1-1.5, while 90% of patients had a total GSS of 2 (33.8%) or .2 (56.2%). This suggests that patients were treated with a solid backbone of ARVs and therefore resistance to other drug classes at baseline could not explain failure of the INSTIbased regimen. Therefore, in addition to drug resistance testing and adherence follow-up, other factors might be considered should an INSTI-based regimen fail. A recent in vitro study by Malet et al. 27 has interestingly described a new mechanism of resistance to INSTI with the emergence of mutations located in the nef region of the virus.

To understand and better explain therapeutic failure to INSTIbased regimen, we investigated by UDS the prevalence at failure of MiRVs in 134 INSTI non-responders. We additionally detected the presence of MiRVs in 24/134 viruses (18%) at the 1% threshold, leading to changes in INSTI resistance interpretation in 17 patients. The resistance mutations detected most frequently only by UDS were T66A/I (7/24, 29.2%), E92Q and E138A/K (both at 4/24, 16.7%), T97A, Y143C and N155H (all at 3/24, 12.5%), and S230G and R263K (both at 2/24, 8.3%). Interestingly, R263K, which was reported to be selected in vitro by elvitegravir, 28,29 was detected by UDS at a non-negligible frequency (7.9% and 20.4%) in viruses of two patients failing an elvitegravir-based regimen.

It should be noted that several mutations present at frequencies .20% but only detected by UDS have been described previously 30,31 but the contrary is rarely reported. In this study, one mutation (E92Q) was detected by UDS at 11% but was also detected by Sanger sequencing. This may be explained either by sequencing technique or PCR bias. In our study, some low viral loads (,1000 copies/mL) may have led to possible PCR bias and hence inaccurate quantification by UDS. However, a more important question here is whether MiRVs at any frequency could, given INSTI selection pressure, turn into MaRVs and therefore contribute to INSTI VF.

In fact, several studies have tried to answer this question but the clinical significance of INSTI MiRVs is still debated. 18,32-34 To the best of our knowledge, few studies have conclusively established the relationship between the presence of integrase gene MiRVs and the risk of failure under INSTI treatment. A study by Charpentier et al. 18 using UDS at a detection threshold of 1% reported a prevalence of 9% of raltegravir-resistant variants at baseline but no association with VF was established. Another study MiRVs in patients failing an integrase inhibitor-based regimen JAC by Charpentier et al. 34 using UDS on 27 patients receiving dolutegravir plus lamivudine treatment showed that 26% of patients harboured INSTI MiRVs in baseline DNA genotypes, although all maintained virological suppression. To better characterize this association, we used UDS to search for the presence at baseline of integrase gene MiRVs in patients with VF and in those with VS receiving INSTI treatment. We found that MiRVs at baseline were present in both groups with similar prevalence (14.7% versus 12.9% in treatment failure and treatment success groups, respectively). Moreover, MiRVs detected at baseline in 5/34 patients failing an INSTI-based regimen were not found at failure as either majority or minority mutations regardless of selection of other MaRVs at failure. These results suggest that the presence of INSTI MiRVs at baseline might not be associated with risk of VF in patients receiving INSTI treatment. However, the clinical significance of MiRVs at baseline is somehow still questionable because the presence of certain pre-existing MiRVs could probably facilitate selection of other MaRVs at failure, although the mechanism for this has not been demonstrated. Moreover, if switching to other INSTIs is considered after failure to an INSTI, the presence of MiRVs at failure could be important for choice of switch especially if patients are not treated with a fully active backbone or if their virus replicates for a long time under INSTI treatment.

This study has some limitations. We determined the detection threshold of UDS based on an external control, the cellular clone 8E5 harbouring a provirus instead of a viral RNA template. The error rate could be higher than measured if the reverse transcription step is taken into account and if samples are of low viral load creating insufficient templates for sequencing. However, the two rounds of PCR were performed with highly effective and high-fidelity enzymes, which are expected to induce a very low error rate as described elsewhere (,1%). 35,36 Nevertheless, based on this limitation, two thresholds (1% and 5%) of MiRV detection were presented in this study.

Another limitation in this study was the low number of patients selected in the two groups of patients with VF and VS, making it difficult to draw a robust conclusion about the clinical impact of baseline MiRVs. Importantly, to ensure that MiRVs detected in patients with VS would not be affected by previous exposures to ARVs or INSTIs, we included only those initiating their first-line ART via an INSTI-based regimen. Several differences were observed in the two groups of patients, but these were coherent with our selection criteria. The same prevalence of baseline MiRVs detected in patients with VS compared with those with VF can therefore be presumed to enhance our conclusion about the small impact of baseline MiRVs on INSTI response. In conclusion, the present study showed a prevalence of 39.6% of INSTI-resistant variants by Sanger sequencing and 57.5% by UDS at the 1% threshold among 134 patients failing an INSTIcontaining regimen, without significant impact on the virological outcome of an INSTI-based regimen containing raltegravir, elvitegravir or dolutegravir.

INTRODUCTION

Hepatitis C virus (HCV) is a leading cause of morbidity and deaths worldwide. Despite the considerable reduction in number of HCV infections recently, there are still approximately 399 000 deaths each year largely due to hepatitis C-related liver diseases [1]. Remarkable advances have been made in treatment of HCV infection, notably with the introduction of direct-acting antivirals (DAAs). However, as a highly variable virus with many quasispecies, HCV can select in vitro and in vivo Resistance-Associated Substitutions (RASs) to antivirals in particular to anti-NS5A owing to their low genetic barrier [2]. Several studies have been performed to study prevalence of RASs at baseline, their emergence under anti-NS5A treatment but mainly in HCV genotype (GT) 1 infected patients. RASs have been shown to be present at 10-15% in HCV GT1 prior to treatment and negatively impact response to anti-NS5A containing regimen [3]. In addition, GT3 and non-a-GT4 especially GT4r are well known as hard-to-treat genotypes in particular due to some pre-existing polymorphisms associated with resistance in cases of GT4r infection [4,5]. However, more data on resistance of HCV GT3 and 4 to DAAs, especially on pre-existing RASs at low frequency and their impact on NS5A and NS5B inhibitors, are still needed. In real life, the failure rate under GT3 and GT4-specific DAA treatment fluctuates in a range of 3%-5% in treatment-naïve patients without cirrhosis but could be higher up to 10% in treatment-experienced and cirrhotic patients [6,7].

Furthermore, studies often utilized Sanger sequencing and thus possibly underestimated RASs prevalence.

Next-generation sequencing (NGS) allows detection of minority RASs representing less than 20% of viral population which are under detection threshold of Sanger sequencing. Therefore, in this study, we evaluated in patients failing anti-NS5B with or without anti-NS5A regimens the prevalence of RASs at baseline and at failure, and the emergence dynamics of pre-existing minority RASs by NGS in a context of HCV GT3 and GT4 infection.

STUDY DESIGN AND METHODS

Study design

Available samples prior and post-treatment of 13 HCV patients failing an anti-NS5B (Sofosbuvir (SOF)) with or without anti-NS5A regimen (Ledipasvir (LDV) or Daclatasvir (DCV)) were collected at the Pitié-Salpêtrière (n = 12) and the Bichat (n = 1) hospitals, Paris, France between January 2014 and June 2016.

Patients were defined as failing HCV therapies if they met the following criteria: 1) They had a detectable viral load within 6 months after completing treatment; 2) they harboured the same consensus viral sequence at baseline and at failure; and 3) they had no evidence of reinfection from the same viral sources.

All patients gave their written informed consent to release the data in their electronic medical records and for using their samples in the conduct of clinical research.

Error rate control

Synthetized double stranded DNA of the same NS5A gene fragment of isolate H77 from MWG-Biotech (Eurofins, France) was also amplified and sequenced with the same procedure as a control for error rate.

RESULTS

Patients' characteristics

Ninety two percent of patients were male with a median age of 56 years (IQR = 51-60). The median HCV viral load was 5.8 log IU/mL (IQR = 5.5-6.6) at baseline and 6.3 log IU/mL (IQR = 5.6-6.5) at failure. Five patients (38%) were cirrhotic (F4 Metavir). Seven patients (54%) were co-infected with HIV. Patients were infected with HCV GT3a (4/13, 31%), GT4a (3/13, 23%), GT4d (5/13; 38%), and GT4r (1/13, 8%). For HCV treatment history, 8 patients (61.5%) were HCV treatment-naïve and 5 (38.5%) were previously treated by pegylated interferon alfa (PEG-IFN) and ribavirine (RBV). Regarding DAA therapies, 10 patients (78%) received sofosbuvir (SOF) + NS5A inhibitors ± RBV (3 patients treated by daclatasvir (DCV) and 7 by ledipasvir (LDV)) and 3 (18%) received SOF + RBV ± PEG-IFN. Virological failure occurred after a median time of 4 months following the end of DAA treatment.

Reads coverage and error rate control for NGS

A median of 77163 reads per amplicon (IQR: 66563-90018) was obtained. The mean ± SD of error rate per bp (%) realized on synthetized dsDNA was 0.02 ± 0.13. Therefore, a cut-off of 1% was used for calling mutations and interpreting drug resistance.

Prevalence of pre-existing substitutions at baseline

No baseline RASs was detected on NS5B gene for all 13 patients. On NS5A gene, we detected pre-existing RASs or polymorphisms in viruses of 6/10 patients (L28M for a GT4a, M28V for a GT4r, L30R for a GT4a, 2 GT4d ,and 1 GT4r, T58P for a GT4d) by Sanger sequencing and in viruses of 7/10 patients by NGS.

Additional baseline minority substitutions detected only by NGS were Y93H (at frequency of 1%) in a GT3a virus, L28M in a GT4a and a GT4d virus (at 1.8% and at 1.1%, respectively), and L28F (at 1%) in a GT4d virus. Y93H was detected alone at baseline while L28M or L28F were accompanied by naturally occurring polymorphisms, known to be implicated in anti-NS5A resistance, such as L30R and T58P.

Another polymorphism associated with GT4 virus-specific resistance was also detected by both techniques at baseline, such as the substitution at codon 30 (L30R) in 1/3 GT4a and in 3/3 GT4d and 1/1 GT4r viruses.

Details of substitutions detected and patients' clinical information are shown in supplementary tables S1 and S2.

Prevalence and emergence of RASs at failure

For the NS5B region, we identified by Sanger sequencing and NGS the RAS S282T (at 98.8%) in plasma of one GT4r virus. This mutation was not detected at baseline even in minority. Interestingly, by NGS, we detected the emergence of pre-existing substitutions, which have not yet known to be associated with resistance against anti-NS5B, in viruses of 2 patients (N300S in one GT4a and K270R + I523M in one GT4d virus). Furthermore at failure, the GT4d virus with K270R and I523M on NS5B also acquired Y93H on NS5A.

For the NS5A region, both NGS and Sanger sequencing detected presence of RASs or polymorphisms implicated in resistance in viruses of 8/10 patients (two GT3a and six GT4). Viruses for two of them (one GT3a and one GT4a) carried the Y93H at failure in majority which were not detected at baseline even by NGS.

Interestingly, the emergence of baseline pre-existing minority substitutions on NS5A was found in viruses of four patients. The RAS Y93H emerged from 1% at baseline to 98.7 % at failure in one HCV GT3a infected patient treated by SOF + DCV + RBV. In three other patients infected by a GT4 virus and treated by SOF + LDV, we detected the emergence from around 1% (1%-1.8%) at baseline up to nearly 100% (88%-100%) at failure of three substitutions at position 28 (L28M and L28F) which were accompanied by polymorphisms L30R in two patients and L30R + T58P in the third patient.

The pre-existing polymorphism such as the substitution at codon 30 (L30R) in 1/3 GT4a and in 3/3 GT4d and 1/1 GT4r viruses was also detected at failure by both techniques.

Details of substitutions detected and patients' clinical information are shown in supplementary tables S1 and S2.

DISCUSSION

In this study, we aimed to study RASs to DAAs in patients infected with HCV GT3 or 4 by NGS at a detection threshold of 1% which is more sensitive than that used in other clinical studies [10]. This threshold allowed a better characterization of mutant dynamics before and after DAA failure and strong dynamics of RAS emergence could somehow reflect their potential impact on DAA response. In accordance with other studies about RASs on NS5B region, we detected at failure a low rate (1/13 patients) of RASs (S282T) to NS5B inhibitors or precisely to SOF. No RASs, including minority substitutions, were detected at baseline even by UDS. Similarly, a study on 1459 sequences (91% from DAA-naïve patients) extracted from the Nucleotide NCBI database by Chen et al. reported a low global prevalence of RASs to SOF (3.9%) or lower if considering the S282T (occurred in one sequence) [14]. A more recently published study by Gane et al. reported that in 8598 patients, no S282T substitution was detected at baseline and only 10 of 901 (1%) patients had the S282T detected at virological failure [15]. In our study, mutations which have never been described in resistance to NS5B inhibitors were also analysed. We detected the emergence of mutants such as N300S in one GT4a and K270R + I523M in one GT4d virus at failure under SOF containing regimen. Importantly, the K270R substitution has been previously described to be selected together with other mutants in HCV GT1b-replicon cells in an in vitro study [16]. Hence, the impact of these substitutions on response to NS5B inhibitors should be further investigated by mutagenesis or on a larger group of patients.

Emergence of pre-existing minority substitutions on NS5A was detected in viruses of 4/10 patients such as Y93H, which is known to confer medium to high level of resistance to NS5A inhibitors, in one GT3a virus and substitutions at position 28 (L28M, L28F) in three GT4 viruses. Furthermore, emergence of substitutions L28M and L28F were accompanied by baseline polymorphisms L30R alone or by L30R + T58P in three HCV GT4-infected patients treated by SOF + LDV. To our knowledge, few studies have evidenced emergence and impact of substitutions at position 28 with resistance to LDV in GT4 virus. A study by Dietz J et al. on 18 patients infected with HCV GT4 and failing LDV/SOF regimen showed that RASs L28M/V became prominent in 39% of patients [17]. Furthermore, an in vitro study demonstrated that L28M + L30R could confer a 350-fold decrease in DCV susceptibility in GT4 virus. In the same study, DCV was shown to be 45 fold more potent than LDV against L28M and 15 fold more potent against L30R [18]. Last but not least, the impact of substitutions at position 28 on LDV response has been well described for GT1 virus [19] and substitution at this position could even impact newly approved DAA molecules such as pibrentasvir [20].

Although the new substitution L28F was not tested in phenotypic in vitro model in this study, our finding gives a perspective for further investigations of this substitution by mutagenesis and highlights the need to list substitutions at codon 28 of NS5A protein in resistance interpretation guidelines for GT4 virus.

One of the limitations in our study is the low number of patients enrolled on one hand because of high and increasing SVR rate under DAA therapy and on the other hand because of amplification failure or absence of samples at baseline. In addition, the investigated group is heterogeneous making it difficult to draw a robust conclusion for a specific genotype or a specific profile of patients. As the control group of patients responding to DAA therapy was not investigated in parallel, no inference about the clinical significance of baseline minority RASs on treatment response has been conclusively established. However, this study using a highly sensitive technique (NGS) revealed the emergence of specific patterns of substitutions on NS5A and NS5B in patients infected by HCV GT3 and 4 and failing a DAA regimen. This finding proves the usefulness of NGS compared to Sanger sequencing in detecting minority pre-existing RASs which could emerge under treatment pressure and impact the treatment outcome. RASs screening by NGS might not be beneficial enough in firstline therapy thanks to the high SVR rate of DAA treatment. However, in the case of failure on previous DAA regimens, RASs in particular on NS5A gene could be accumulated under treatment pressure and gradually disappear after the end of treatment. NGS, when feasible and more accessible in clinical practice, should be performed right before retreatment by new DAA regimens especially if a same class of DAAs is considered, to choose an optimized strategy of retreatment. In italic: substitutions detected to emerge from minority at baseline to majority at failure. Mutational load was calculated as the product of frequency of substitutions detected by NGS and plasma viral load. Rate of substitution emergence at failure of one substitution was the ratio of mutational load at baseline to mutational load at failure of that substitution. 

INTRODUCTION

HCV infection among HIV-infected men who have sex with men (MSM) has become an outbreak since several years particularly in urban centres in Europe, Australia, and the United States [1][2][3][4][5]. Indeed, a remarkable increase in HCV incidence among HIV-positive MSM was reported by studies of longitudinal cohorts. In

France, data from the large Dat'AIDS cohort showed a regular increase of HCV incidence from 4.3 to 11.1 per 1000 person-years (PY) from 2012 to 2016 in French HIV-positive MSM despite a high HCV treatment coverage and cure rate [6]. Data from a meta-analysis of 28 studies revealed a pooled incidence of HCV at 7.8 per 1000 person-year (PY) in HIV-positive MSM while it was only 0.4 per 1000 PY in HIV-negative MSM in resource-rich countries such as Europe, Australia, the United States, and Canada [7]. Importantly, the incidence of HCV infection in HIV-negative MSM could reach 14 per 1000 PY if individuals are eligible for Pre-Exposure Prophylaxis (PrEP), mostly due to their high-risk sexual practices [8].

Sequencing and phylogenetic analyses are powerful tools to understand transmission dynamics at molecular level. Individuals are considered to share the same transmission chain if their viral populations are more genetically similar to each other than expected by chance and demonstrated by a tight cluster on phylogenetic trees satisfying requirements of branch support value and genetic distance threshold [9]. For example, a collaborative study by phylogenetic approach enrolling HIV-positive MSM recently diagnosed with HCV infection from England, Netherlands, France, Germany, and Australia (n= 226) highlighted a large European MSM specific HCV transmission network [2]. Moreover, several studies showed the spread of HCV strains from HIV-positive toward HIV-negative MSM [10,11]. HCV antibody testing is therefore recommended for MSM at high risk of HIV infection and included in PrEP programs.

To date, phylogenetic studies are often based on Sanger sequencing method to identify transmission chains [12,13]. However, Sanger sequencing, with only one bulk or consensus sequence generated, is unable to fully characterize intra-host genetic diversity especially for RNA viruses such as HCV [14]. Moreover, HCV infections are considered to be frequently established through transmission of minority variants [15][16][17]; a consensus sequence cannot therefore reliably capture such transmissions. Ultra-deep sequencing (UDS) with a high throughput of sequencing data allows detecting minority viral populations down to 1% and is able to characterize in-depth viral population. Therefore, in this study, we aimed firstly to identify and characterize HCV transmission chains and secondly to detect closely related HCV transmission events by UDS among HIV-positive and HIV-negative MSM with recent HCV infection.

II. MATERIALS AND METHODS

Study design and patients

Fifty-five patients with recent HCV infection (50 HIV-positive and 5 HIV-negative), followed at the Pitié-Salpêtrière, Saint-Antoine and Tenon hospitals, Paris, France and 13 HIV-negative patients from the ANRS IPERGAY study (Intervention for prevention of HIV acquisition by antiretroviral therapy for PrEP among gay men at high risk of HIV-1 infection) [18,19] were enrolled. Overall, six patients were enrolled between July Sanger dataset (all genotypes in one tree) and on UDS dataset (separate tree for each genotype for better visualization) by FastTree software (version 2.1) [21] using generalized time-reversible as mathematics model.

Transmission chains were picked up by ClusterPicker software (version 1.2.3) [22] if branch support value calculated by Shimodaira-Hasegawa test was superior to 0.80 and maximum genetic distance (MGD) among individuals (>= 2 individuals) satisfied different levels: 3% for Sanger, and 3% or 4.5% for UDS. Trees were visualized in MEGA7 [23].

III. RESULTS

Patients' characteristics and sequencing results

The patients' characteristics are presented in table 1. Briefly, the median age was 38.5 years (IQR, 30.5-46.0) and the majority were MSM (85.3%). Among the 68 patients enrolled, 15 were cases of HCV reinfection and three were considered as possible recent HCV infections. HCV sequencing showed genotype 1a (47.1%), 4d

(41.2%), 3a (8.8%), and 2k (2.9%).

A median of 2389 sequences (interquartile range [IQR], 1851-2960) per sample was obtained after quality trimming step.

Comparison of HCV transmission chains identified by UDS and Sanger

At 3% of MGD, Sanger detected 10 transmission chains in which a median of 3 subjects (min-max = 2-6) was identified while UDS at 3% of MGD detected 17 chains (median = 2 subjects, min-max = 2-5) and UDS at 4.5% of MGD detected 18 chains (median = 2 subjects; min-max=2-6). The number of subjects identified within each transmission chain was not statistically different among Sanger and UDS at 3% and 4.5% of MGD (p value > 0.31 for all paired comparisons among Sanger at 3% of MGD and UDS at 3% and 4.5% of MGD)

.

In particular, UDS allowed detection of hidden transmission chains through minority variants. UDS at 3% and 4.5% of MGD allowed detection of three and four additional transmission chains, respectively which were not detected by Sanger (table S2 of supplementary data). One transmission chain among these was formed from one individual living in Paris and another residing outside of Paris (from IPERGAY study). Moreover, four subjects were additionally detected by UDS to be included in transmission chains (Table S1). However, Sanger sequencing also allowed detection of one transmission chain (chain 5 in table S1 of supplementary data) which

was not noticed at all by UDS.

Individuals inside and outside HCV transmission chains

Out of 68 individuals enrolled, 38 (55.9%), 38 (55.9), and 43 (65.3%) were detected to be part of transmission chains by Sanger and UDS at 3% and at 4.5% of MGD, respectively. The HIV co-infection and HCV reinfection rates in group of individuals inside and outside transmission chains were not statistically different whatever the technique used (table 2).

HCV transmission chains including HIV-positive and HIV-negative individuals

HCV transmission chains including HIV-positive and HIV-negative individuals were observed in 8/10 (80%) chains by Sanger, in 9/17 (52.9%) by UDS at 3%, and in 10/18 (55.6%) by UDS at 4.5% of MGD. Overall, among 18 HIV-negative MSM included in this study, the number of HIV-negative individuals clustering with HIV-positive ones was 9 by Sanger, 9 by UDS at 3%, and 10 by UDS at 4.5% of MGD. By UDS at 4.5% of MGD, 8 out of 13 HIV-negative individuals (61.5%) from IPERGAY trial enrolled in this study were detected to belong to transmission chains.

Closely related HCV transmission events

In a second analysis, we described individuals belonging to closely related transmission events because numerous sequences of different samples were identical or almost identical (MGD <0.5%). Five events considered as closely related transmission were detected in chain 3, 4, 7, and 8 (table S1 of supplementary data). In detail, we detected this event between individuals 9 and 10 (2 months of difference in date of HCV infection); 13 and 14 in chain 3 (14 months), among individuals 15, 16, 18, and 19 in chain 4 (14 months), among individuals 27, 28, and 29 in chain 7 (5 months), and among individuals 30, 33, 34, and 35 (39 months) in chain 8.

An example of phylogenetic tree constructed from UDS sequences of two individuals, 9 and 10, is shown in figure 1. Another example of phylogenetic tree constructed from UDS sequences of three individuals, 27, 28, and 29, is shown in figure S1 of supplementary data.

IV. DISCUSSION

In this work, we identified HCV transmission chains in MSM either co-infected by HIV or at high risk of HIV acquisition in Paris by UDS and Sanger sequencing. Our study revealed a high HCV clustering rate (from 56% to 65%) whatever the techniques used signifying a dynamic transmission among them. Moreover, one patient under PrEP living outside Paris was enrolled and this patient was found to be part of a transmission chain by UDS. Therefore, in case of HCV infection, early initiation of treatment should be carried out in this population to rapidly prevent further spread of the virus.

Transmission chains were identified at cut-off of 3% of MGD by Sanger and at two different cut-offs of 3% and 4.5% of MGD by UDS. Indeed, few studies have conclusively established the cut-off of MGD to identify a transmission chain among HCV-infected people by UDS, varying from 2 to 4.5% [11,[24][25][26][27]. It may be difficult to compare Sanger and UDS techniques at the same cut-off of MGD because UDS allows a much deeper characterization of viral diversity. In this work, NS5B deep sequencing improved the discrimination of transmission chains versus Sanger sequencing which was in line with results from a study of Montoya et al. [25]. UDS at both thresholds of MGD identified a median of two subjects within a transmission chain compared to a median of three subjects by Sanger sequencing but this difference was not statistically significant. Importantly, UDS allowed establishing more solid transmission events and the transmission dynamics among individuals within each chain could be further evaluated through detection of numerous clustered viral strains. For example, we detected five transmission events considered very closely related i.e.

individuals harboured viruses with numerous overlapped sequences (MGD < 0.5%). Importantly, among them, some harboured viruses with multiple identical sequences (MGD = 0%) suggesting direct transmission events [28]. However, it is not possible to confirm direct transmission from one person to another using molecular data alone. Indeed, both could be infected from a third source, or they could be connected indirectly through a transmission chain including one or more intermediaries. Although transmission directionality was not inferred due to lack of specific epidemiological data, patients included in these events should be followed more closely including the communities around them to assure a rapid intervention.

In this study, UDS also detected hidden transmission chains by identifying transmission linkages through minority viral strains. However, the deeper characterization of viral variability is also the reason why UDS did not detect one transmission chain found by Sanger technique. The MGD among sequences of the three individuals involved in this transmission chain was 2.64% with Sanger sequencing while the genetic distance among viral sequences of the three individuals is higher than the MGD threshold of 3% and 4.5% with UDS.

Therefore, UDS did not capture the transmission linkage among these individuals as Sanger did. Hence, further studies would be necessary to determine the most suitable cut-off for transmission chain identification by UDS.

Thereby, UDS would be interesting to deeply characterize transmission patterns such as directness or directionality among individuals; however, it is not more useful than Sanger sequencing in term of large-scale prevention and rapid intervention.

Importantly, depending on the techniques and MGD cut-off used, 53% to 80% of transmission chains identified included both HIV-positive and HIV-negative subjects and more than 50% of HIV-negative subjects enrolled in this study clustering with HIV-positive ones. The shared HCV transmission networks among HIV-positive and HIV-negative MSM were also observed in two studies conducted in Amsterdam, the Netherlands and in Lyon, France [10,11]. Our results raise an alert for better screening, monitoring, and surveillance of HCV infection in this high-risk community regardless of the HIV status.

Even though the HCV reinfection rate in subjects inside transmission chains was not statistically higher than in subjects outside them, the need of follow-up for possible HCV reinfection and of patient support and education to prevent HCV reinfection and transmission arise in this high-risk population. Last but not least, 61.5% of HIV-negative individuals under PrEP enrolled in this study were detected to belong to transmission chains by UDS at 4.5% of MGD. Therefore, surveillance of HCV infection by HCV viral load instead of anti-HCV antibody test would be more advantageous to rapidly intervene and control transmission for those in PrEP programs.

An interesting study by Caro-Pérez et al. has showed an HCV outbreak in HIV-positive MSM in Barcelona related to a previously described European MSM transmission network [29]. For that reason, our high throughput of HCV sequencing data from HIV-positive and HIV-negative MSM in Paris will be further investigated to study the transmission network of these populations with HCV sequences of other MSM at

European level [2].

A limitation in our study was the length of fragment NS5B sequenced. Indeed, a longer sequence could permit more accurate differentiation of linked or unlinked virus and thus more exactly identify transmission chains [30]. In our study, a quite short fragment of NS5B was amplified but it was counterbalanced by a high depth of coverage by UDS. Furthermore, this strategy had been applied in different settings [15,31]. Another limitation of this study is that we did not have sufficient epidemiological data to confirm the true transmission events among individuals. However, the fact that almost all individuals (67/68) were from Paris justified in some way their epidemiological connection as well as the fact that transmission chains identified by UDS were established through multiple clustered viral strains increased the likeliness of true transmission event identification.

In conclusion, in this study, a high clustering rate of HCV was observed in HIV-positive and HIV-negative MSM communities in Paris, particularly those engaged in PrEP program. Furthermore, HIV-positive MSM shared HCV transmission networks with HIV-negative MSM. The more frequently screening and surveillance of HCV infection regardless of the HIV status is essential to prevent the spread of HCV in these high-risk communities. Age (years), median (IQR) 38.5 (30.5-46.0) 42.5 (34.5-46.0) 32.0 (27.5-35.8) Men having sex with men, n (%) 58 (85.3) 43 (86.0) 15 (83.3) Unknown sexual orientation, n (%) 10 (14.7) 7 (14.0) 3 (16.7) HCV viral load, log IU/ml, median (IQR) 5.9 (5.3-6.7) 5.9 (5.3-6.9) 5.5 (5.3-5.6) HCV 

INTRODUCTION

Although current treatments of HCV infection especially pan-genotypic direct-acting antivirals (DAAs) allow a high rate of sustained virological response (SVR) [1], some failures are still observed, e.g. in case of HCV genotype (GT) 3 infection [2]. Mixed HCV genotype (GT) infections (infection with two or more HCV GTs) [3] are still a clinical concern as HCV of different GTs have different sensitivities to current GT-specific DAAs. The observed prevalence of mixed HCV GT infections ranges from 14% to 39% in people who inject drugs depending on the sensitivity of methods used [3][4][5][6]. The prevalence is high in this population mostly due to their high-risk behaviors such as ongoing injection and needle sharing. As well, the prevalence of mixed HCV GT infections in men having sex with men (MSM) at high risk of multiple HCV exposures may probably be high. However, few data about the mixed HCV GT infections are available in this population. To the best of our knowledge, a few documented case reports of superinfection defined as detection of different HCV strains after the persistent infection of primary HCV strains [3] were reported in HIV/HCV co-infected MSM via sexual transmission [7][8][9]. More profound knowledge about the prevalence of mixed HCV GT infections in this community could help to establish an optimized strategy for surveillance, diagnostics, and treatment regimen. Ultra-deep sequencing (UDS) allows detecting minority viral population down to 1%, which is suitable for an extensive analysis of complex viral populations. In this study, we aimed to investigate by UDS the prevalence of mixed HCV GT infections in a population MSM with high-risk behaviors who were recently diagnosed with HCV infection.

MATERIALS AND METHODS

Study design and patients

Pre-treatment plasma samples within the period defined as recent HCV infection were collected from 55 patients (50 HIV-positive and 5 HIV-negative), followed at the Pitié-Salpêtrière, Saint-Antoine and Tenon hospitals, Paris, France and 13 HIV-negative patients from the ANRS IPERGAY study (Intervention for prevention of HIV acquisition by antiretroviral therapy for PrEP among gay men at high risk of HIV-1 infection) [10,11] 

Extraction, amplification, and deep-sequencing

Eighty microliter of HCV RNA were extracted from 1 ml of plasma using NucliSENS® easyMAG® (bioMérieux Clinical Diagnostics) and the NS5B fragment of 388 bp (8256 to 8644) was reverse-transcribed and amplified by PCR in a one-step process (Superscript III One-step RT-PCR with platinum Taq kit;

Invitrogen, USA) according to the manufacturers' protocol by 2 pan-genotypic primers Forward: 5'-ATATGAYACCCGCTGYTTTGACTC-3' and Reverse: 5'-GCNGARTAYCTVGTCATAGCCTC-3'.

Multiplexed samples were pooled and subjected to standard Illumina Miseq paired-end sequencing at 2x250 bp.

UDS data analysis

UDS data were analyzed by Geneious software (version 10.3.2, http://www.geneious.com) [12]. Paired reads were firstly merged, primer-removed and quality-trimmed. Sequences of good quality were error-corrected by BBNorm from the BBtools package included in Geneious. Corrected reads of each sample were clustered by de novo assembly approach at 90% of similarity where almost all reads were assembled. All contigs and unassembled reads were aligned to a reference sequence corresponding to the predominant subtype with maximum mismatches allowed per reads depending on the intra-genotype variability (according to the literature, 17% of maximum mismatches for GT1, 18% for GT2 samples, 20% for GT3 and 16% for GT4) [13]. Sequences unable to map to the reference were put aside and their subtypes were verified by Geno2Pheno

(available at https://www.geno2pheno.org/) [14]. When their subtypes were different with the predominant subtype, these sequences were considered either mixed infections or contaminations. Suspected contaminations were detected by building phylogenetic trees using FastTree [15] (General Time Reversible model, available at http://www.microbesonline.org/fasttree/#Install) with viral sequences of the other samples in the same experiment. If the genetic distance among them was superior to 3%, we considered these sequences as mixed infections. If else, we suspected contaminations.

RESULTS

Sequencing results and patients' characteristics

A median of 2389 sequences (IQR: 1851-2960) per sample was obtained after quality trimming step. The median age of patients was 38.5 years (IQR: 30.5-46.0); the median of HCV viral load was 5.9 log IU/ml (IQR:

5.3-6.6); and the median value of ALAT was 320.0 IU/L (IQR: 146. 5-535.5). A majority of them were MSM (85.3%) and the others were reported with unknown sexual orientation. HCV genotyping by Sanger sequencing showed GT1a, GT4d, GT3a, and GT2k infection in 47.1%, 41.2%, 8.8%, and 2.9% of patients, respectively.

Fifteen patients experienced HCV reinfections and three were possible recent HCV infections. Most of patients (73.5%) were co-infected with HIV. Patients' characteristics are presented in table 1.

obtained from UDS and the later GT4d sequence from Sanger sequencing was not decisive enough to distinguish whether the same virus emerged or a different virus was contracted.

Of note, two patients were HIV co-infected and the other was included in a PrEP program (the IPERGAY trial). A concurrent mixed HCV GT infection is associated with faster immunological progression and faster clinical progression in patients co-infected with HIV if they are not treated effectively with antiretrovirals [5].

Moreover, mixed HCV GT infections possibly impact the treatment outcome of GT-specific DAAs [17,18].

However, in this study, the three patients with mixed infections obtained virological success under anti-HCV treatment. It is not surprising because the minority GT and the predominant GT viral populations involving GT1 (GT1a and GT1b) and GT4 virus have equivalent susceptibility to anti-HCV treatment (either by sofosbuvir/ledipasvir or peginterféron alfa-2a/ribavirine). Indeed, a study on 335 patients co-infected with HIV-1 and HCV GT1 (GT1a and GT1b) or GT4 who received sofosbuvir/ledipasvir showed similar SVRs across different HCV GTs [19]. It is probably the reason why no deleterious impact on treatment response has been expressed in the three cases of mixed GT infections in this study.

In this study, a strict cut-off of 3% of genetic distance was used to totally eliminate contamination from PCR or sequencing steps. Only sequences of a sample with genetic distance greater than 3% compared to sequences of other samples in the same experiment were considered as mixed infections. This cut-off is quite strict, which may underestimate the mixed GT infection rate in our study. Indeed, another mixed GT infection between predominant GT3a and minority GT1a virus was detected if using a cut-off less strict at 1% of genetic distance.

In this study, we identified only mixed infections of different GT viruses while mixed infections of different subtype viruses in the same GT are possible. Therefore, further studies using different analysis approaches will be interesting to address this question.

In conclusion, we observed a prevalence of 4.4% of mixed HCV GT infections in a population of MSM at high-risk behaviors with recent HCV infection. Determining HCV genotype becomes less clinically significant with the introduction of pan-genotypic DAAs. However, these treatments are still not globally available and affordable, especially in resource-limited countries. Despite the treatment success of patients with mixed HCV GT infections in this study, it was limited to only three patients. Therefore, the impact of mixed HCV GT infections on anti-HCV treatment response in MSM with high-risk behaviors is still questionable. For treatment failure prevention, early initiation of pan-genotypic anti-HCV treatment is needed. In case of unavailability of pan-genotypic DAAs, regular monitoring of treatment response is therefore important in this high-risk population. Age (years), median (IQR) 38.5 (30.5-46.0) 42.5 (34.5-46.0) 32.0 (27.5-35.8) Men having sex with men, n (%) 58 (85.3) 43 (86.0) 15 (83.3) Unknown sexual orientation, n (%) 10 (14.7) 7 (14.0) 3 (16.7) HCV viral load, log IU/ml, median (IQR) 5.9 (5.3-6.7) 5.9 (5.3-6.9) 5.5 (5.3-5.6) HCV genotype 
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  HIV & AIDS statistics fact sheet 2018). Moreover, the annual AIDS-related deaths have dropped by 51% since the first global treatment target in 2004 (UNAIDS, Global HIV & AIDS statistics fact sheet 2018). Even in the most affected region such as eastern and southern Africa, the number of people on treatment has more than doubled and the ADIS-related deaths has decreased 30% since 2010. In spite of huge improvement and gains in HIV-infected patient's care, challenges still lie ahead and attention is still necessary to fight against HIV infection and AIDS-related diseases.
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 4 Figure 4: Landmarks of the HIV-1 genome, HXB2 (K03455).

  The large precursor molecules traffic to membranes where they assemble into a new generation of virus particles[START_REF] Ganser-Pornillos | The structural biology of HIV assembly[END_REF]. During particle release, they undergo a maturation process where they are cleaved by the protease into mature proteins resulting in the production of structural proteins and viral enzymes. This process leads to formation of infectious virion particles.The HIV reverse transcriptase has some enzymatic errors by default: an error-prone activity during RNA-DNA transcription which is about 1 in 10000 nucleotides, meaning that one false nucleotide is incorporated in the HIV genome for each replication cycle. Selective pressures within the host and low fidelity of RT in combination with the lack of an error correcting/proofreading mechanism during replication lead to production of genetic variants within the HIV-1 genome, resulting in viral quasispecies[START_REF] Domingo | Viral quasispecies evolution[END_REF]. The quasi-species are subjected to a continuous process of genetic variation, competition among generated variants, and selection of the fittest distribution in a given environment. The quasispecies enable virus to escape the host immunity and contribute to variations in HIV-1 pathogenesis among infected patients. The following figure represents quasispecies dynamics of virus under drug-selective pressure leading to selection of drug-resistant mutations.
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 5 Figure 5: Quasispecies dynamics under HIV treatment pressure (taken from http://www.aidsmap.com/What-is-drug-resistance/page/1327026/)

  carinii pneumonia, Toxoplasma gondii encephalitis, cryptosporidiosis, Kaposi's sarcoma (caused by human herpes virus 8), tuberculosis, lymphomas (caused by Epstein-Barr virus) and oesophageal candidiasis commonly are seen during this stage. Neurologic complications include mononeuritis, myelitis, cranial nerve palsies, and idiopathic peripheral neuropathy. Some patients develop a syndrome of HIV-associated nephropathy characterized by rapidly progressive glomerulonephritis and high-grade proteinuria leading to end-stage renal disease[START_REF] Vergis | Natural history of HIV-1 infection[END_REF].
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 67 Figure 6: The relationship between HIV-1 virus load (red line) and CD4+ T-cell count (blue line) over time in a typical case of untreated HIV-1 infection (taken from Rowland-Jones, 2003)

  INSTIs block the integration step of HIV DNA into the host DNA by binding to the catalytic site of the viral integrase enzyme, resulting in an inhibition of HIV replication. HIV-1 resistance mechanism to INSTIs involves mostly mutations in the vicinity of the INSTI-binding pocket.

Table 4 (

 4 continued): Algorithm for INSTI resistance interpretation according to the ANRS guideline of baseline MiRVs on treatment response has been evidenced for patients on first-line therapy of first generation NNRTI containing regimens. Indeed, a meta-analysis of Li et al. from data of 10 studies (most of studies used allele-specific PCR) with 985 participants displayed that baseline MiRVs involving NNRTI-resistance were significantly associated with a more than twofold increase in risk of virological failure (VF) in patients treated by first generation NNRTIs-based regimens as first-line therapy (Li et al. 2011). In parallel, a multi-cohort European case-control study using deep sequencing (454 pyrosequencing) revealed a doubled risk of VF on first-line NNRTIbased ART with presence of baseline NNRTI-MiRVs (Cozzi-Lepri et al. 2015). Importantly, an

  baseline RPV-resistant patterns, only limited data are available. The impact of MiRVs on virological response to RPV containing regimens was evaluated in ARV treatment-naïve patients from the ECHO/THRIVE phase III studies. UDS and Sanger sequencing were performed at baseline for 47 VFs and at time of failure for 48 VFs and at baseline for 49 responders matched for baseline characteristics. No baseline RPV-MiRVs were detected in VF patients while one responder carried F227C variant at a frequency of 1.9%. The authors concluded that baseline RPV-MiRVs was uncommon and therefore difficult to draw conclusions toward their impact on VF to a RPV containing regimens (Van Eygen et al. 2016). Another recently published study by Raymond et al. assessed the prevalence and clinical influence of baseline NNRTI-MiRVs in 541 patients initiating a first-line regimen containing RPV. In this study, no drug-resistant variants, majority resistance associated variants (MaRVs), and MiRVs were detected before treatment in 7, 5, and 3 patients, respectively among 15 patients experiencing virological failure. The multivariate analysis established an association of VF with only MaRVs. No association between VF on RPV containing regimen and presence of baseline MiRVs was found in this study(Raymond et al. 2018b).

FewHEPATITIS

  studies are available regarding INSTI-MiRVs at treatment failure. A study by Margot et al. performed an integrated resistance analysis across the three studies (one Phase 2 and two Phase 3 randomized studies) comparing the efficacy of E/C/F/TDF (EVG/c + FTC/TDF) and E/C/F/TAF (EVG/c + FTC/TDF) in 1903 treatment-naïve patients. This analysis included HIV-1 genotypic analysis at screening, and genotypic/phenotypic analysis for patients with HIV-1 RNA > 400
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 8 Figure 8: Phylogenetic tree of 129 representative complete coding region sequences to illustrate the maximum diversity within a subtype (taken from Smith et al., 2014).
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 10 Figure 10: HCV structure genome (taken from Abdel-Hakeem and Shoukry, 2014)

  are 3 stages in HCV life cycle including cellular attachment of HCV virions and entry, RNA translation, post-translational processing and HCV replication, and viral assembly and release (Scheel and Rice 2013)HCV virions in the bloodstream are transported to the liver where the infection is established within its target cells, the hepatocytes. Initial interactions are believed to occur through the binding of HCV envelope glycoproteins and a receptor complex at the surface of the hepatocytes. The envelope glycoproteins E1 and E2 are essential for the target cell recognition, binding, and internalization[START_REF] Chevaliez | HCV Genome and Life Cycle[END_REF]. The bound virus then undergoes endocytosis step in which the nucleocapsid is acidified to release the positive-strand genomic RNA into the cell cytoplasm where it interacts directly with host proteins, serve as messenger RNAs to produce HCV polyprotein of approximately 3000 amino acid. Following translation, the polyprotein is then cleaved by both host and viral-encoded proteases to produce at least 10 viral proteins including structural and nonstructural proteins whose functions are described in the previous section.
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 11 Figure 11: The HCV lifecycles (taken from[START_REF] Dustin | Hepatitis C virus: life cycle in cells, infection and host response, and analysis of molecular markers influencing the outcome of infection and response to therapy[END_REF] 

  to the latest recommendations of the European Association for the Study of the Liver (EASL) on treatment of HCV infection, treatment should be considered for all patients with HCV infection, and in particular for those with significant fibrosis and cirrhosis (METAVIR score F2, F3, F4), for those with HCV recurrence after liver transplantation or at risk of rapid evolution of liver disease and for those at high risk of HCV transmission (European Association for the Study of the Liver 2018a). Between 80000 and 90000 people had been treated with DAAs by the end of 2017 among an estimated 193000 people living with chronic HCV and specific effort has been made to reach key populations such as people who inject drugs, prisoners, migrants and HIV co-infected persons. Access to HCV treatment is accelerated across multiple countries and regions (WHO 2018a). In France, access to HCV treatment has become universal for every patient infected by HCV from the beginning of 2017. The treatment for HCV chronic infection was initially based on the use of interferon (IFN)- alone, three times per week subcutaneously. The introduction of IFN- pegylated combined with ribavirin (RBV) has remarkably increased the SVR compared to IFN- monotherapy (McHutchison and Poynard 1999). Standard treatment duration generally ranged from 24 to 48 weeks depending on HCV genotypes (GT). Direct-acting antivirals (DAAs) were first introduced in 2011 and were considered as a new standardof care treatment regimen including IFN-, RBV, and either telaprevir or boceprevir (NS3-4A

  HCV NS5B polymerase is responsible for viral replication and its catalytic site is conserved among all HCV genotypes. NS5B inhibitors include nucleoside and non-nucleoside polymerase inhibitors (NIs/NNIs). NIs are nucleoside analogues that act as a false substrate and therefore terminate chain formation by NS5B polymerase. A molecule commonly used of this class is sofosbuvir (SOF). SOF has a high potency and broad activity against all HCV genotypes. Another advantage of SOF is its high resistance barrier (Bhatia et al. 2014). Therefore, SOF is used as a backbone of HCV combination therapies together with other DAAs. DAA combinations with backbone by SOF have shown impressive virological response in treatment of HCV infection (Stedman 2014). Unlike NI class, the NNIs, targeting allosteric sites on NS5B, show lower potency

  Glecaprevir (GLE) is another molecule of 2 nd generation NS3/NS4A inhibitors. This molecule in combination with a pan-genotypic NS3 inhibitor, pibrentasvir (PIB) was approved for treatmentnaïve and -experienced patients infected by HCV of all GTs. This recommendation is based on the results of SURVEYOR, ENDURANCE and EXPEDITION trials. Results from the SURVEYOR and ENDURANCE trials investigated 8 or 12 weeks of GLE/PIB (G/P) combination in treatment-naïve or experienced patients including those with compensated cirrhosis. A pooled analysis of data from nine phase II and III trials including patients with chronic HCV GT 1-6 infection without cirrhosis

  (10 -3 to 10 -5 misincorporation per nucleotide) combined with the high viral production rates in vivo (approximately 10 12 viruses per patient per day)[START_REF] Neumann | Hepatitis C viral dynamics in vivo and the antiviral efficacy of interferon-alpha therapy[END_REF]) explain why the HCV exists as a diverse population referred to as quasispecies. The quasispecies are characterized by a spectrum of viral strains closely genetic-related. Naturally, wildtype viruses outperform the others because of their better fitness. When the viral population is put under selective pressure of DAAs, substitution at some key positions on the genome may be selected to survive. In case of HCV treatment by DAAs, treatment failure is still possible and can happen with all HCV GTs and with all kinds of DAAs despite high SVR rates observed. The treatment failure is principally related to resistance-associated substitutions (RASs) impairing DAA efficacy. These substitutions may pre-exist as majority variant naturally present prior to treatment (polymorphisms) and depending on viral subtypes[START_REF] Akhavan | HCV Eradication Still Difficult for Genotype 4R. 20th[END_REF] or as minority populations, developed at failure under selective pressure of treatment. Importantly, RASs selected under first line of DAAs can induce resistance to second or third line therapies by DAAs. Therefore, understanding and using appropriate RASs testing to prevent DAA failure are essential in HCV treatment management. The interpretation of RASs to DAAs is still challenging and lacks of standardization because RASs may have different prevalence and impact depending on viral subtypes. Most of international guidelines (AASLD 2018, European Association for the Study of the Liver 2018b) do not give a complete algorithm for resistance interpretation of all subtype viruses.

  et al. described baseline NS3 polymorphisms in GT1-infected patients (n = 2007) and emerging RASs in patients treated by SMV/PEG-IFV/RBV who did not achieve SVR (n = 197). Using Sanger sequencing, uncommon presence (in 1.3% of patients) of baseline NS3 polymorphisms at positions43, 80, 122, 155, 156, and/or 168 which conferred a > 2 times of increase in EC50 was observed except for the Q80K which was detected in 13.7% of GT1-infected patients (274/2007 patients). This

2 and 3 1 .

 31 clinical trials enrolling 2256 HCV GT 1-6 infected patients with or without cirrhosis who were treatmentnaïve or experienced to PEG-IFN, RBV and/or SOF. No impact of baseline polymorphisms on SVR12 to GLE/PIB was observed except for treatment-experienced GT3-infected patients receiving 12 weeks of GLE/PIB. The presence of baseline NS5A-A30K or NS5A-Y93H reduced SVR12 rates in this group of patients. Even though A30K or Y93H each conferred a modest change in EC50 < 3-fold resistance, the combination of NS5A-A30K and Y93H was shown to confer 69-fold resistance in the GT3a replicons. Furthermore, the linked A30K + Y93H on NS5A protein were the most commonly selected in 10/17 GT3-infected patients experiencing failure on GLE/PIB[START_REF] Krishnan | Pooled Resistance Analysis in HCV Genotype 1-6 Infected Patients Treated With Glecaprevir/Pibrentasvir in Phase 2 and 3 Clinical Trials[END_REF].Persistence of NS5A-RASs at long term, in contrast to NS3-RASs, is more likely because these RASs do not impair viral fitness. The HCV RASs to anti-NS5A tend to persist for several years after the end of treatment[START_REF] Wyles | Emergence and long-term persistence of NS3, NS5A, and NS5B resistance associated substitutions after treatment with direct-acting antivirals[END_REF]. Therefore, RAS accumulated during the first-line therapy of NS5A-containing regimens can jeopardize the use of this class in second-line therapy. Resistance testing before retreatment by NS5A inhibitors in patients previously failing an anti-NS5A containing regimen is necessary to avoid reemergence of RASs and eventually treatment failure. Minority RASs and NS5B inhibitors SOF is the most used in the NS5B inhibitor class. This molecule possesses a high genetic barrier and therefore the presence of RASs to NS5B or development of RASs to this molecule is rare in vivo. The clinical impact of minority RASs to NS5B inhibitors is even less significant. Indeed, a study by Svarovskaia et al. investigated the presence of RASs at baseline and their impact on treatment outcome among 1645 SOF-treated individuals of HCV GT1 to GT6 (Svarovskaia et al. 2014). NS5B Sanger sequencing detected the N142T, L159F, and M289I/L in only 0.12%, 0.66%, and 1.5% of individuals at baseline and no other polymorphisms or RASs including the N96T, S282T or L320F

  investigated evolution of SMV-RASs over time by UDS in 9 GT1b infected patients experiencing failure on SMV/PEG-IFN/RBV therapy. The RAS D168 was detected de novo in all patients and emerged within 5 weeks of triple therapy in most of the cases while de novo variants of Q80 were detected in only 3/9 and emerged at 6-12 weeks. The baseline RAS at position 80 increased during treatment course in 5/9 patients while no such increase was observed for baseline RASs R155 and/or A156 during the 12-week course. The study demonstrated the emergence of SMV-resistant variants during the early stage of triple therapy and the existence of some discrepancies between the effect of NS3 mutations on antiviral activities in vitro and the evolution of resistance variants detected by UDS (Akuta et al. 2015). Fevery et al. evaluated the presence of minority NS3-RASs at baseline and their impact on SMV response in 534 HCV GT1-infected patients. The authors showed additional detection of low prevalence of baseline minority NS3-RASs which are associated with a > 2-time increase in SMV EC50 in 3.6% of patients. Similar proportions of minority SMV-RASs were detected for patients experiencing treatment success (3.7%) and failure (3.3%) with no emergence of majority variants at time of treatment failure in general. The study suggested no added value of deep sequencing for clinical usage of SMV

  synthesize new DNA strands complementary to the input single stranded DNA. It also randomly incorporates the ddNTPs specific to each reaction. If a ddNTP is incorporated, the elongation of the strand terminates because ddNTP molecules lack a 3'-OH group which prevents further dNTPs from binding. Mixing radiolabeled ddNTPs with natural dNTPs into a DNA elongation reaction yields a collection of nucleotide-specific terminated fragments. These fragments are then sorted by weight proportional to their length on four lanes of a polyacrylamide gel. As only one type of radiolabeled ddNTP is present in each reaction, the last nucleotide of each molecule is known, allowing the reconstruction of the DNA sequence by a long and labor-intensive process.
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  adapters and indices are ligated to DNA fragment by a limited number of PCR cycles. The resulting libraries are purified, quantified, and normalized and pooled equimolarly, which are ready for loading into the flow cell.  Cluster generation: The library is loaded into a flow cell where fragments bind to surfaceattached oligonucleotides complementary to the library adapters. Each fragment is clonally amplified to generate distinct clusters.  Sequencing: Illumina SBS technology uses fluorescent-dye reversible terminator to detect incorporated nucleotides. The raw error induced by incorporation bias even in homopolymer region is minimized as all four reversible terminator-bound dNTPs are present in each sequencing cycle. Data analysis: The sequence reads are generally trimmed for quality and aligned with reference sequence. Many types of analyses are possible after this step such as detection of minority resistant variants or phylogenetic approach as applied in this PhD.
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 14 Figure 14: Illumina Sequencing by Synthesis chemistry (taken from https://www.illumina.com/documents/products/illumina_sequencing_introduction.pdf)
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  UDS was also demonstrated to increase HCV phylogenetic cluster detection compared to Sanger sequencing since the discrimination of phylogenetically linked transmission chains was improved through minority resistant variants. Ten individuals among 77 HCV seroconverters were identified by both techniques to be part of phylogenetic clusters while UDS allowed an additional detection of 4 individuals and excluded 8 other individuals compared to Sanger sequencing (Montoya et al. 2016). Another study by Caro-Pérez using UDS investigated the possible transmission networks in 113 patients with acute hepatitis C in HIV-infected men having sex with men (MSM) in Barcelona. In this study, 16 potential transmission chains (ranging from 3 subjects to 27 subjects involved in each chain) were identified, suggesting the frequent clustering of HCV infection in HIV-positive MSM through a local network in Barcelona. Furthermore, this outbreak is related to a large international HCV transmission network among MSM (Caro-Pérez et al. 2017).

  integrase gene in patients failing an INSTI-based regimen by UDS to explain cases of patients experiencing failures on an INSTI-based regimen without selection of resistance mutations on HIV integrase gene. Secondly, a major question which is still under debate is the clinical impact of baseline minority resistant variants (MiRVs) on response to INSTI-based regimen. Indeed, the presence of pre-existing MiRVs was correlated with a higher risk of virological failure on first generation NNRTIs while this association has not been conclusively established for NRTIs and PIs. Study 2: Net Emergence of Substitutions at Position 28 on NS5A of Hepatitis C Virus Genotype 4 in Patients Failing Direct-Acting Antivirals by Next-GenerationSequencingAn RNA virus like HCV can select in vitro and in vivo mutations to resist to direct-acting antivirals (DAAs). Studies on the prevalence of resistance-associated substitutions (RASs) at baseline and their emergence under treatment have focused mainly on HCV genotype (GT) 1 infection. More data on resistance of HCV genotype 3 and 4 especially the impact of pre-existing RASs at low frequency on response to DAAs are still needed. In this study, we investigated firstly the prevalence of RASs at baseline and at failure in HCV GT3 or GT4 infections failing an anti-NS5B with or without an anti-NS5A. Secondly, we evaluated the emergence dynamics of pre-existing minority RASs before and after failure to assess their potential impact on DAA response.

Study 3 :

 3 Shared HCV Transmission Networks among HIV-1 Positive and Negative Men Having Sex with Men by Ultra-Deep SequencingMen having sex with men (MSM) especially those with HIV infection or those at high risk of HIV acquisition are a key population considered particularly vulnerable to HCV infection. Recently, HCV transmission networks among HIV-positive and HIV-negative MSM have been shown in some studies using Sanger sequencing. However, Sanger sequencing with one generated sequence is not able to characterize in-depth viral diversity while ultra-deep sequencing (UDS) is. Therefore, in this study, we firstly characterized HCV transmission chains among HIV-positive and HIV-negative MSM with recent HCV infection in Paris using both Sanger sequencing and UDS. Secondly, we evaluated the transmission dynamics among individuals in each transmission chain by identifying closely related HCV transmission events suggesting direct transmission among them.

  Prevalence and clinical impact of minority resistant variants in patients failing integrase inhibitor-based regimen by ultra-deep sequencing T NGUYEN, DB FOFANA, MP LÊ, C CHARPENTIER, G PEYTAVIN, M WIRDEN, S LAMBERT-NICLOT, N DESIRE, M GRUDE, L MORAND-JOUBERT, P FLANDRE, C KATLAMA, D DESCAMPS, V CALVEZ, E TODESCO, AG MARCELIN Integrase strand transfer inhibitors (INSTIs) belong to an antiretroviral (ARV) class increasingly used

  in patients failing INSTI-based regimen by ultra-deep sequencing (UDS) and secondly to investigate the clinical impact of baseline minority resistant variants (MiRVs) on response to INSTI-based regimen. We performed both Sanger sequencing and UDS on plasma samples at failure of 134 patients failing an INSTI-based regimen (65 failed to RAL, 49 to DTG, and 20 to EVG). Patients were defined as failure to an INSTI-based regimen if 2 consecutive viral loads were superior to 50 copies/mL during treatment. The clinical impact of baseline MiRVs was evaluated by comparing UDS baseline sequences of samples of 34 among 134 INSTI non-responders and of 31 patients having INSTI treatment success (< 50 copies/ml for at least 6 consecutive months). Trough plasma concentrations of INSTI (Ctrough at 12 or 24 h) were also measured to evaluate patient's adherence to ART.

  C DELAUGERRE, MA VALANTIN, C AMIEL, E NETZER, T L'YAVANC, M OHAYON, PM GIRARD, N DAY, G KREPLAK, G PIALOUX, V CALVEZ, JM MOLINA, AG MARCELIN, E TODESCO

  C DELAUGERRE, MA VALANTIN, E NETZER, C AMIEL, PM GIRARD, G ISRAEL, N DAY, S ELAERTS, G KREPLAK, G PIALOUX, JM MOLINA, V CALVEZ, AG MARCELIN, E TODESCO Genotype-specific direct-acting antivirals (DAAs) are still used for treatment of HCV infection in many countries especially in resource-limited settings as pan-genotypic DAAs are not globally available. Therefore, mixed HCV genotype (GT) infections still get clinical concern as different GTs have different sensitivities to current DAAs. The high prevalence of mixed HCV GT infections

  UDS becomes therefore a powerful tool for studies on the prevalence and clinical significance of minority variants in virology research. Indeed, concerning ARV classes for treatment of HIV infection, a higher risk of virological failure on first generation NNRTIs was revealed with the detection of minority variants while no conclusive association of these variants on response to treatment by NRTIs and PIs has been observed. Integrase strand transfer inhibitors (INSTIs) belong to an ARV class increasingly used for treatment in both ARV-naïve and -experienced HIV-infected patients. In one study of this PhD, we investigated the prevalence of resistance variants at failure in patients failing INSTI-based regimen by UDS and the clinical impact of baseline minority resistant variants (MiRVs) on response to INSTI-based regimen. At time of treatment failure, we detected the presence of at least one INSTI-resistant variant in 39.6% of patients by Sanger sequencing and N155H and Q148H/K/R as the most dominant resistance pathways. Treatment adherence was not demonstrated to be a factor associated with INSTI failure. Other potential factors explaining failure on INSTI regimens such as baseline resistance mutations to associated ARVs were also evaluated. Interpretation of baseline genotypic resistance tests suggests that patients were treated with a solid backbone of ARVs and INSTI failure was not explained by a not-fully active ART. UDS was shown to be more sensitive than Sanger in detecting INSTI-MiRVs at failure. We detected at least one INSTI-resistant variant in 57.5% of patients by UDS, changing resistance interpretation in 13% of patients. The presence of MiRVs at failure should be considered for choice of switch to other INSTIs. Indeed, these MiRVs could continue emerging under INSTI pressure and accumulation of multiple INSTI resistance mutations possibly causes a high level of resistance to all INSTIs including future INSTI generations. Therefore, switching to other susceptible ARVs should be realized right after confirmed virological failure on INSTI-based regimens. In this study, we also investigated the presence of baseline INSTI-MiRVs and risk of failure under INSTI treatment. We used UDS to search for baseline MiRVs on integrase gene in patients with virological failure (VF) and in those with virological success (VS) under an INSTI regimen. The similar prevalence of baseline MiRVs was observed in both groups. Furthermore, baseline MiRVs in virus of patients failing INSTI were not found at failure either as majority or as minority variants regardless of selection of other MaRVs at failure. Therefore, these results suggest that the presence of INSTI-MiRVs at baseline might not be associated with an increased risk of virological failure on an INSTIbased regimen. However, the low number of patients selected in the two groups of patients with VF and VS was a limitation that made difficult to draw a robust conclusion about the clinical impact of baseline MiRVs. In order to assure that MiRVs detected in patients with VS would not be impacted by previous expositions to ARVs or INSTIs, we enrolled only patients initiating their first-line ART by an INSTI-based regimen. Several differences in patients' characteristics were therefore observed in the two groups of patients with VF and with VS but they were coherent with our selection criteria. The same prevalence of baseline MiRVs detected in patients with VS compared to those with VF presumably enhanced our conclusion about the little impact of baseline MiRVs on INSTI response.

  have been developed worldwide. The development of such analysis pipeline highlights attempts to enable application of this technique in routine clinical care. Finally, the benefit of UDS over Sanger sequencing in improving the clinical care of patients infected by HIV or HCV has not been clearly established in this PhD. However, the ongoing development of future UDS technologies and bioinformatics tools to facilitate data analysis surely make their applications possible in clinically relevant virology research such as studies of viral diversity, viral evolution or investigation of transmission networks within an outbreak.

  Sanger sequencing and UDS were performed on plasma samples at failure of 134 patients failing an INSTI-based regimen (65 failed under raltegravir, 20 under elvitegravir and 49 under dolutegravir), which were collected between January 2014 and March 2017 at Pitie ´-Salpe ˆtrie `re, Saint-Antoine and Bichat hospitals, Paris, France. Patients were defined as having failure under an INSTI-based regimen if two consecutive viral loads were .50 copies/mL during treatment.To evaluate the clinical impact of baseline MiRVs on INSTI response, we sequenced the integrase gene by UDS and compared the MiRV presence at baseline of patients having VF with those having virological success (VS) under INSTI treatment in the same period. For the VF group, of 134 patients failing INSTIs who were enrolled, we selected 34 patients whose samples were available prior to INSTI initiation. For the VS group, we selected 31 patients initiating a first-line INSTI-based regimen, with samples available prior to INSTI initiation and undetectable viral load (,50 copies/mL) for at least 6 consecutive months.All patients signed an informed consent for the anonymous use of their clinical and biological data.

  2012 and December 2013 and 62 between March 2014 and May 2016. All of them reside in Paris except one patient from the IPERGAY study.

2. 4 .

 4 Phylogenetic analysis to study transmission chainsContig sequences retrieved from clustering process were aligned to a reference sequence corresponding to the subtype of the sample by "Map to Reference" function in Geneious. Phylogenetic trees were constructed on

Figure 1 :Figure S1 :

 1S1 Figure 1: Phylogenetic tree constructed from UDS viral sequences of two individuals, individual 9 (pink circle) and 10 (brown triangle), which were considered as closely related transmission.

  . Overall, six patients were enrolled between July 2012 and December 2013 and 62 between March 2014 and May 2016. The study was carried out in accordance with the Declaration of Helsinki. This work was a retrospective noninterventional study with no addition to standard care procedures. Reclassification of biological remnants into research material after completion of the ordered virological tests was approved by the local interventional review board of Pitié-Salpêtrière hospital. According to the French Public Health Code (CSP Article L.1121-1.1) such protocols are exempted from individual informed consent. Recent HCV infection was defined as a positive serology test and/or a positive HCV viral load (VL) associated with a negative HCV serology within the previous 12 months, or a positive HCV VL beyond 24 weeks of a successful treatment or spontaneous clearance with modification of genotype. Furthermore, patients with a positive HCV VL with increase of alanine aminotransferase (ALAT) ≥10 upper limit of normal without any other etiology of hepatitis, or a positive HCV VL beyond 24 weeks of a successful treatment or spontaneous clearance without modification of genotype were also enrolled and considered as possible recent HCV infections.

  range, ALAT: ALanine AminoTransferase
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  HIV-RNA is detectable approximately 10-11 days after infection. Next, HIV-1 p24 antigen becomes detectable 14-15 days after infection. Immunoglobulin (Ig) M antibodies are secreted and can be detected 21-42 days after infection. Finally, IgG antibodies develop and persist throughout the course of infection. Based on the consistence of viral marker emergence, we can classify HIV infection into different stages (Centers for Disease Control and Prevention 2018).

  If samples are nonreactive on the 4 th generation ELISA assay, no further testing is required. According to the 2018 algorithm of French expert guidelines, samples reactive on the ELISA assay must undergo a supplementary test Western blot or Immunoblot for confirmation and differentiation of HIV-1 and HIV-2. HIV infection is affirmed when results on two samples are consistent[START_REF] Morlat | Prise en charge médicale des personnes vivant avec le VIH[END_REF]. Samples which are nonreactive or indeterminate on the Western blot assay proceed to HIV-1 nucleic acid testing (HIV-RNA viral load) or p24 antigen testing confirmed by a neutralization testing in case of positivity[START_REF] Morlat | Prise en charge médicale des personnes vivant avec le VIH[END_REF]). It should be noted that the Western Blot test is no longer recommended by Centers for Disease Control and Prevention (CDC) and replaced by an HIV antibody differentiation assay. Samples that are repeatedly reactive on the 4 th generation ELISA and yet negative on the

HIV1/2 differentiation assay are tested using HIV-1 RNA qualitative PCR assay (Centers for Disease Control and Prevention 2018).

  The profound understanding of HIV replication cycle has allowed identification of potential targets for ARV development. In 1987, azidothymidine (AZT) also referred to as zidovudine (ZDV) belonging to a drug class known as nucleoside/nucleotide reverse transcriptase inhibitors(NRTIs) was the first molecule to gain approval for treating HIV infection. It was used as monotherapy in HIV-infected patients but the virus could rapidly evolve and confer resistance to AZT. Thereafter, the arrival of new molecules from the NRTIs class allowed the use of combination therapy which was demonstrated to be more effective than monotherapy AZT alone (ACTG 175 trial).

	In 1996, a major advance came when a new ARV drug class appeared, the protease inhibitors (PIs),
	among which saquinavir (SQV) became the first PI to receive approval. The appearance of PIs has
	allowed a triple-drug therapy also called Highly Active Antiretroviral Therapy (HAART) which
	could durably suppress HIV replication while creating a high genetic barrier against drug resistance
	development (ACTG 320 study).
	). Effectively, a large European collaborative study,
	COHERE, showed a similar mortality patterns between patients with high CD4 count under ART and
	the general population (Collaboration of Observational HIV Epidemiological Research Europe
	(COHERE) in EuroCoord et al. 2012).

The urgency for ART initiation increases in case of pregnancy, AIDS-associated illnesses, acute opportunistic infections, lower CD4 count (< 200 cells/mm 3 ), co-infection with Hepatitis B or Hepatitis C virus (Department of Health and Human Services 2018). Another new class of ARVs called non-nucleoside reverse transcriptase (NNRTIs) emerged in the mid-1990s. The arrival of NNRTIs helped to scale up ART in developing countries because of its cheaper price. The discovery of co-receptors used by HIV for entry into immune cells, CCR5 and CXCR4 laid the foundation for development of CCR5-blocking drug, Maraviroc (MVC) which was approved in 2007. Another major ARV drug class, the integrase strand transfer inhibitors (INSTIs), came in 2007 with the approval of Raltegravir (RAL). This molecule is quickly recommended by international guidelines as the 3 rd agent in combination with a backbone of two NRTIs. However, HIV can develop resistance to RAL and may also cause cross-resistance to elvitegravir (EVG), another first-generation INSTI. Dolutegravir (DTG), a second generation INSTI, which was approved by the US Food Drug Administration (FDA) in 2013 has a higher genetic barrier to resistance than RAL and EVG (Llibre

5.2.6. Integrase Strand Transfer Inhibitors (INSTIs)

  

	(EVG), and dolutegravir (DTG). DTG is also available under STR form with ABC/3TC or with RPV; compared DTG 50 mg in combination with ABC/3TC to EFV/FTC/TDF in 833 participants. DTG
	EVG is co-formulated with FTC/TDF or FTC/TAF and a PK enhancer (cobicistat). was shown to be superior to EFV at week 48
	RAL was the first molecule of this class to be approved by the EMA in 2007. Virological efficacy of
	RAL has been compared in treatment-naïve patients with EFV, both in combination with FTC/TDF
	in STARTMRK, a randomized and double-blind and controlled clinical trial. RAL was non inferior
	to EFV at 48 weeks (Lennox et al. 2009) and superior to EFV at 4 (DeJesus et al. 2012) and 5 years
	(Rockstroh et al. 2013) in terms of viral load suppression rate and increase in baseline CD4 counts
	irrespective of baseline demographic and prognostic factors including patients with high viral load.
	A large randomized open label trial, ACTG A5257, evaluated 3 initial ARV regimens containing
	RAL, ATV/r or DRV/r, each given with FTC/TDF. All the 3 regimens showed an equivalent
	incidence of virological failure at week 96. If combining the tolerability under treatment as an
	evaluation criterion, RAL was superior to both PIs. However, drug resistance at the time of virological
	failure was rare but more frequent with RAL (Lennox et al. 2014). A new formulation of RAL at dose
	1200mg once daily (QD) showed a similar virological efficacy compared to RAL 400 mg twice daily
	(BID), each with FTC/TDF in the ONCEMRK trial. The virological responses were similar regardless
	of baseline HIV RNA or CD4 count (Cahn et al. 2017).
	EVG is only available as a component of 2 STR with a PK enhancer cobicistat (EVG/c/FTC/TDF or
	EVG/c/FTC/TAF). Cobicistat is a mechanism-based inhibitor of cytochrome P450 (CYP) 3A
	enzymes that has no activity against HIV. It acts as a PK enhancer allowing for once-daily dosing of
	the combination. Two randomized, double blinded trials showed a non inferiority of
	EVG/c/FTC/TDF to fixed dose EFV/FTC/TDF and to ATV/r/FTC/TDF at week 144 (Clumeck et al.
	2014, Wohl et al. 2014). The two formulations of EVG/c in combination with FTC/TDF or FTC/TAF
	were also compared in two large randomized trials. Combination with TAF was superior to with TDF
	in virological efficacy and TAF had less impact than TDF on bone mineral density and renal
	biomarkers. In conclusion from these trials, EVG/c/FTC/TAF is superior to EVG/c/FTC/TDF in
	efficacy and bone and renal safety (Arribas et al. 2017). Of note, INSTI-associated resistance
	mutations were detected in some patients failing EVG/c/FTC/TDF, which conferred cross-resistance
	to RAL but mostly stayed susceptible to DTG.
	DTG was the most recently approved INSTI. It is available in a tablet formulation alone or in STR
	INSTIs, which act by inhibiting the HIV integrase enzyme from inserting viral DNA genome into the with ABC/3TC or with RPV. In initial therapy, the SPRING-2 trial studied 822 participants treated
	host cell's chromatin, are the most recent class of ARV drugs approved for treatment of HIV-infected by DTG 50mg QD or RAL 400mg twice daily (BID) in combination with an investigator-selected
	individuals. Current international guidelines recommend the use of this class as first-line therapy in backbone of two NRTIs, either FTC/TDF or ABC/3TC. The results at week 96 showed a non-
	ARV-naive and experienced patients. Three INSTIs approved include raltegravir (RAL), elvitegravir inferiority of DTG to RAL (Raffi et al. 2013). Another trial, the SINGLE trial on 833 participants
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	was as effective as daily three-drug oral therapy at maintaining HIV-1 viral suppression through 96
	weeks and was well tolerated (Margolis et al. 2017).
	Bictegravir (BIC) is an unboosted INSTI in late-state clinical trials. BIC is in phase 3 development
	as part of a fixed-dose combination product containing BIC/FTC/TAF. This formulation has shown
	good efficacy and tolerability and similar bone, renal, and lidpid profiles to DTG containing regimen
	in treatment-naïve patients without selection of drug-specific resistance (Gallant et al. 2017, Sax et
	al. 2017). Furthermore, a phase 2 study showed that switching to BIC/FTC/TAF was non-inferior to
	remaining on ABC/3TC/DTG in HIV virologically suppressed adults (Molina et al. 2018b).
	Furthermore, BIC/FTC/TAF efficacy and tolerability were also compared to a boosted PI/r-based
	regimen either DRV/r or ATV/r in a phase 3 study. The fixed-dose BIC/FTC/TAF showed non
	inferiority in virological efficacy to boosted PI therapy but seemed to have more drug-related adverse
	events (19%) than the boosted PI group (2%) (Daar et al. 2018).
	Another interesting molecule which is currently being studied in Phase III clinical trials, Doravirine
	(DOR), belongs to the NNRTI class. DOR is being studied as both a single-drug tablet and as part of
	a fixed-dose combination tablet. DOR combination regimens have been tested in two large
	randomized double-blinded clinical trials in treatment-naïve patients, showing non-inferiority to
	DRV/r (Molina et al. 2018a) and EFV-based regimens (Squires et al. 2017). DOR has shown a
	superiority safety profile than EFV regarding neuropsychiatric and cutaneous adverse events.
	. Taking into
	account their tolerability and virological efficacy, INSTI-based regimen is recommended as initial
	therapy by international guidelines in treatment for most HIV-infected patients (Department of Health
	and Human Services 2018, WHO 2018b).
	Another molecule of INSTI with a similar chemical structure with DTG, Cabotegravir (CBG) is in
	late-state clinical trials. This molecule is evaluated in combination with RPV in the long-acting
	injecting form for induction and then maintenance therapy. The LATTE-2 study aimed firstly to
	evaluate patients' tolerance under injecting form of CBG/RPV combination and secondly to select an
	optimal dosing of injectable CBG/RPV relative to oral ABC/3TC/CBG. Treatment-naïve HIV-1-
	infected patients firstly received an induction regimen of ART by oral CBG 30mg in combination
	with ABC/3TC for 20 weeks. Patients were then randomly assigned into a 4-week interval or an 8-
	week interval of injectable CBG/RPV or continued oral ABC/3TC/CBG. The results of the study
	showed that the two-drug combination of all-injectable, long-acting CBG/RPV every 4 or 8 weeks
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	reported low at 2.1 per 1000 PY in a Bangkok Tenofovir Study open-label extension study. The only
	case of HIV infection occurred in a participant who did not take any doses of PrEP during the 60 days
	before the positive test (Martin et al. 2017). The adherence is an essential factor to achieve protection
	efficacy under PrEP and demonstrated across studies. For example, the iPrEx (Preexposure
	Prophylaxis Initiative) trial reported a 92% reduction in the risk of HIV acquisition in participants
	with detectable levels of FTC/TDF versus those with no detected drug (Anderson et al. 2012). Beside
	patient education, the adherence problem is also addressed by development of long-acting form of
	ARVs of which CBG is the most developed. The efficacy of CBG administered every 8 weeks is
	under evaluation in comparison with once-daily FTC/TDF in high-risk HIV seronegative men (HPTN
	083, NCT02720094 and HPTN 084, NCT03164564) (Ghosn et al. 2018).
	Development of other administration modes of PrEP is under investigation and the most developed
	until now is dapivirine vaginal ring. However, the efficacy of topical PrEP with vaginal gel seemed
	to be hampered by vaginal microbiota either for TDF-based or daprivirine-based gel (Abdool Karim
	et al. 2018).
	To date, hundreds HIV-1 vaccine candidates have been clinically tested but only six vaccine trials
	have been tested and completed in clinical trials. Most vaccines are based on either recombinant HIV-
	1 Env glycoprotein antigens from diverse clades to induce antibody response or viral vectors
	expressing HIV-1 Gag/Pol/Nef proteins to elicit cellular immune response
	ART for prevention of HIV from mother to child has achieved success earliest with global HIV
	perinatal transmission rates of less than 5% (source UNAIDS estimates 2017) or virtually 0% among
	HIV-exposed infants born from mother achieving and maintaining suppression of plasma viral load
	on ART before conception (Mandelbrot et al. 2015). The gap of HIV perinatal transmission rates
	remains across regions and countries and systematic efforts to enhance retention in care and to enable
	ART adherence during postnatal period are essential to eliminate mother-to-child transmission
	(UNAIDS, Global HIV & AIDS statistics fact sheet 2018).
	Prevention of HIV transmission in individuals at high risk of HIV acquisition can be obtained through
	pre-exposure prophylaxis (PrEP) of FTC/TDF. PrEP use has showed promising results in reducing
	HIV acquisition risk in some key populations such as sexually-active MSM, heterosexual
	serodiscordant couples, and heterosexual subjects with multiple partners on daily oral PrEP in
	multiple studies (iPreX, IPERGAY, PROUD, Kaiser permanent observational study, Partner Prep
	trials, TDF2 trial) (Ghosn et al. 2018). In people who inject drugs under PrEP, HIV incidence was

  . A more recently published study byCharpentier et al. using UDS at a detection threshold of 1% reported a prevalence of RAL resistance mutations in 9% of patients highly treated and harboring multi-resistant viruses. However, all patients harboring RALresistant viruses at baseline achieved VS during the follow up period. Therefore, no impact of INSTI-MiRVs on treatment response was concluded in this study[START_REF] Charpentier | Highly frequent HIV-1 minority resistant variants at baseline of the ANRS 139 TRIO trial had a limited impact on virological response[END_REF]. associated with EVG resistance according to ANRS algorithm were observed in 12/288 patients (E92G, S147G, N155H in minority; T97A in majority). However, all participants were virologically suppressed at week 48. Secondary INSTI resistance mutations (mostly polymorphisms) were also observed but all patients achieved undetectable HIV-1 RNA (< 50 cp/mL) at week 48 with no resistance development. No impact of pre-existing INSTI mutations on treatment outcome was concluded in this study[START_REF] Kulkarni | Week 48 resistance analysis of Elvitegravir/Cobicistat/Emtricitabine/Tenofovir DF versus Atazanavir + Ritonavir + Emtricitabine/Tenofovir DF in HIV-1 infected women (WAVES study GS-US-236-0128)[END_REF]). Data about the clinical impact of MiRVs on DTG-based regimens are scarce. This is expected because DTG is a drug with high genetic barrier to resistance. Few patients have failed DTG-based regimens and few patients have selected DTG resistance mutations at failure. The DOLULAM study assessed the efficacy of 3TC/DTG therapy to maintain virological suppression in heavily treatmentexperienced. The analysis of DNA UDS integrase sequences by Charpentier et al. at baseline from 19 patients showed the presence of INSTI-MiRVs in 21% of patients in which the E138K is the most prevalent. However, no patients experienced VF during the first year of follow-up (Charpentier et al.

	2017).
	There are still few data available concerning the impact of INSTI-MiRVs on response to EVG-based

regimen. A study by

Kulkarni et al. investigated 

resistance development through week 48 in women receiving E/C/F/TDF (EVG/c + FTC/TDF, n = 289) or ATV/r + FTC/TDF (n= 286). Concerning resistance pattern at baseline in E/C/F/TDF arm, pre-existing primary INSTI resistance mutations including the polymorphism

  . The initial features of AHC are non-specific flu-like symptoms, common to many other acute viral infections. More specific symptoms of AHC can occur in a minority of individuals such as jaundice, dark urine. Detection of HCV RNA typically becomes possible in serum 7 to 21 days after exposure and specific HCV antibodies within 20 to 150 days (50

days on average). Aminotransferase (ALT) increases generally after week 4. Symptomatic AHC with jaundice is seen in 10-15% of patients and can be severe but fulminant liver failure is rare

[START_REF] Gupta | Hepatitis C virus: Screening, diagnosis, and interpretation of laboratory assays[END_REF]

. The clinical symptoms are often accompanied by fatigue, angry, fevers, nausea, vomiting and pain or discomfort. When present, they occur within 2-12 weeks after exposure and last from 1-12 weeks. Spontaneous HCV infection clearance is estimated to happen in around 25% of cases

[START_REF] Micallef | Spontaneous viral clearance following acute hepatitis C infection: a systematic review of longitudinal studies[END_REF]

) and interestingly, patients with expressed clinical symptoms more likely clear the virus than those with clinically silent disease

[START_REF] Villano | Persistence of viremia and the importance of long-term follow-up after acute hepatitis C infection[END_REF]

. Other characteristics such as Interleukin-28b genotype, young age, female gender, nonblack race, negative HIV status, and viral immune response are also considered to be associated with a higher rate of spontaneous HCV clearance

(Thomas et al. 2009, Westbrook and[START_REF] Westbrook | Natural history of hepatitis C[END_REF]

.

  In POLARIS-1, NS5A inhibitor experienced patients with GT1 infection were randomized in either group receiving SOF/VEL/VOX (n = 150) or receiving matching placebo (n = 150) for 12 weeks. Patients with other GT infections were assigned to SOF/VEL/VOX group (n = 114). In POLARIS-4, the enrolled patients were those with GT1-3 infection previously receiving DAA treatment but not an NS5A inhibitor. Patients with GT4 infection was added in the SOF/VEL/VOX group. In both trials, the rate of SVR was statistically higher in the SOF/VEL/VOX group: 96% vs 0% in the POLARIS-1 in SOF/VEL/VOX and in placebo group, respectively and 98% vs 90% in the SOF/VEL/VOX group and in the SOF/VEL group, respectively[START_REF] Bourlière | Sofosbuvir, Velpatasvir, and Voxilaprevir for Previously Treated HCV Infection[END_REF]. The POLARIS-4 study established the superiority of SOF/VEL/VOX among patients previously

3 trials POLARIS-1 and POLARIS-4 involving previously treated patients with DAAs

[START_REF] Bourlière | Sofosbuvir, Velpatasvir, and Voxilaprevir for Previously Treated HCV Infection[END_REF]

).

  the S556G is particularly prevalent (97-100% of viruses)[START_REF] Di Maio | Hepatitis C virus genetic variability and the presence of NS5B resistance-associated mutations as natural polymorphisms in selected genotypes could affect the response to NS5B inhibitors[END_REF]. Together with polymorphisms at other positions (M289I/L, C316N), DSV is therefore less active in HCV non-GT1 infected patients[START_REF] Di Maio | Hepatitis C virus genetic variability and the presence of NS5B resistance-associated mutations as natural polymorphisms in selected genotypes could affect the response to NS5B inhibitors[END_REF]).

Table 1 .

 1 Characteristics of patients failing an INSTI-based regimen (n " 134)

	Age (years), median (IQR)	52 (43-58)
	Male, n (%)	93 (69.4)
	Plasma HIV viral load (copies/mL) at failure, median	459 (130-4687)
	(IQR)	
	CD4 cell count (cells/mm 3 ) at failure, median (IQR)	458 (242-664)
	Nadir CD4 cell count (cells/mm 3 ), median (IQR)	159 (53-255)
	INSTI treatment history, n (%)	
	naive a	90 (67.2)
	experienced b	44 (32.8)
	Viral subtype, n (%)	
	B	77 (57.5)
	CRF02_AG	33 (24.6)
	A1	6 (4.5)
	others	18 (13.4)
	INSTI therapies, n (%)	
	RAL (400 mg q12h)	65 (48.5)
	EVG/c (150/150 mg q24h)	20 (14.9)
	DTG (50 mg q24h/q12h)	49 (36.6)
	DTG q12h	11 (22.45)
	DTG q24h	38 (77.55)
	DTG in association with other ARVs	44 (89.79)
	DTG monotherapy	5 (10.21)
	ARVs associated with INSTIs, n (%)	
	NRTIs	70 (52.24)
	NNRTIs	12 (8.96)
	PIs/r	13 (9.70)
	NRTIs ! PIs/r	8 (5.97)
	NNRTIs ! PIs	3 (2.24)
	others	20 (14.93)
	Time to failure (months) from the beginning of	6 (3-15)
	treatment, median (IQR)	
	DTG, dolutegravir; EVG/c, elvitegravir/cobicistat; RAL, raltegravir; /r, ritonavir.
	a Patients received and failed their first-line INSTI-based regimen.
	b Patients received INSTIs previously but developed failure on their last
	INSTI-based regimen.	

Table 2 .

 2 Characteristics of patients with VS and VF under INSTI treatmentFigure 1. Measurement of INSTI C min at time of failure to INSTI based on available dosage results. DTG BID, dolutegravir q12h; DTG QD, dolutegravir q24h; EVG, elvitegravir; RAL BID, raltegravir q12h.

		Total	VS group	VF group	
	Characteristic	(N " 65)	(N " 31)	(N " 34)	P
	Age (years), median (IQR)	45 (37-54)	42 (21-51)	47 (39.0-57)	0.069
	Male, n (%)	45 (69.2)	30 (96.8)	15 (44.1)	,0.001
	HIV viral load (copies/mL) at baseline, median (IQR)	15 870 (767-95 580) 3800 (152-55 502) 715 (33-2994) ,0.001
	CD4 cell count (cells/mm 3 ) at baseline, median (IQR)	350 (148-504)	350 (230-518)	360 (176-532) 0.511
	Nadir CD4 cell count (cells/mm 3 ), median (IQR)	201 (46-422)	350 (184-488)	74 (26-214) ,0.001
	INSTI treatment history, n (%)				
	naive	59 (90.8)	31 (100)	28 (82.4)	
	experienced	6 (9.2)	0 (0)	6 (17.6)	
	Viral subtype, n (%)				0.275
	B	30 (46.2)	17 (54.8)	13 (38.2)	
	CRF02_AG	18 (27.7)	8 (25.8)	10 (29.4)	
	A1	1 (1.5)	1 (3.2)	0 (0)	
	others	16 (24.6)	5 (16.2)	11 (32.4)	
	INSTI therapies, n (%)				
	RAL	14 (21.5)	3 (9.7)	11 (32.4)	0.055
	EVG/c	25 (38.5)	15 (48.4)	10 (29.4)	0.188
	DTG	26 (40)	13 (41.9)	13 (38.2)	0.96
	ARVs associated with INSTIs, n (%)				
	NRTIs	46 (70.8)	26 (87.1)	20 (58.8)	0.023
	NNRTIs	5 (7.7)	3 (9.7)	2 (5.9)	0.914
	PIs	2 (3.1)	0 (0)	2 (5.9)	0.514
	NRTIs!PIs	5 (7.7)	0 (0)	5 (14.7)	0.079
	others	7 (10.8)	2 (6.5)	5 (14.7)	-
	Time (months) to failure from the beginning of treatment, median (IQR)	-	-	4 (2-11)	-
	Time (months) with undetectable viral load under INSTI treatment, median (IQR)	5 (0-15)	15 (12-21)	0 (0-0)	-
	RAL, raltegravir; EVG/c, elvitegravir/cobicistat; DTG, dolutegravir; -, not applicable.				

Table 3 .

 3 Prevalence of resistant variants at baseline in patients who achieved treatment success

						Resistant variants at baseline
		Current	Previous INSTI	Viral load at baseline	Duration with undetectable	(frequency in %; mutational load
	Patient	treatment	treatment	(copies/mL)	viral load (months)	in copies/mL)
	011	EVG/c/FTC/TDF	none	59261	6	T97A (1.1; 652)
	016	EVG/c/FTC/TDF	none	1515	28	Q148H (13.1; 198)
	024	DTG q24h/RPV	none	11278	17	R263K (3; 338)
	034	EVG/c/FTC/TDF	none	64334	27	E157Q (1.3; 836)
	DTG, dolutegravir; EVG/c, elvitegravir/cobicistat; FTC, emtricitabine; RPV, rilpivirine; TDF, tenofovir disoproxil fumarate.	
	Mutations in bold: mutations detected only by UDS.			

Table 4 .

 4 Prevalence of resistant variants at baseline in patients failing an INSTI-based regimen

				Working viral	Viral load	Resistant variants at	Resistant variants at	INSTI C trough at
		Treatment at	Previous INSTI	load at baseline	at failure	baseline (frequency in %;	failure (frequency in %;	failure (ng/mL);
	Patient	failure	treatment	(copies/mL)	(copies/mL)	mutational load)	mutational load)	interpretation
	038	DTG q24h	EVG/c/FTC/TDF	62	173	L74I (100; 62),	L74I (100; 173),	1814; effective
						S230G (28.3; 17)	E92Q (11; 19)	
	072	EVG/c/FTC/TDF	ETR/RAL/TDF	155 105	7496	N155S (6.6; 10236)	E92Q (100; 155 105)	,10; no use of
								treatment
	087	ATV/DRV/r/DTG	DRV/r/FTC/	4181	1403	A49G (1.4; 59),	T97A (100; 4181),	2736; effective
		q12h/T20/TDF	RAL/TDF			T66I (2.3; 96),	G140S (100; 4181),	
						E157Q (1.2; 50)	Q148H (100; 4181)	
	089	ETR/RAL q12h	none	775	1000	S147G (1.8; 14)	N155H (100; 775)	91; effective
	110	DRV/r/DTG q24h/	none	2599	69	S230G (11.5; 299)	none	1178; effective
		MVC						
	ATV, atazanavir; DRV/r, darunavir/ritonavir; DTG, dolutegravir; ETR, etravirine; EVG/c, elvitegravir/cobicistat; FTC, emtricitabine; MVC, maraviroc; RAL,
	raltegravir; T20, enfuvirtide; TDF, tenofovir disoproxil fumarate.				
	Mutations in bold: mutations detected only by UDS.				

Table 5 :

 5 Reference sequences used for resistance interpretation

	Genotype	Accession number	Reference
	3a	D17763	2
	4a, 4d, 4r	DQ418789	1
	References		
	1. Timm J, Neukamm M, Kuntzen T, Kim AY, Chung RT, Brander C, Lauer GM, Walker BD, Allen
	TM. 2007. Characterization of full-length hepatitis C virus genotype 4 sequences. J Viral Hepat
	14:330-337.		
	2. Smith DB, Bukh J, Kuiken C, Muerhoff AS, Rice CM, Stapleton JT, Simmonds P. 2014. Expanded
	classification of hepatitis C virus into 7 genotypes and 67 subtypes: updated criteria and genotype
	assignment web resource. Hepatology 59:318-3

Table 1 :

 1 Patients' characteristics 

	Characteristics	Total (n=68)	HIV-positive patients	HIV-negative
			(n=50)	patients (n=18)

Table 2 :

 2 Individuals detected inside and outside transmission chains using both techniques

	genotype			
	 Genotype 1a, n (%)	32 (47.1)	24 (48.0)	8 (44.4)
	 Genotype 4d, n (%)	28 (41.2)	20 (40.0)	8 (44.4)
	 Genotype 3a, n (%)	6 (8.8)	5 (10.0)	1 (5.6)
	 Genotype 2k, n (%)	2 (2.9)	1 (2.0)	1 (5.6)
	ALAT (IU/L), median (IQR)	320.0	315.0	467.0
		(146.5-535.5)	(144.8-480.8)	(234.0-647.0)
	HIV co-infection (%)	50 (73.5)	50 (100.0)	0 (0.0)
	HCV reinfection (%)	15 (22.1)	14 (28.0)	1 (5.6)
	IQR: Interquartile range, ALAT: ALanine AminoTransferase		

MGD: maximum genetic distance; UDS: ultra-deep sequencing

Table 1 :

 1 Patients' characteristics 

	Characteristics	Total (n=68)	HIV-positive patients	HIV-negative
			(n=50)	patients (n=18)
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LIST OF ABBREVIATIONS

: Algorithm for NNRTI resistance interpretation according to the ANRS guideline Table 4: Algorithm for INSTI resistance interpretation according to the ANRS guideline copies/mL at failure. Resistance analysis on samples at failure displayed a rare development of resistance mutations by population sequencing in both arms. In the E/C/F/TAF group, seven patients developed resistance to NRTIs and five of them also developed resistance to INSTIs (majority variants). Additional analysis by UDS revealed minimal differences compared to Sanger sequencing.

Only the M184V/I were additionally detected by UDS at failure in patients failing treatment. No INSTI-MiRVs were detected in addition by UDS at time of treatment failure [START_REF] Margot | Rare emergence of drug resistance in HIV-1 treatment-naïve patients after 48 weeks of treatment with elvitegravir/cobicistat/emtricitabine/tenofovir alafenamide[END_REF].

SEQUENCING TECHNOLOGIES

considered when choosing an alignment tool include quality control, gapped alignment, mismatches and gap penalties, and multiple alignment [START_REF] Isakov | Deep Sequencing Data Analysis: Challenges and Solutions[END_REF].

As the alignment step is a crucial step for analyzing UDS data in almost all applications such as genetic variants detection, methylation patterns profiling (MeDIP-Seq), protein-DNA interaction mapping (ChIP-Seq), and gene expression (RNA-Seq), several alignment algorithms have been developed in the past few years [START_REF] Ye | Alignment of Short Reads: A Crucial Step for Application of Next-Generation Sequencing Data in Precision Medicine[END_REF]. Several popular alignment software were compared in this PhD to choose the most appropriate one for UDS data analysis.

Assembly

Reads from deep sequencing data are too short to have biological meaning and the need to merge them into larger segments or contigs arises to reconstruct the original sequence. Sequence assembly can refer to either de novo assembly or map to reference. De novo assembly aligns and merges short reads when the genome has not been characterized yet while map to reference approach focuses on identifying differences from a well characterized reference sequence. Problems of sequencing errors, uneven genome coverage and reads too short to be informative in repeated regions pose difficulties for the assembly process [START_REF] Kol | Assembly algorithms for deep sequencing data: basics and pitfalls[END_REF]. For research performed in this PhD, the Geneious software with Geneious assembly algorithm was employed because it can produce large contigs containing reads and a list of unused reads. Furthermore, Geneious software allows set-up of advanced parameters for the assembly process such as gap penalties, maximum mismatches per reads, minimum overlap identity and several other important parameters.

Variant calling

Variant calling refers to determination of single nucleotide differences against a reference genome and detection of these variants is based on the use of specialized software using probabilistic method for correct inference of variants. This process is challenging in cases of low coverage arear, sequencing errors, misalignment, and PCR biases and a sufficient depth of coverage and good mapping quality are essential factors impacting variant calling results. The fully automated analysis pipeline commercially available via SmartGene (www.smartgene.com; SmartGene, Zug, Switzerland), used in this PhD to detect minority resistant variants (MiRVs), merge and quality-filter paired-end reads based on Phred quality score to remove noise. Alignment is then performed using a target-specific profile and a consensus is produced based on a user-selected ambiguity threshold.

Mutations are called by frame-aware alignment with reference sequence HXB2 (Los Alamos, accession number AF033819) above a user-selected threshold (ranging from 0.5% to 30%) at a predetermined minimum coverage of reads.

OBJECTIVES Article 2

International Journal of Antimicrobial Agents, 2018, September with minimal side-effects and shortened courses of treatment while significantly improving sustained virological response (SVR). However, HCV can select in vitro and in vivo resistance mutations to DAAs. Studies on prevalence of RASs at baseline and their emergence under treatment have focused mainly on HCV genotype (GT) 1 infection [START_REF] Zeuzem | NS5A resistance-associated substitutions in patients with genotype 1 hepatitis C virus: Prevalence and effect on treatment outcome[END_REF]. More data about RASs in HCV GT3

Net

and GT4, especially pre-existing minority RASs, and their impact on NS5A and NS5B inhibitors are needed. Therefore, in this study, we evaluated in HCV GT3 or GT4-infected patients failing an anti-NS5B with or without anti-NS5A regimen the prevalence of RASs at baseline and at failure, and then the emergence dynamics of pre-existing minority RASs by next-generation sequencing (NGS).

Sanger sequencing and NGS of NS5B and NS5A were performed on prior-and post-treatment plasma samples of 13 patients. Positions implicated in resistance to anti-NS5A and anti-NS5B in literature (Kalaghatgi et al. 2016, Pawlotsky 2016, Sorbo et al. 2018) were analysed.

At baseline, no RASs were detected on NS5B. On NS5A, we detected pre-existing RASs or polymorphisms in viruses of 6/10 patients (L28M for a GT4a, M28V for a GT4r, L30R for a GT4a, 2 GT4d and 1 GT4r, T58P for a GT4d) by Sanger sequencing and in viruses of 7/10 patients by NGS.

Additional baseline minority substitutions detected by NGS were Y93H in 1 GT3a, L28M in 1 GT4a Background: Integrase strand transfer inhibitors (INSTIs) are recommended by international guidelines as firstline therapy in antiretroviral-naive and -experienced HIV-1-infected patients.

Objectives: This study aimed at evaluating the prevalence at failure of INSTI-resistant variants and the impact of baseline minority resistant variants (MiRVs) on the virological response to an INSTI-based regimen.

Methods: Samples at failure of 134 patients failing a raltegravir-containing (n " 65), an elvitegravir-containing (n " 20) or a dolutegravir-containing (n " 49) regimen were sequenced by Sanger sequencing and ultra-deep sequencing (UDS). Baseline samples of patients with virological failure (VF) (n " 34) and of those with virological success (VS) (n " 31) under INSTI treatment were sequenced by UDS. Data were analysed using the SmartGene platform, and resistance was interpreted according to the ANRS algorithm version 27.

Results: At failure, the prevalence of at least one INSTI-resistant variant was 39.6% by Sanger sequencing and 57.5% by UDS, changing the interpretation of resistance in 17/134 (13%) patients. Among 53 patients harbouring at least one resistance mutation detected by both techniques, the most dominant INSTI resistance mutations were N155H (45%), Q148H/K/R (23%), T97A (19%) and Y143C (11%). There was no difference in prevalence of baseline MiRVs between patients with VF and those with VS. MiRVs found at baseline in patients with VF were not detected at failure either in majority or minority mutations.

Conclusions: UDS is more sensitive than Sanger sequencing at detecting INSTI MiRVs at treatment failure. The presence of MiRVs at failure could be important to the decision to switch to other INSTIs. However, there was no association between the presence of baseline MiRVs and the response to INSTI-based therapies in our study.

Introduction

Integrase strand transfer inhibitors (INSTIs), which act by inhibiting the HIV integrase enzyme from inserting viral DNA genome into the host cell's chromatin, are the most recent class of antiretroviral (ARV) drugs approved for treatment of HIV-infected individuals.

Current practice guidelines (US Department of Health and Human Services, European AIDS Clinical Society and French guidelines) recommend the use of this class as first-line therapy in ARV-naive and -experienced patients. 1-3 However, some studies have shown selection of raltegravirand elvitegravir-resistant strains in patients experiencing 
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None to declare. Methods: Sanger sequencing and NGS were performed on NS5B and NS5A for plasma samples prior-and post-treatment of 13 patients. Positions implicated in resistance to anti-NS5A and anti-NS5B in literature were analysed.
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Results:

No baseline RASs was detected on NS5B but one GT4r virus developed the mutation S282T at failure. On NS5A, we detected pre-existing RASs or polymorphisms in viruses of 6/10 patients (L28M for a GT4a, M28V for a GT4r, L30R for a GT4a, 2 GT4d ,and 1 GT4r, T58P for a GT4d) by Sanger sequencing and in viruses of 7/10 patients by NGS. Additional baseline minority substitutions detected by NGS were Y93H in a GT3a, L28M in a GT4a and a GT4d, and L28F in a GT4d virus. At failure, these substitutions were found at frequency of 100%. The Y93H was detected alone at baseline while the L28M and L28F were accompanied by polymorphisms L30R or L30R + T58P.

Conclusions:

The use of NGS in patients failing DAAs and infected by HCV GT3 and GT4 revealed the emergence of specific patterns of substitutions on NS5A and NS5B, in particular substitutions at position 28 on NS5A in GT4 virus, highlighting the need to list these substitutions in guidelines for resistance interpretation. 

Keywords

Methods

RNA extraction, polymerase chain reaction and subtyping

Sanger sequencing and NGS were performed on samples at baseline and at DAA failure on NS5A (10 subjects) and NS5B (13 subjects) depending on the DAAs received (SOF ± anti-NS5A ± RBV). Briefly, 80 µl of HCV RNA were extracted from 1 ml of plasma using NucliSENS® easyMAG® (bioMérieux Clinical Diagnostics).

The extracted RNA underwent reverse transcription to produce complementary DNA, and NS5B fragment was amplified by polymerase chain reaction in a one-step process (Superscript III One-step RT-PCR with platinum Taq kit; Invitrogen, Carlsbad, CA, USA) according to the manufacturers' protocol and sequenced by Sanger method (BigDye Terminator, Applied Biosystems, Foster City, USA). We determined HCV subtypes by constructing phylogenetic trees with reference sequences cited in the article of Smith DB et al [8] using neighbour joining method in Clustal W (version 2.0 available at http://www.clustal.org/clustal2/). We used also geno2pheno [HCV] (http://hcv.bioinf.mpi-inf.mpg.de) to verify viral subtype of each sample from NS5B sequences [9]. For the resistance tests, NS5A (amino acid 1 to 143) and NS5B (amino acid 117 to 565) fragments were amplified using Superscript III kit as described above using genotype-specific primers following specific protocols (supplementary tables S3 and S4).

Next-generation sequencing (NGS) and computational method

The NS5A and NS5B amplicons were sequenced using Illumina MiSeq platform. Samples were purified by SPRIselect beads (Beckman Coulter, France), then "tagmentated" (fragmented and tagged), and prepared for libraries using Nextera® DNA Sample Preparation and Index Kit (Illumina, USA) according to the manufacturer's protocol. Resulting libraries were quantified on a 2100 Bioanalyzer (Agilent Technologies), normalized, and pooled equimolarly. Pooling libraries were diluted to 10 pM for cluster generation and subjected to standard Illumina paired-end sequencing at 2 x 150 bp on Miseq platform.

The commercial and fully automated SmartGene IDNS ASP service (www.smartgene.com, SmartGene, Zug, Switzerland) was used to analyse NGS data. Positions considered in literature to be implicated in resistance to DAAs therapies such as those mentioned in geno2pheno rules (updated February 2017) [9], Pawlotsky JM's review [10], and Sorbo et al. [11] study were analysed. Briefly,positions 159,282,237,289,320,and 321 were taken into account for resistance interpretation to SOF; positions 24, 26, 28, 29, 30, 31, 32, 38, 58, 62, 92, and 93 were considered for resistance interpretation to anti-NS5A. Amino acid substitutions in other positions were also analysed and shown if there was emergence of these substitutions from pre-to posttreatment.

References used for resistance interpretation are listed in supplementary table 5.

Fibrosis evaluation

Fibrosis stage was assessed using fibrosis biomarker (FibroTest®) [12] and elastography (Fibroscan®) [13]. Emmanuelle NETZER 6 , Thomas L'YAVANC 7,8 , Michel OHAYON 7,8 , Pierre-Marie GIRARD 9 , Nesrine DAY 10 , Georges KREPLAK 10 , Gilles PIALOUX 8 , Vincent CALVEZ 1 , Jean Michel MOLINA 3,11 , Anne-Geneviève MARCELIN 1 , Eve TODESCO 1
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Affiliations: Conclusions: HIV-positive and HIV-negative MSM shared HCV transmission networks raising an alert for surveillance and prevention measures in these communities regardless of the HIV status. Sanger and UDS were performed on frozen plasma samples and HCV transmission network was constructed on the 2 datasets to compare quantity and characteristics of transmission chains identified by both techniques.

Extraction, amplification, and deep-sequencing

Eighty microliter of HCV RNAs were extracted from 1 ml of plasma using® easyMAG® (bioMérieux Clinical Diagnostics). Extracted RNAs were reverse transcribed in complementary DNAs, and NS5B fragment (position 8256 to 8644 compared to H77, fragment of 388 bp) was amplified by PCR in a one-step process (Superscript III One-step RT-PCR with platinum Taq kit; Invitrogen, Carlsbad, CA, USA) according to the manufacturers' protocol, by a set of 2 universal (in italic) binding with specific primers (in bold): Forward: 5'-AAGACTCGGCAGCATCTCCATATGAYACCCGCTGYTTTGACTC-3' and Reverse: 5'-GCGATCGTCACTGTTCTCCAGCNGARTAYCTVGTCATAGCCTC-3'. Samples were then multiplexed and subjected to standard Illumina Miseq paired-end sequencing at 2x250 bp.

UDS data analysis

UDS data were analyzed by Geneious software (version 10.3.2, http://www.geneious.com) [20]. Paired reads were firstly merged, primer-removed and quality-trimmed using quality threshold of 30. Sequences with good quality (quality scores of 30 on at least 95% of bases) were error-corrected by BBNorm from the BBtools package included in Geneious. Corrected reads of each sample were then clustered by de novo assembly approach (Geneious assembler, custom sensitivity) following different thresholds of similarity to reduce the number of reads and time for further analysis while maintaining viral population diversity. Firstly, reads were assembled at 100% of similarity. Reads unable to assemble at this threshold were then assembled at 99% of similarity. The process continued and finished at threshold of 97% of similarity where almost all reads were assembled. All contigs and unassembled sequences produced in this step were grouped in one file used for phylogenetic analyses.
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(Abstract THAB0203, oral presentation). Results: HCV sequencing showed GT1a (47.1%), GT4d (41.2%), GT3a (8.8%) and GT2k (2.9%). We detected three (4.4%) mixed GT infections: one between predominant GT4d and minority GT1a, one between predominant GT4d and minority GT1b, and one between predominant GT1a and minority GT4d virus. The rates of minority GT viral populations detected in virus of the three above patients were 0.32%, 10.7%, and 1.3%, respectively. The two first patients were HIV co-infected and the other was HIV-negative under PrEP.

The anti-HCV treatment success was observed for all of them.

Conclusion:

This work evidenced uncommon mixed HCV GT infections in MSM at high risk of multiple HCV exposures. However, the impact on treatment response remains unclear and needs further studies on a larger group of patients. To prevent treatment failure, early initiation of pan-genotypic DAAs and regular monitoring of treatment response are needed in this population.

Keywords: mixed HCV genotypes, ultra-deep sequencing, men having sex with men

Mixed HCV genotype infections

After eliminating suspected contaminations as described in the method section, three (4.4%) mixed GT infections were detected. All the three patients were infected by HCV for the first time. Two patients were coinfected by HIV and the other was HIV negative and enrolled in the ANRS IPERGAY trial.

In detail, a mixed HCV GT infection between predominant GT4d (at frequency of 99.68%) and minority GT1a

(at frequency of 0.32%) was detected in the viral population of one HIV-positive patient. The patient was treated by 6 months of peginterferon alfa-2a/ribavirine in 2013 and obtained undetectable HCV VL after one month. His HCV viral load remains undetectable during the 5 years of follow-up.

In the viral population of the second patient co-infected with HIV, another mixed infection between predominant GT4d (at frequency of 89.3%) and minority GT1b (at frequency of 10.7%) was identified. This patient was treated later by 12 weeks of sofosbuvir and ledipasvir. The HCV viral load was undetectable 9 months after the end of treatment.

The third mixed infection between predominant GT1a (at frequency of 98.7%) and minority GT4d (at frequency of 1.3%) was detected in the viral population of a HIV-negative patient under PrEP. Interestingly, a switch of virus from GT1a to GT4d was observed by Sanger sequencing in this patient two years later. The comparison among anterior minority GT4d sequences obtained from UDS with posterior GT4d sequence obtained from Sanger sequencing showed a 2% of minimum genetic distance among these sequences. At the time of HCV GT4d infection diagnosis, the patient was treated by 12 weeks of sofosbuvir and ledipasvir and obtained an undetectable HCV viral load after 2 months. However, the patient did not continue his follow-up in the hospital so we could not obtain more details about the SVR post-treatment.

An example of phylogenetic tree constructed from viral sequences of a mixed infection between predominant GT4d and minority GT1b virus is shown in figure 1 (the second patient).

DISCUSSION

In our study, a low prevalence (4.4%) of mixed HCV GT infections was observed in a population of MSM with high-risk behaviors who were recently diagnosed with HCV infection. The prevalence of mixed HCV GT infections varies depending on the study population and the technique sensitivity. Indeed, a study using UDS showed the low prevalence of mixed HCV GT infection at 1.7% in 76 seronegative, HCV-RNA positive blood donors while a higher prevalence ranging from 14%-39% of mixed HCV GT infections was reported in people who inject drugs with both chronic and acute hepatitis C [4,16]. In our study, the prevalence of mixed HCV GT infections was investigated by UDS in a population of patients at high risk of multiple HCV exposures, HIV+ and HIV-MSM at high risk of HIV acquisition. Among 68 patients enrolled, only three (4.4%) were infected with HCV of mixed GTs involving GT4 and GT1 with frequencies of minority viral populations ranging from 0.32% to 10.7%. Interestingly, a switch from GT1a to GT4d virus (based on Sanger sequencing) after 2 years was observed in a patient previously infected by predominant GT1a and minority GT4d virus (based on UDS). However, the minimum genetic distance among the previous minority GT4d sequences
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ABSTRACT

The two RNA viruses HIV and HCV are getting a lot of public health concerns because both of them have overlapping risk factors for transmission through direct blood and sexual contacts. Furthermore, HIV and HCV infections are the leading cause of mortality and morbidity globally due to related diseases. However, with the introduction of antiretroviral therapy (ART) for the treatment of HIV infection and direct-acting antivirals (DAAs) for the treatment of HCV infection, patients infected by these viruses are witnessing significant improvement in their quality of life. However, the high replication rate and the lack of error correction mechanism of these viruses result in a diverse viral population referred to as quasispecies. Under drugselective pressure, the viral quasispecies select resistance variants against corresponding drug and render the therapy ineffective especially in cases an appropriate treatment monitoring is not ensured.

To reserve a wide range of possibilities for a life-long ART in HIV-infected patients and in parallel to reduce cost for treatment of both HIV and HCV infection, research focusing on detection, surveillance and transmission of resistance mutations is fundamental to prevent treatment failure on antivirals. In this PhD, we employed the ultra-deep sequencing (UDS) or next-generation sequencing (NGS) technologies to look for minority resistant variants (MiRVs) which are conventionally considered to represent less than 15%-25% of viral population and undetectable by Sanger sequencing. The presence of MiRVs at baseline is possibly responsible for the treatment failure and their presence at failure may limit options for subsequent therapies.

In this PhD, we evaluated the prevalence and clinical impact of MiRVs on integrase gene in HIV-infected patients failing an integrase inhibitor containing regimen. We also evaluated the impact of MiRVs in HCV genotype 3 and genotype 4-infected patients failing DAAs. Furthermore, we used the UDS technique to identify and characterize the HCV transmission networks among a key population of men having sex with men either co-infected with HIV or at high risk of HIV acquisition. We also discovered several cases of mixed HCV genotype infections in this population probably for their high risk of multiple HCV exposures. The advantages of UDS in virology research and the applicability of this technique in clinic have been questioned and verified throughout multiple types of projects in this PhD. UDS has not been conclusively established to be more interesting and beneficial than Sanger sequencing in prevention of treatment failure in patients infected by HIV or HCV and in identifying the viral transmission networks at large scale if taking into account the experiment cost and time for data analysis. However, the dynamic development of UDS technologies and the continuing attempts in optimizing analysis procedures display a promising role of UDS. And the applicability of UDS in clinical practice still needs to be elucidated in different kinds of research projects.
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