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Background. Minority resistant variants of human immunodeficiency virus type 1 (HIV-1) could influence the virological re-
sponse to treatment based on nonnucleoside reverse transcriptase inhibitors (NNRTIs). Data on minority rilpivirine-resistant var-
iants are scarce. This study used next-generation sequencing (NGS) to identify patients harboring minority resistant variants to
nucleos(t)ide reverse transcriptase inhibitors and NNRTIs and to assess their influence on the virological response (VR).

Methods. All the subjects, 541 HIV-1-infected patients started a first-line regimen containing rilpivirine. VR was defined as a
HIV-1 RNA load <50 copies/mL at month 6 with continued suppression at month 12. NGS was performed at baseline (retrospect-
ively) on the 454 GS-FLX platform (Roche).

Results. NGS revealed resistance-associated mutations accounting for 1% to <5% of variants in 17.2% of samples, for 5%-20% in
5.7% of samples, and for >20% in 29% of samples. We identified 43 (8.8%) and 36 (7.4%) patients who harbored rilpivirine-resistant
variants with a 1% sensitivity threshold according to the French National Agency for Research on AIDS and Viral Hepatitis and Stanford
algorithms, respectively. The VR was 96.9% at month 12. Detection of minority rilpivirine resistant variants was not associated with
virological failure (VF). Multivariate analysis indicated that VF at month 12 was associated with a CD4 count <250 cells/pL at baseline,
a slower decrease in viral load at month 3, and rilpivirine resistance at baseline using the Stanford algorithm with a 20% threshold.

Conclusions. Minority resistant variants had no impact on the VR of treatment-naive patients to a rilpivirine-based regimen.

Keywords. minority resistant variants; rilpivirine; first-line antiretroviral therapy; ultra-deep sequencing.

Human immunodeficiency virus type 1 (HIV-1) is genetically
highly variable, which enables it to adapt and thus escape
destruction by the host immune system and antiretroviral
treatment. Infected individuals harbor a virus population
comprising many genetically distinct but related variants,
which define the quasi-species. HIV-1-infected patients are
screened for resistance mutations that may decrease sensitiv-
ity to certain drugs before they are given antiretroviral drugs.
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Genotypic resistance testing is conventionally carried out by
direct sequencing that identifies variants accounting for at
least 20% of the total virus population. However, minority
variants accounting for <20% of the population may harbor
resistance mutations and may emerge under drug selection
pressure. Newly available methods more sensitive than direct
sequencing have shown that resistant variants are more prev-
alent than previously thought [1, 2]. The 454 GS FLX system
(Roche Diagnostic, Meylan, France) can analyze long frag-
ments of virus quasi-species genes (400-800 base pairs [bp])
[3]. Minority variants that are resistant to nonnucleoside
reverse transcriptase inhibitors (NNRTIs) may influence the
virological response (VR) to NNRTI-based combination ther-
apy [4-6]. A meta-analysis has shown that patients harboring
resistant minority variants are at greater risk of virological
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failure when treated with a first-line antiretroviral regimen
containing an NNRTT [7].

Rilpivirine is a second-generation NNRTI indicated as first-
line regimen [8, 9]. Population sequencing of infected antiret-
roviral-naive patients indicated that genotypic resistance to
rilpivirine (RPV) accounted for <5% of the viral variants globally,
3.7% in subtype B-infected patients, and 6% in patients infected
with non-B subtypes [10]. There are only limited data from clin-
ical cohorts relating baseline RPV resistance patterns to therapy
failure [11]. As a result, there is a lack of knowledge on the predic-
tive value of RPV-associated mutations at baseline [12, 13].

This study was designed to identify minority resistant var-
iants to nucleos(t)ide reverse transcriptase inhibitors (NRTIs)
and NNRTTs in a cohort of antiretroviral-naive patients and
to assess their influence on the VR to a first-line regimen
containing RPV.

METHODS

Study Population and Samples

We studied HIV-1-infected patients from 24 centers in France
who were being treated with an RPV-NRTI combination, in
accordance with French recommendations. They were all
antiretroviral-naive before this treatment. Inclusion criteria
were HIV-1 infection, age >18 years, first-line treatment with
RPYV, a pretreatment HIV plasma RNA load >1000 copies/mL,
and a frozen pretreatment plasma sample. Rilpivirine is author-
ized for antiretroviral treatment-naive patients with a viral load
<100000 HIV-1 RNA copies/mL according to the European
Medicines Agency.

The 24 participating laboratories belong to the French National
Agency for Research on AIDS and Viral Hepatitis (ANRS) ACI11
network and participate in the annual ANRS quality control
assessment of HIV-1 drug resistance sequencing [14]. The pre-
treatment plasma samples were collected and analyzed in the
Toulouse Virology Laboratory for ultra-deep sequencing of the
reverse transcriptase (RT) gene. We collected data from each par-
ticipating laboratory: plasma HIV-1 RNA, CD4" T-cell counts,
and RT gene sequences (bulk sequencing) at baseline, and plasma
HIV-1 RNA 1, 3, and 6 months after treatment initiation and
during follow-up (6-42 months). The VR at months 6 and 12
was defined as a plasma HIV-1 RNA load <50 copies/mL after
6 months and 12 months of treatment, respectively. Virological
failure (VF) was defined by a viral load >50 copies/mL on 2 con-
secutive measurements after >6 months of treatment.

Ultra-Deep Sequencing of the Reverse Transcriptase Gene

HIV-1 RNA was extracted from 500 pL plasma with viral
loads >1000 copies/mL using MagNA Pure 96 DNA and Viral
NA Large Volume kits (Roche Diagnostic, Meylan, France).
Ultra-deep sequencing of the HIV-1 RT gene was performed
as previously described [13]. We used the GS FLX Titanium

Sequencing Kit XL+ to obtain long reads and analyzed one 723-
bp fragment of the RT gene. First-strand complementary DNA
was generated with 2 gene-specific oligonucleotides. Nested
polymerase chain reaction produced 1 amplicon covering the
HIV-1RT gene (codons 19-259), which was purified and quan-
tified. Equimolar amounts of amplicon from each sample were
pooled and subjected to clonal amplification on beads using rea-
gents that enabled sequencing in both the forward and reverse
directions. The beads were isolated and those bearing enriched
DNA were counted. Ultra-deep sequencing was carried out on
230000 beads loaded onto one region of a PicoTiter plate fitted
with an 8-lane gasket and sequenced on a Genome Sequencer
FLX (Roche-454 Life Sciences).

Bioinformatic Analysis

A median of 1629 (interquartile range [IQR], 1169-2252)
reads per nucleotide position was obtained for this set of sam-
ples. GS Amplicon Variant Analyzer software was used to
analyze the ultra-deep sequencing results. The amplicon nu-
cleotide sequence reads were aligned with the consensus se-
quence HXB2. The generated files were then analyzed using
DeepChek-HIV version 3.27 software (Advanced Biological
Laboratories, TherapyEdge). As the errors generated during
deep sequencing are sequence-dependent, we determined spe-
cific error rates at each amino acid position in the RT gene and
calculated the sensitivity per position. The amino acid variants
above the sensitivity threshold and with a frequency >1% were
kept for analyses.

We used the 2017 International AIDS Society (IAS) list
of mutations [15] to identify resistance-associated muta-
tions (RAMs), the ANRS resistance algorithm (2016, version
26, available at http://www.hivfrenchresistance.org), and the
Stanford HIV Drug Resistance Database interpretation system
(version 8.3) to interpret HIV resistance to NRTIs and NNRTIs.
Reduced susceptibility to an antiretroviral was defined as inter-
mediate or high-level resistance. The genotypic sensitivity score
(GSS) was calculated by DeepChek-HIV using either the ANRS
resistance algorithm or the Stanford resistance algorithm: Each
antiretroviral was assigned a score of 1 if there is no resistance,
0.5 for intermediate resistance, and 0 for high resistance.

Statistical Analysis

Previous studies on NNRTI-based antiretroviral therapy have
indicated that the frequency of virological failure is 15% in the
absence of minority variants resistant to NNRTI and 35% in the
presence of minor variants [7]. The frequency of minor variants
resistant to RPV was 15% in treatment-naive patients at the pri-
mary infection stage [13]. We needed a sample containing 487
patients to show a 20% difference in the VR of patients with and
without minority variants with o = .05 and 1 — f = .8. We used
Stata version 9.0 software (StataCorp, College Station, Texas)
for statistical analyses. Fisher exact test and the x* test were used
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for between-group comparisons. Continuous variables were
tested with nonparametric tests. A statistically significant dif-
ference was defined as a P value <.05. We analyzed the factors
associated with the VR at months 6 and 12 using univariate and
multivariate logistic regressions.

RESULTS

Patient Characteristics

A total of 541 patients who began an RPV-based regimen be-
tween 2012 and 2015 were included, but 52 of the samples
taken before treatment initiation could not be amplified. The
patients with failing samples had similar virological and clin-
ical characteristics to the patients with amplified samples. Thus,
we studied samples from 489 antiretroviral-naive patients who
were given RPV in combination with other antiretrovirals. The
background regimen for 484 patients (99%) was tenofovir plus
emtricitabine (TDF/FTC). Three patients were given abacavir
plus lamivudine instead of TDF/FTC, 1 patient was given mar-
aviroc in addition to TDF/FTC, and the third was given ralte-
gravir in addition to TDF/FTC. The median patient age was
36 years (IQR, 29-44 years), and 79% were men. Most patients
were infected with subtype B (61%) or CRF02-AG (19%). They
had a median viral load of 4.3 log copies/mL (IQR, 3.9-4.6
copies/mL) and a median CD4 cell count of 470 cells/uL (IQR,
353-601 cells/uL) at treatment initiation.

HIV-1 Genotypic Resistance at Baseline

Next-generation sequencing (NGS) identified 288 RAMs
accounting for at least 1% of the virus population in 229 of 489
(46.8%) pretreatment samples. These RAMs were based on the
2017 IAS list, the ANRS resistance algorithm (2016 version 26),
and the Stanford resistance algorithm.

NGS identified 164 RAMs accounting for >20% of the virus
population in 142 samples (29%), 30 RAMs accounting for
5%-20% in 28 samples (5.7%), and 94 RAMs accounting for 1%
to <5% in 84 samples (17.2%). Therefore, 142 samples harbored
mutant variants with a 20% threshold, 165 with a 5% thresh-
old, and 229 with a 1% threshold (Table 1). The percentage of
patients with RAM:s is detailed in Figure 1.

Analysis using the ANRS resistance algorithm showed that
RAMs were responsible for RPV resistance or intermediate
resistance in 43 samples (8.8%) with a 1% threshold (22 sub-
types B, 11 CRF02, and 10 other subtypes). The GSS was cal-
culated taking into account the resistant variants at different
thresholds (Table 1). Majority resistant variants (accounting
for >20%) were found in 13 samples: 8 harbored the muta-
tion E138A and 5 harbored the mutation V179D, which is
associated with intermediate resistance to RPV. Minority
resistant variants harbored mutations E138A/G/K, V179L,
Y181C, H221Y, and M2301/V. The absolute copy numbers of
minority resistant variants to RPV were 1.3-3.9 log copies/mL
(median, 2.8 log copies/mL). One sample harbored a muta-
tion conferring resistance to tenofovir (K65E, 22.9%). Sixteen
samples had variants resistant to TDF and/or FTC (K65E/
N/R; K70E; M184V/I) with frequencies of 1%-11.1% and ab-
solute copy numbers of 1.1-3.7 log copies/mL (median, 2.6 log
copies/mL).

Analysis using the Stanford algorithm showed that 36 sam-
ples (7.4%) harbored resistance to RPV with a 1% threshold (21
subtype B, 6 CRF02, and 9 other subtypes) (Table 1). Majority
RPV RAMs were 138A (8 samples) and 98G (1 sample).
Minority resistant variants harbored mutations L100V, E138A/
G/K, V179L, Y181C, Y188E G190E, H221Y, and M230L.

Agreement Between NGS and Sanger Sequencing
We analyzed the 425 samples for which Sanger sequences
were available at the time of treatment initiation to determine
the agreement between NGS and Sanger sequencing. Sanger
sequencing identified 96 of the 110 RAMs (87%) identified
by NGS (20% threshold), 3 of 24 RAMs (12%) accounting for
5%-20% using NGS, and 0 of 83 RAMs accounting for 1% to
<5%. The 14 RAMs at >20% identified using NGS and not
detected by Sanger had a median frequency of 90.9% (IQR,
41.9%-98.1%). The 3 RAMs at 5%-20% identified using NGS
and detected by Sanger had frequencies of 15.4%, 12.4%, and
17.4%.

NGS identified 100 of the 106 RAMs (94%) identified by
Sanger sequencing. Six mixed wild/mutant populations were

Table 1.

Impact of Resistance-Associated Mutations on the Genotypic Sensitivity Score

Samples With  Samples With

Samples Rilpivirine Rilpivirine
With Resistance Resistance . e . . L .

Threshold RAMs for  According According Genotypic Sensitivity Score According to ANRS  Genotypic Sensitivity Score According to Stanford
of Virus NRTIs and to ANRS to Stanford
Variants NNRTIs Algorithm Algorithm  GSS=0 GSS=1 GSS=2 GSS=25 GSS=3 GSS=0 GSS=15 GSS=2 GSS=25 GSS=3
20% 142 13 9 0 0 5 128 0 0 0 10 132
5% 165 18 16 0 1 5 146 0 1 3 14 147
1% 229 43 36 1 4 5 171 0 2 13 88 181

Abbreviations: ANRS, French National Agency for Research on AIDS and Viral Hepatitis; GSS, genotypic sensitivity score; NNRTI, nonnucleoside reverse transcriptase inhibitor; NRTI, nucle-

os(t)ide reverse transcriptase inhibitor; RAM, resistance-associated mutation.
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Figure 1.

Patients harboring resistance-associated mutations (RAMs) in the reverse transcriptase gene identified by next-generation sequencing. The bars represent the

percentage of the patients harboring mutations indicated on the horizontal axis: black bars for RAMs accounting for >20% of the virus population, dark gray bars for RAMs
at 5%—-20%, and light gray bars for RAMs accounting for 1% to <5%. *Mutations in the International AIDS Society list. Abbreviations: NNRTI, nonnucleoside reverse tran-

scriptase inhibitor; NRTI, nucleos(t)ide reverse transcriptase inhibitor.

not identified by NGS while double peaks were visible on the
Sanger electropherograms.

Virological Outcome to Rilpivirine-Based Treatment

Almost all patients obtained a VR at 6 months (97.9%).
Univariate analysis of the factors associated with VR at month
6 indicated that a CD4 cell count >250 cells/pL at baseline and
a viral load slope >2 log copies/mL at month 3 were associated
with a greater VR (Table 2). A subtype B of HIV-1 also tended
to be associated with VR. Multivariate analysis indicated that
only the CD4 cell count and the decrease in viral load at month
3 were associated with VR at month 6.

At 12 months, VR was 96.9%. Factors associated with VR at
month 12 in the univariate analysis included the CD4 cell count, the
viral load slope at month 3, the absence of resistance to RPV at base-
line and a GSS of 3 using the Stanford interpretation system with
a 20% threshold and with a 5% threshold (Table 2). Multivariate
analysis indicated that the CD4 cell count, the decrease in viral load
at month 3, and the absence of resistance to RPV at baseline using
Stanford with a 20% threshold were associated with VR at month 12.

Fifteen patients experienced virological failure. We detected
no RAMs in 7 of them before treatment using either NGS or the
Sanger sequencing, 5 of them had majority mutations (patients
8-12), and the remaining 3 had minority mutations (patients
13-15) (Table 3). The E138A mutation was found in 8 patients
using NGS and in 4 by Sanger sequencing.

DISCUSSION

Next-generation sequencing technologies provide new data
on the frequency of minority HIV-1 resistant variants. Their
clinical impact on the response of HIV-1-infected patients to
treatment must be assessed before routine testing for minority
resistant variants. We therefore used the 454 GS-FLX NGS plat-
form to determine the prevalence of NRTI and NNRTT resistant
minority variants in a cohort of antiretroviral-naive patients.
All the mutations identified in the RT gene were used to eval-
uate their impact on the VR to a first-line regimen containing
RPV. Although the 454 technology is no longer supported,
genotypic resistance results provided by the Illumina platform
have been shown to be highly concordant with those obtained
with the 454 platform in previous studies [16, 17]. The demo-
graphic characteristics of our patients were similar with those
previously described [1, 18]. The subtypes of HIV-1 were rep-
resentative of the subtype distribution in France [19, 20], with
a predominance of subtype B and CRF02-AG. However, the
baseline median CD4 cell count was higher (470 cells/pL) than
that of other cohorts of patients given first-line NNRTTs (259
and 227 cells/pL) [18, 21]. Almost all (99%) of our patients were
given the same antiretroviral therapy, which consisted of RPV,
TDE and FTC.

We analyzed the amino acid positions involved in resistance
to NRTIs and NNRTTs of the virus RT gene. The prevalence of
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Table 2. Factors Influencing the Virological Response at Months 6 and 12 on a Rilpivirine-Based First-line Therapy

Virological Response at Month 6

Virological Response at Month 12

Univariate Analysis®

Multivariate Analysis® Univariate Analysis® Multivariate Analysis®

Variable PValue OR (95% CI)  PValue PValue OR (95% CI)  PValue
Age .1653
Sex 148
HIV-1 subtype (B vs non-B) .053 .078
Baseline viral load .3495
Viral load slope at month 3° (>2 log copies/mL) <.0001 18.14 (3.51-93.79) <.001 .0319 1726 (3.36-88.52) <.001
Baseline CD4 cell count (>250 cells/uL) <.001 1761 (3.38-91.72) <.001 .040 10.89 (1.89-62.69) <.01
Baseline resistance to rilpivirine (ANRS, threshold 20%) 161 .246
Baseline resistance to rilpivirine (ANRS, threshold 5%) .307 .459
Baseline resistance to rilpivirine (ANRS, threshold 1%) 910 .839
GSS <3 (ANRS, threshold 20%) 155 .238
GSS <3 (ANRS, threshold 5%) .331 492
GSS <3 (ANRS, threshold 1%) .366 649
Baseline resistance to rilpivirine (Stanford, threshold .061 <.001 0.028 (.003-(.270) <.01
20%)
Baseline resistance to rilpivirine (Stanford, threshold .248 .014
5%)
Baseline resistance to rilpivirine (Stanford, threshold .784 .307
1%)
GSS <3 (Stanford, threshold 20%) .083 <.001
GSS <3 (Stanford, threshold 5%) 315 .029
GSS <3 (Stanford, threshold 1%) 291 134

Abbreviations: ANRS, French National Agency for Research on AIDS and Viral Hepatitis; Cl, confidence interval; GSS, genotypic sensitivity score; HIV, human immunodeficiency virus; OR,

odds ratio.
2Logistic regression.
®Viral load difference between month 3 and baseline.

minority resistant variants at 1%-20% (18%) was similar to that
found in a similar cohort (21%) [18]. The 20% threshold RAMs
were more prevalent (29%) than those reported in other studies
analyzing the same RAMs on patients given first-line NNRTTs
(6%-18%) [11, 18]. The majority RAMs identified by NGS
were also identified in most cases by bulk sequencing. Their
prevalence was high, but most of them must be combined with
other mutations to affect drug susceptibility. The ANRS algo-
rithm used at the time of screening by bulk sequencing did not
take into account the mutations 138A and 179D/L. Therefore,

Table 3. Baseline Characteristics of Patients With Virological Failure

Patients RAM Resistance Using ANRS  Resistance Using
With VF (Frequency) Algorithm Stanford Algorithm
Patients 1-7  None None None

Patient 8 138A (99.9%) Rilpivirine Rilpivirine
Patient 9 1061 (99.2%) None None

Patient 10 1061 (98.6%) None None

Patient 11 98S (97.9%) Nevirapine None

Patient 12 98G (90.7%) None Rilpivirine
Patient 13 1791 (17.4%) None None

Patient 14 65N (1.3%) Tenofovir Tenofovir
Patient 15 901 (1.1%) None None

Abbreviations: ANRS, French National Agency for Research on AIDS and Viral Hepatitis;
RAM, resistance-associated mutation; VF, virological failure.

patients harboring those mutations were given an antiretrovi-
ral regimen containing RPV. However, the new version of the
ANRS algorithm used for our retrospective study did include
these 2 mutations.

The agreement between NGS and Sanger sequencing indicates
the robustness of the NGS mutations analysis for the >20% RAMs,
in line with previous observations [13, 22]. In addition, NGS iden-
tified 104 <20% RAM:s that were not seen by Sanger sequencing.
NGS identified RPV-resistant variants at a 1% threshold in 8.8%
according to the ANRS algorithm and 7.4% of patients according
to the Stanford algorithm. This prevalence was lower than that
previously published for a smaller cohort of patients with primary
infection (15%) [13], but higher than that found in a case-control
study including antiretroviral-naive patients (4%) [11].

We found an association between baseline RPV-majority
RAMs according to the Stanford algorithm and virological fail-
ure in our patients despite a high virological success rate. RAMs
for RPV detected by bulk sequencing and interpreted with the
Stanford algorithm were also associated with VE. By contrast,
we found no association between VF and minority RAMs. In
those cohort studies that found a relationship between primary
mutations and VF [18, 23], the primary mutations were not
observed as natural polymorphisms with bulk sequencing. The
RPV-associated mutations are polymorphic in nature and can
easily be found as dominant variants without selection pressure.
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Other studies found no association between the detection of
minority resistant variants and VF of first-generation NNRTI-
based treatment [24-27]. VF seems to be more frequent in stud-
ies that found that minority resistant variants influenced the
response to treatment [28, 29]. One case-control study found
that the baseline frequencies of minority RPV-resistant variants
in patients on RPV-based treatment with virological success
and failure were similar [11].

We identified 2 other factors associated with the virolog-
ical response despite the low VFE. A baseline CD4 cell count
<250 cells/pL and a shallower slope of viral load at month 3
were associated with VR at months 6 and 12. While the base-
line viral load was not predictive of VR, all of the viral loads
were <100000 copies/mL, as recommended by the European
Medicines Agency for RPV administration. Non-B subtype
viruses tended to be associated with a higher VF in univariate
analysis, while the baseline viral loads and the prevalence of
RAMs in B and non-B subtypes were similar (data not shown).
However, the patients infected with non-B subtypes had a
lower CD4 cell count (467 cells/uL) than those with a subtype
B infection (512 cells/uL) (P = .03). We therefore believe that
minority resistant variants alone do not influence the virolog-
ical response to RPV-based treatment, but that cofactors like
adherence and CD4 cell count play a major role in the virolog-
ical outcome.

One limit of our study is that we have no adherence reports.
Though adherence may partly explain the VF [4, 28], other
studies have found that minority resistant variants influence
VEFE without reporting adherence data [21, 30]. Drug concen-
trations were not available for analyzing possible reasons for
VE. Another limitation is that the difference in the virologi-
cal responses of patients harboring minority resistant variants
and those harboring none might be below the expected 20%.
However, many more patients would be required to show a
smaller difference. Last, the long-term influence of minority
variants was not assessed owing to insufficient follow-up.

In conclusion, NGS identified RPV-resistant variants with a
1% threshold in 8.8% of patients according to the ANRS algo-
rithm and 7.4% of patients according to the Stanford algorithm.
The minority resistant variants to NRTIs and NNRTIs (<20% of
the virus population) had no impact on the virological response
to an RPV-based regimen. Rilpivirine seems to be safe for use in
antiretroviral-naive patients, even if minority resistant variants
are not searched before treatment initiation. However, resist-
ance testing by bulk sequencing or NGS with a 20% threshold is

recommended before treatment initiation.
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