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Background

Human immunodeficiency virus (HIV) genotypic resistance testing is recommended before treatment initiation and to optimize antiretroviral treatment after treatment failure [START_REF] Günthard | Human Immunodeficiency Virus Drug Resistance: 2018 Recommendations of the International Antiviral Society-USA Panel[END_REF]. Testing usually involves Sanger sequencing or deep sequencing of plasma samples to detect minority resistant variants (<15-20%) [START_REF] Lapointe | HIV drug resistance testing by high-multiplex "wide" sequencing on the MiSeq instrument[END_REF][START_REF] Thys | Performance assessment of the Illumina massively parallel sequencing platform for deep sequencing analysis of viral minority variants[END_REF][START_REF] Mohamed | Comparison of ultra-deep versus Sanger sequencing detection of minority mutations on the HIV-1 drug resistance interpretations after virological failure[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][START_REF] Li | Clinical implications of HIV-1 minority variants[END_REF]. Sequencing of proviral DNA can provide useful information for individuals with a low virus load at the time of virological failure or with undetectable plasma HIV RNA and no previous genotype to guide treatment simplification [START_REF] Allavena | Interest of proviral HIV-1 DNA genotypic resistance testing in virologically suppressed patients candidate for maintenance therapy[END_REF][START_REF] Armenia | Resistance detected in PBMCs predicts virological rebound in HIV-1 suppressed patients switching treatment[END_REF][START_REF] Boukli | Utility of HIV-1 DNA genotype in determining antiretroviral resistance in patients with low or undetectable HIV RNA viral loads[END_REF]. Drug-resistant mutations identified in DNA can predict virological rebound in patients switching treatments [START_REF] Armenia | Resistance detected in PBMCs predicts virological rebound in HIV-1 suppressed patients switching treatment[END_REF]. The lack of automation of Illumina sequencing platforms limits its use for HIV genotyping in clinical practice [START_REF] Dudley | Cross-clade simultaneous HIV drug resistance genotyping for reverse transcriptase, protease, and integrase inhibitor mutations by Illumina MiSeq[END_REF][START_REF] Ram | Evaluation of GS Junior and MiSeq next-generation sequencing technologies as an alternative to Trugene population sequencing in the clinical HIV laboratory[END_REF]. The semi-automated Sentosa platform (Vela DX) has been developed for routine HIV-1 genotyping on plasma RNA [START_REF] Raymond | HIV-1 genotypic resistance testing using the Vela automated nextgeneration sequencing platform[END_REF][START_REF] Dessilly | First evaluation of the Next-Generation Sequencing platform for the detection of HIV-1 drug resistance mutations in Belgium[END_REF][START_REF] Tzou | Comparison of an In Vitro Diagnostic Next-Generation Sequencing Assay with Sanger Sequencing for HIV-1 Genotypic Resistance Testing[END_REF] but a recent study has shown a high failure rate of the runs [START_REF] Weber | Prospective Evaluation of the Vela Diagnostics Next-Generation Sequencing Platform for HIV-1 Genotypic Resistance Testing[END_REF]. Thus, the performance of an automated extraction and HIV DNA genotyping must be assessed in the context of an increasing routine use of those tests.

Objective

We aimed to evaluate the performance of the Sentosa next-generation sequencing (NGS) system for genotyping HIV DNA samples by comparison with Sanger sequencing. We also evaluated an external DNA automated extraction before introduction of nucleic acids on the platform.

Study design

We tested longitudinal samples from 40 patients with HIV-1 infection treated at the Toulouse University Hospital for HIV DNA genotypic resistance. The plasma HIV RNA was below 30 copies/mL (Aptima HIV-1 Quant Dx assay; Hologic, Roissy, France) (35) or below 200 copies/mL (5) at the time of genotyping.

HIV-1 DNA was extracted from 250µL of buffy coat (PBMC-enriched blood fraction) using the DNA and Viral NA Small Volume Kit on the MagNA Pure 96 instrument (Roche Diagnostics, Meylan, France). The 100µL eluate was used for parallel amplification and sequencing with Sanger and Sentosa genotyping (Vela Diagnostics, Hamburg, Germany) techniques. Cell-associated HIV-1 DNA was quantified by real-time PCR with the Generic HIV DNA CELL assay kit (Biocentric, Bandol, France) as previously described [START_REF] Avettand-Fènoël | French Pediatric Cohort Study ANRS-CO 01 Group, LTR real-time PCR for HIV-1 DNA quantitation in blood cells for early diagnosis in infants born to seropositive mothers treated in HAART area (ANRS CO 01)[END_REF]. The Sentosa SQ HIV Genotyping Assay generated two amplicons, PR-RT (protease-reverse transcriptase) and IN (integrase). The limit of detection of the assay is 5% at 15,000 copies/mL and 20% at 1,000 copies/mL; all the mutations identified by the Sentosa SQ reporter (>3%) were considered for the analysis. The PR and RT sequences were obtained by Sanger sequencing using the ANRS protocol (http://www.hivfrenchresistance.org/ANRSprocedures.pdf). We used the ANRS resistance algorithm (2018, v29, available at http://www.hivfrenchresistance.org) to identify resistance-associated mutations (RAMs) after NGS and Sanger sequencing. Categorical variables were tested by the Fisher's exact test.

We first used HIV-1 DNA samples with known concentrations to estimate the success rate of genotyping (Table 1).

Results

The HIV-1 subtype distribution was: 26 B, 6 CRF02-AG, 1 A6, 1 F1, 1 URF (unique recombinant form) and 5 unknowns. The PR-RT amplification and genotyping was 72.5% (29/40) successful using the Vela platform and 45% (18/40) successful using Sanger sequencing. We compared the RAMs identified at the threshold of 20% (NGS 20%) for 18 samples that have been sequenced by both methods (Table 2). The level of drug resistance predicted by Sanger and NGS 20% was similar in 14/18 samples. A higher level of resistance was predicted by NGS 20% in three samples and by Sanger in one sample (P=0.6). Five RAMs detected only by NGS accounted for more than 20% of the virus quasispecies (138K 24%, 184I 28%, 179I 65%, 41I 90% and 230I 95%). The positions and frequencies of mutations are shown in Figure 1. The prevalence of resistance to at least one protease inhibitor (PI) was 7% whatever the genotyping method. The prevalence of resistance to at least one nucleos(t)ide RT inhibitor (NRTI) was 59% and to at least one non-NRTI (NNRTI) was 31% using NGS at the threshold of 3%. Seven additional RAMs accounting for less than 20% of the virus quasispecies (138K 3%, 115F 4%, 215F 4%, 230I 9%, 41L 12%, 101E 18% and 184V 19%) were detected using NGS.

We assayed integrase resistance genotyping only by NGS; it was 75% successful. The prevalence of resistance to INSTI was 20% (6 samples) according to the ANRS algorithm (Table 3). Three patients had been treated with integrase inhibitors while the other three patients harboured polymorphic mutations (one 157Q and one 74M) [START_REF] Charpentier | Phenotypic analysis of HIV-1 E157Q integrase polymorphism and impact on virological outcome in patients initiating an integrase inhibitor-based regimen[END_REF][START_REF] Rhee | Human immunodeficiency virus reverse transcriptase and protease sequence database[END_REF] and a commonly observed G-to-A hypermutation (118R) [START_REF] Rhee | HIV-1 Protease, Reverse Transcriptase, and Integrase Variation[END_REF]. 

Discussion

We found that a HIV DNA load of at least 1.6 log copies/10 6 cells was sufficient for resistance genotyping using the Sentosa NGS platform with success rates of 82% and 94% for the PR-RT and IN regions, respectively. As the median HIV DNA was 2.5 log copies/10 6 cells (IQR, 2.1-2.9) in a cohort of patients on suppressive antiretroviral therapy [START_REF] Cuzin | Dat'AIDS study group, Levels of intracellular HIV-DNA in patients with suppressive antiretroviral therapy[END_REF], HIV DNA genotyping should be successfully performed in patients eligible for a regimen change.

The Vela platform was more successful (72.5%) than Sanger sequencing (45%) for detecting resistance in the PR-RT region in DNA samples from our 40 patients.

The success rate was close to the one previously published (80%) using the 454 GS-FLX [START_REF] Rodriguez | Ultradeep sequencing improves the detection of drug resistance in cellular DNA from HIV-infected patients on ART with suppressed viraemia[END_REF]. The Vela platform and Sanger sequencing performed similarly for identifying RAMs at the threshold of 20%. NGS provided identification of RAMs below 20% and determination of the proportion of resistant variants in the quasispecies. These mutations were associated with antiretroviral resistance to at least one PI in 7% of patients, to at least one NRTI in 59%, and to at least one NNRTI in 31% using the threshold of 3%. The prevalence of resistance was similar according to ANRS and IAS algorithms. Our results were consistent with exposure of these patients to antiretroviral drugs and with a previous study that found 40.5% of resistance to NRTI and 21.6% to NNRTI in HIV DNA using Sanger sequencing [START_REF] Boukli | Utility of HIV-1 DNA genotype in determining antiretroviral resistance in patients with low or undetectable HIV RNA viral loads[END_REF]. Our prospective study included 40 DNA samples over one year during which a total of 45 runs were performed and 18% failed because of technical problems, as previously described by another group [START_REF] Weber | Prospective Evaluation of the Vela Diagnostics Next-Generation Sequencing Platform for HIV-1 Genotypic Resistance Testing[END_REF]. For the first time, we optimized automated nucleic acid extraction on the MagNA Pure 96 instrument for HIV DNA genotyping on the Sentosa NGS platform. Only one study evaluated this platform without automation of nucleic acid extraction [START_REF] Alidjinou | Routine drug resistance testing in HIV-1 proviral DNA, using an automated next-generation sequencing assay[END_REF]. Automation reduces hands-on time and risk of errors but we showed that it failed to improve the sequencing performance of the three regions PR, RT and IN (success rate of 65% in our study versus 58% in the study by Alidjinou et al.).

Prevalence of INSTI resistance was 20% in HIV DNA samples which could influence the choice of drugs for treatment simplification [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][START_REF] Joly | LAMIDOL Study Group, Dolutegravir and lamivudine maintenance therapy in HIV-1 virologically suppressed patients: results of the ANRS 167 trial (LAMIDOL)[END_REF][START_REF] Ciaffi | MOBIDIP study group, Boosted protease inhibitor monotherapy versus boosted protease inhibitor plus lamivudine dual therapy as second-line maintenance treatment for HIV-1-infected patients in sub-Saharan Africa (ANRS12 286/MOBIDIP): a multicentre, randomised, parallel, open-label, superiority trial[END_REF][START_REF] Pulido | DUAL-GESIDA-8014-RIS-EST45 Study Group, Dual Therapy With Darunavir and Ritonavir Plus Lamivudine vs Triple Therapy With Darunavir and Ritonavir Plus Tenofovir Disoproxil Fumarate and Emtricitabine or Abacavir and Lamivudine for Maintenance of Human Immunodeficiency Virus Type 1 Viral Suppression: Randomized, Open-Label, Noninferiority DUAL-GESIDA 8014-RIS-EST45 Trial[END_REF]. This prevalence was similar using the IAS list (17%) that differed only by the absence of the E157Q mutation (other differences had no impact on resistance). One limitation of our study is that we did not compare NGS and Sanger sequencing of the integrase. Nor did we analyze patient follow-up data to determine the impact of the RAMs on the virological response to combined therapy.

We conclude that the Vela NGS platform is suitable for automation of HIV-1 DNA deep sequencing, including the nucleic acid extraction, and provides valuable information about drug resistance in patients eligible for treatment simplification when prior genotypic data are not available. Further investigation is needed to clarify the clinical impact of resistance in cellular DNA. The number of times each mutation occurs is indicated on the ordinate. The first bar stands for the Vela platform and the second bar stand for Sanger sequencing. Three categories of mutation frequency were distinguished with the Vela platform: below 5%, between 5 and 20%, and over 20% of the virus quasispecies. The asterisk indicates the mutations that are not listed by the International AIDS Society (IAS; https://www.iasusa.org/resources/hiv-drug-resistance-mutations/). 

TABLES

  The patients 046_15 and 042_16 had an undetectable viral load despite resistance to INSTI probably because they received three more active drugs according to the DNA genotype. A modification on the Sentosa program enabled us to use DNA extracts that are added at the step of PCR set-up by the instrument. The automated DNA extraction and Vela NGS took 4 hours to handle 15 samples and the results were obtained in 3 days while Sanger sequencing took 7 hours to handle and the results were obtained in 2 days.
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Table 1 . Impact of HIV-1 DNA load on the global success rate of the Vela NGS for resistance genotyping HIV-1 DNA load
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		<1.5 log cp/10 6 cells	1.6-2.5 log cp/10 6 cells	>2.5 log cp/10 6 cells
		(N=3)	(N=10)	(N=7)
	PR genotyping	0 (0%)	7 (70%)	7 (100%)
	RT genotyping	0 (0%)	7 (70%)	7 (100%)
	IN genotyping	1 (33%)	10 (100%)	6 (86%)
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