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Abstract

Objectives

We analysed the impact of different parameters on genotypic tropism testing related to clini-
cal outcome prediction in 108 patients on maraviroc (MVC) treatment.

Methods

87 RNA and 60 DNA samples were used. The viral tropism was predicted using the geno2-
PhenOjcoreceptor; aNd T-CUP tools with FPR cut-offs ranging from 1%-20%. Additionally, 27
RNA and 28 DNA samples were analysed in triplicate, 43 samples with the ESTA assay
and 45 with next-generation sequencing. The influence of the genotypic susceptibility score
(GSS) and 16 MVC-resistance mutations on clinical outcome was also studied.

Results

Concordance between single-amplification testing compared to ESTA and to NGS was in the
order of 80%. Concordance with NGS was higher at lower FPR cut-offs. Detection of baseline
R5 viruses in RNA and DNA samples by all methods significantly correlated with treatment
success, even with FPR cut-offs of 3.75%-7.5%. Triple amplification did not improve the pre-
diction value but reduced the number of patients eligible for MVC. No influence of the GSS or
MVC-resistance mutations but adherence to treatment, on the clinical outcome was detected.

Conclusions

Proviral DNA is valid to select candidates for MVC treatment. FPR cut-offs of 5%-7.5% and
single amplification from RNA or DNA would assure a safe administration of MVC without
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excluding many patients who could benefit from this drug. In addition, the new prediction
system T-CUP produced reliable results.

Introduction

To enter the host cell, the Human Immunodeficiency Virus type 1 (HIV-1) binds to the cellular
receptor CD4 and one of the cellular coreceptors CCR5 or CXCR4. Since MVC binds exclu-
sively to the CCR5 molecule, its administration must be preceded by a coreceptor usage (or tro-
pism) phenotypic or genotypic analysis. Among the phenotypic assays, the most-widely used is
the Enhanced Trofile (ESTA) test, whose validity has been shown in the MOTIVATE, MERIT
and A4001029 trials [1-3], although other methods are also currently available [4]. In the geno-
typic approaches, the viral tropism is predicted from the viral third hypervariable loop of the
viral gp120 (V3) sequence. The most widely-used sequencing method is the bulk (also referred
to as Sanger or population-based) sequencing, which is now the standard of care in determin-
ing initial antiretroviral treatments for new patients and optimising changes upon therapy fail-
ure. In addition, several studies have demonstrated that the V3 bulk sequencing produces
tropism results comparable to ESTA and is adequate for clinical purposes [5-7]. A new geno-
typic approach is the so-called next generation sequencing (NGS), a term applied to a variety
of sequencing platforms which allow a deeper resolution in the quasispecies detecting minority
viral subpopulations with prevalences down to 1%. To date, NGS data have primarily been ap-
plied in research context although first reports have shown its utility for clinical purposes
[8-13]. Sequences generated in genotypic testing (bulk and NGS) need to be interpreted by bio-
informatics tools to produce a tropism prediction. For population-based sequencing, geno2-
phenojcoreceptor] is the recommended tool for genotypic tropism testing in both the Austrian-
German and the European tropism testing guidelines [14,15]. For NGS, the geno2pheno4s)
tool is freely-available within the geno2pheno system on the internet.

Different diagnostic parameters affecting the tropism prediction reliability are currently
under debate. Limited data have been published regarding the impact of FPR cut-offs<20%,
use of viral RNA versus proviral DNA samples, single versus triple amplification, and clinical
relevance of MV C-resistance mutations on population-based tropism prediction related to
clinical outcome under MVC treatment. In this study, we have evaluated the performance of
two independent systems: geno2phenoicyreceptor» Whose predictions are mainly based on geo-
metric distances of amino acid pairs within the structure of V3 [16], and T-CUP, which per-
forms its predictions by analysing conformational and hydrophobicity properties of the V3
loop [17], on 108 patients treated with MVC. Our results will help in elucidating the best test-
ing settings in order to achieve a successful treatment response in a maximum number
of patients.

Methods

All patients attending Diisseldorf, Cologne and Essen-Duisburg University Hospitals and treat-
ed with MVC were included in this non-interventional and retrospective study. Both plasma
RNA and proviral DNA (when available) were analysed with bulk sequencing [18].

The viral tropism was predicted with the geno2phenocoreceptor] (clonal setting) and T-CUP
tools, using different FPR cut-offs: 1%, 3.75%, 5%, 7.5%, 10%, 15% and 20%. All samples with
enough remaining material were additionally analysed with the ESTA assay, NSG [19], and/or
in triplicate. In the NSG analysis, samples were analysed with the geno2phenoyys4 tool and
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classified as X4 when more than 2% of the sequences displayed a FPR value above the consid-
ered cut-off.

CD4 counts, VL, and therapies were collected. Therapy success was defined as a decrease in
VL>2 logs with respect of baseline or VL<50 copies/mL at two consecutive sampling times.
Positive Predictive Value (PPV) was calculated as the percentage of patients carrying baseline
R5 viruses who succeeded under MV C treatment. The number of active drugs in the concomi-
tant optimised background therapy (genotypic susceptibility score; GSS) was calculated with
the prediction tools geno2pheno [20] (http://www.genafor.org; for protease-, reverse transcrip-
tase-inhibitors, and raltegravir) and HIV-GRADE (http://www.hiv-grade.de; for enfuvirtide)
for all the patients where PR/RT and IN sequences were available. The output of the algorithms
was mapped to numerical values: susceptible = 1 (or 0.5 for NRT1Is), intermediate = 0.5 (0.25
for NRT1Is) and resistant = 0.

Correlation analysis between clinical parameters and therapy response were performed
using Fisher’s exact test. Differences of VL and CD4 between responders and non-responders
during the MV C therapy were assessed using the t-test. All reported values are two-sided. We
used a logistic regression model to analyze multivariate dependencies. The response to MVC
was used as the dependent variable and tropism predictions by geno2phenocgreceptor] and
T-CUP, as well as viral load, CD4 cell counts, nadir CD4, GSS, number of previous therapies
and number of previous virological failures as independent variables. Prediction performance
of the logistic regression model was evaluated by leave-one-out cross-validation. The level of
significance was a p-value <0.05.

All data in this study were analyzed anonymously. All data used in this study were approved
by the Ethics Committee of the University Hospital Duesseldorf (No. 1733).

Results
Baseline clinical characteristics

162 patients were initially enrolled in this study, whereof 108 were finally included in the analy-
sis as at least one baseline V3 sequence and clinical follow-up on MVC treatment were avail-
able. 88/108 were male. The median age was 44 years (range 18-81), patients were in median
17 (2-24) years infected with HIV, 9 patients were therapy-naive and 99 patients had under-
gone a median of 8 (1-25) previous antiretroviral therapies; the 99 therapy-experienced pa-
tients had experienced a median of 2.5 (0-25) virological failures. The median VL was 320
copies/mL (40-1265000), whereof 31 patients started the MV C-therapy with a VL<50, and 77
with detectable viremia [median 829 copies/mL (52-1265000)] (Fig 1). The median CD4
counts was 398 cells/uL (10-1430), [median of 370 (100-1240) for patients starting MVC with
VL<50; median of 370 (10-1250) for patients starting MVC with detectable VL] (Fig 2). The
median nadir CD4 counts was 105 cells/uL (1-446) [median of 83 (1-334) for patients starting
MVC with VL<50; median of 111 (7-446) for patients starting MVC with detectable VL].
Clinical follow-up was available for a median of 53 weeks (12-131). The baseline GSS could be
calculated for 100/108 (92.6%) of the patients (Fig 3, panel A). It included in median 1.5 active
drugs (range 0-3.5).

87 RNA and 60 DNA baseline sequences were obtained and their FPR calculated (Fig 3,
panel B). 43 samples were analysed with the ESTA assay, whereof 31 were classified as R5, 6 as
X4 (D/M), and 6 produced a negative report. 34 RNA and 21 DNA samples were analysed with
NGS. The median VL for the input was 5043 copies/mL (40-750000), and the number of reads
1158 (381-2050). All baseline tropism data were submitted to the treating physician who final-
ly took the decision whether to start a MVC-containing therapy.
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Fig 1. Viral load follow-up of the 108 patients. Depicted data correspond to VL mean values with standard deviations. Week 0: data from 97 patients who
subsequently responded to treatment (responders) are represented in striped green; data from 11 patients that subsequently did not respond to treatment at
any time (non-responders) are represented in striped red. Week 0, 12, 24, 48: responding patients: data from patients responding to the therapy at the
corresponding sampling date are displayed in green: those who started MVC therapy with undetectable VL in light green, and those with baseline (BL) VL
above detection limit in dark green; non-responding patients: data from patients not responding to the therapy at the corresponding sampling date are
displayed in red (those with detectable baseline VL) and in orange (those with undetectable baseline VL).

doi:10.1371/journal.pone.0125502.g001

97/108 (89.8%) patients achieved therapy success under MVC treatment (responders). The
earliest sampling point for success was in median 13 weeks under MVC (range 4-28). Baseline
VL was lower for the 97 responders (median = 280; range 40-1265000) than for the eleven
non-responders (8914; 50-750000), although no correlation between baseline VL and response
to treatment was found (Fig 1). At week 12, 24 and 48 VL values from responders were signifi-
cantly different to the corresponding non-responders (p<0.009). On the other hand, baseline
CD4 was higher for the 97 responders (median = 321; range 18-1430) than for the eleven non-
responders (270; 10-820), and baseline CD4 <300 cells/ul correlated with therapy failure
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Fig 2. CD4 follow-up of the 108 patients. Depicted data correspond to CD4 mean values with standard deviations. Week 0: data from 97 patients who
subsequently responded to treatment (responders) are represented in striped green; data from 11 patients that subsequently did not respond to treatment at
any time (non-responders) are represented in striped red. Week 0, 12, 24, 48: responding patients: data from patients responding to the therapy at the
corresponding sampling date are displayed in green: those who started MVC therapy with undetectable VL in light green, and those with baseline (BL) VL
above detection limit in dark green; non-responding patients: data from patients not responding to the therapy at the corresponding sampling date are
displayed in red (those with detectable baseline VL) and in orange (those with undetectable baseline VL).

doi:10.1371/journal.pone.0125502.9002

(p =0.039) (Fig 2). CD4 counts were not significantly different between responders and non-
responders at week 12, 24 or 48 and were, in median, above the baseline level.

The univariate analysis of baseline parameters showed that baseline VL<66 copies/mL
(p = 0.005), baseline CD4>120 cells/uL (p = 0.008), and nadir>25 cells/uL were predictors of
therapy success; GSS, and the number of previous therapeutic regimens and virological failures
were not predictors of treatment outcome. The multivariate analysis of baseline parameters
showed no significant associations, except for viral load and nadir CD4 count (p = 0.0458 and
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Fig 3. Baseline characteristics. Panel A: Number of active drugs in the GSS. Panel B: Distribution of the
FPR of the baseline viruses: 87 RNA and 60 DNA sequences with single population-based sequencing, and
20 RNA and 18 DNA samples analysed by NGS.

doi:10.1371/journal.pone.0125502.g003
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doi:10.1371/journal.pone.0125502.9004

p = 0.0405, respectively). However, these associations were rather weak (-9.204e-07 and
7.786e-04). These results are also reflected in the prediction performance in a leave-one-out
cross-validation, where the logistic regression model was not able to accurately predict MVC
response (AUC = 0.611). Thus, the results from the multivariate analysis are in agreement with
those from the univariate analyses.

Tropism prediction concordance among the three methods

We analysed the concordance in tropism prediction between population-based sequencing,
ESTA and NGS (Fig 4). The concordance between ESTA and bulk sequencing with subsequent
geno2phenocoreceptor] iNterpretation was in average 80.2% (range 71.0%-87.1%), and between
ESTA and T-CUP analysis 81.6% (80.6%-87.1%). Concordance was very similar for all the FPR
cut-offs tested.

For NGS, concordance with bulk sequencing with geno2phenocoreceptor] Was in average
76.7% (71.7%-81.1%), and with T-CUP 66.3% (60.0%-70.0%). Predictions by NGS and bulk se-
quencing from RNA samples accorded more [average 78.2 (geno2pheno) and 70.5 (T-CUP)]
than those from DNA samples [median 72.9 (geno2pheno) and 59.5 (T-CUP)] did. Concor-
dance with NGS was also higher at lower FPR cut-offs.
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Baseline tropism related to clinical outcome

Influence of baseline FPR cut-off on PPV and number of patients eligible for MVC.
Baseline R5 tropism prediction by geno2phenojcoreceptor] from both RNA and DNA samples as-
sociated with therapy success. For the 87 RNA samples, statistical correlations between baseline
R5 tropism and successful treatment were detected with the geno2pheno-FPR cut-off = 5%
(p<0.039), and T-CUP-FPRs>5% (p<0.041). For the 60 DNA samples, significant correla-
tions were found with the geno2pheno-FPR cut-offs = 5% and 20% (p<0.023), and all tested
T-CUP-FPRs (p<0.012). Classification of baseline sample as R5 by ESTA and NGS (<2% of
the sequences with FPR>10%) also correlated with therapy success (p = 0.023 and 0.025, re-
spectively). Baseline R5 detection using the FPR the cut-off = 0% (equivalent to no tropism
testing as all samples are classified as R5) for bulk and NGS analyses did not correlate with
therapy success.

The PPV for all patients with predicted baseline R5 viruses was around 90% (Fig 5), without
significant differences depending on the FPR cut-off, the sample material (RNA or DNA) and
the method used. In addition, concomitant baseline RNA and DNA samples were available for
39 patients. Baseline tropism predictions were concordant in median 87.2% (range 100%-
76.9%) for geno2pheno;coreceptor] and 80.5% (69.2%-100%) for T-CUP. Three patients dis-
played high discordances between the FPR values from the concomitant RNA and DNA. Pa-
tients #96 [RNA: 75.9% (geno2phenocoreceptor])> 68.3% (T-CUP); DNA: 6.6%
(geno2phenojcoreceptor])s 3-2% (T-CUP)] and #105 [RNA: 41.2% (geno2phenocoreceptor])> 17.1%
(T-CUP); DNA: 7.9% (geno2pheno coreceptor])> 2-0% (T-CUP)] were non responders. Patient
#145 [RNA: 7.0% (geno2phenojcoreceptor])s 2.2% (T-CUP); DNA: 47.1% (geno2phenojcorecep-
tor])> 58.7% (T-CUP)] achieved undetectable VL at week 18 and remained so until week 43, the
last VL value available to us.

The number of patients carrying baseline R5 viruses decreased as the FPR cut-off increased.
The FPR cut-off = 5% classified an average of 6.6% more patients as R5 carriers compared to
FPR cut-off = 10%, and 17.3% more patients when compared to FPR cut-off = 20% (Fig 5).

Triple amplification of the samples. Triplicate amplifications of 27/31 RNA and 28/33
DNA samples were achieved and their tropism correlated with the clinical outcome. Viruses
were considered R5 when all three sequences produced a FPR value above the specific cut-off.
For concordance comparison with single amplification (singleton), the first amplification of
each sample was used as control.

Detection of baseline R5 tropism associated with therapy success in control and triple am-
plifications. For the controls, significant correlations between baseline R5 tropism and therapy
success were found for RNA samples [geno2pheno-FPR cut-off = 5% (p = 0.049); T-CUP FPR
cut-offs>5% (p<0.049)]. For DNA samples, correlations were found with T-CUP-FPR cut-
offs>7.5% (p<0.022). These results are concordant with those obtained with the whole dataset
of 87 RNA and 60 DNA sequences previously described. For the triplicates, significant correla-
tions were found for RNA samples [geno2pheno-FPR cut-off = 5% (p = 0.013); T-CUP-FPR
cut-offs = 7.5%-10% (p<0.046)], and for DNA samples with T-CUP-FPR cut-off = 7.5%

(p = 0.035).

The PPVs of triple amplifications were close to 90% and not significantly superior to the
corresponding singleton control, independently of the type of sample or FPR cut-off used (Fig
6). The use of triple amplification further reduced the number of baseline R5 viruses in median
18%, but up to 37.5%. Adding together the effects of FRP cut-off setting and triple amplifica-
tion, a median of median 6.2% (3.6%-46.2%) patients would be excluded from MVC treatment
when using FPR cut-off of 10% and triple amplification compared to using FPR cut-off = 5%
and single amplification.
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Clinical characteristics and viral tropism at MVC failure

Detection of X4 viruses. From 19 patients failing their MVC therapy, 24 samples after vi-
rological rebound could be sequenced (Table 1). Marked decreases in FPR were detected in
2/24 (8.3%)- 4/24 (16.7%) (geno2phenojcoreceptor] and T-CUP, respectively) of the sequences
from failing patients (patients #31, #83, #85, #108). Increases of FPR were detected in 3/24
(12.5%)- 5/24 (25.0%) sequences (#21, #87, #103, #105, #109). X4 sequences were found in
2/24 (8.3%)- 9/24 (37.5%) (geno2pheno(coreceptor]> Cut-off = 3.75%—cut-off = 20%, respective-
ly) or 4/24 (16.7%)- 9/24 (37.5%) (T-CUP; cut-ofts 3.75%-20%, respectively) of the sequences.
Additionally, 19 samples from 16 patients with a successful MVC treatment were available.
2/19 (10.5%) (geno2pheno and T-CUP) of the samples displayed a FPR<3.75%, 3/19 (15.8%)-
1/19 (5.3%) (geno2pheno—T-CUP, respectively) showed FPRs between 5%-20%, and 14/19
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(73.7%) -16/19 (84.2%) FPRs>20%. Based on these data, therapy failure did not correlate with
the detection of X4 viruses after virological rebound, at any of the FPR cut-offs tested.

GSS. Changes in the GSS after failure were detected in 7 out of the 17 (41.2%) of the failing
patients whose GSS could be calculated (Table 1). In 6/17 (35.3%) patients (#1, #31, #83, #103,
#109, #152) the number of active drugs in the OBT increased with the respect to the baseline,
while for patient #108 it decreased to zero. No GSS could be calculated for patients #58 and #65
due to unsuccessful amplification of the RT/PR region. 9 PR/RT sequences could be obtained
from the 16 succeeding patients. The GGS increased in one patient, remained like at baseline in
5 patients, and decreased in 3 cases compared to those at the baseline.

No correlation between virological rebound and the GSS on MVC therapy or the duration
of the treatment was detected.

MYVC resistance-associated mutations. The mutations 4L, 11SR, 13HS, 18G, 19ST, 20F,
211, 22T, 25D, 26V, INS 15, INS24, DEL18, and the combinations 115+26V, 18G+22T, 19ST
+26V, 20F+25D+26V, and 20F+211 have been related to MV C resistance independent of
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Table 1. Viral characteristics after treatment failure/success.

Pat. ID Comments
1

19
21
312
42
48
58
65

66 B.A.T.

83 B.AT.

85

87 B.AT.

103 B.AT.

105

1082
1092 S.BAT.

123 B.AT.
152
164 B.A.T.

2non-responders. The other patients failed at week 24 or 48.
gzp: genozpheno[coreceptor]

Sample material

RNA
DNA
RNA
RNA
RNA
DNA
RNA
RNA
RNA
DNA
RNA
DNA
RNA
DNA
RNA
DNA
RNA
DNA
RNA
DNA
RNA
RNA
DNA
RNA
DNA
RNA

RNA

GSS: genotypic susceptibility score
ESTA: Enhanced Trofile assay

NA: not available

Baseline
g2p FPR  T-CUP FPR
38.0 33.1
21.5 20.2
43.0 235
0.2 0.0
40.3 11.3
85.6 68.2
21.2 82.6
67.9 18.2
96.5 39.7
88.8 77.2
85.8 22.8
42.6 89.9
91.2 741
89.1 68.3
64 5.3
76.9 6.1
96.1 35.4
47.7 9.3
50.5 171
7.9 2.0
2.8 10.3
6.8 3.2
17.1 3.6
79.5 42.0
80.0 52.6
6.0 335
16.3 50.0

B.A.T: reported-bad adherence to MVC-treatment
S.B.A.T: suspected-bad adherence to MVC-treatment

doi:10.1371/journal.pone.0125502.t001

ESTA

NA
NA
NA
NA
NA
NA
R5
NA
R5
NA
R5
NA
NA
R5
NA
NA
NA
NA
NA
NA
D/M
D/M
NA
NA
NA
NA

NA

GSS

1.5
1.5
0.0
2.0
0.5
2.0
2.0
1.0
2.0
2.0
2.0
2.0
15
1.0
2.0
2.0
2.25
2.25
2.0
2.0
1.0
1.75
1.75
2.0
2.0
0.5

1.0

After treatment failure

Sample material

RNA
DNA
RNA
DNA
DNA
DNA
DNA
DNA
RNA

RNA
DNA
RNA
RNA

DNA

DNA
RNA
RNA
DNA
RNA
DNA
DNA
RNA
RNA
DNA

g2p FPR
15.0
34.4
69.8
12.0

2.6
87.1
27.3
78.1
94.6

84.8

6.0
64.0
67.9

715

24.4

0.2
50.5
16.6
56.9
82.7

8.7

4.6
26.8
16.3

T-CUP FPR

43.9
22.4
38.8

2.1

25
62.9
55.8
22.4
58.6

18.1
1.8
5.3

50.2

65.0

11.7

0.4
17.1
11.4
32.9
90.2
30.2
35.5
50.6
43.6

GSS

1.25
1.25
1.0
1.0

CXCRA4 tropism [21,22]. We analysed their prevalence in the baseline sequences, the 18 sam-

ples after MV C failure, and the 14 samples during successful treatment.

99.3% sequences displayed at least one of these mutations. The prevalence of these se-

quences at baseline and after MVC failure was very similar: 4L, 138, 18G, 195, 211, 25D, and
26V were detected in <10% of the samples; 19T and 22T in 10%-30%; 11S, 13H, 20F and 25D
in >48% of the sequences. No mutation or mutational pattern at baseline or after MVC failure

correlated with viral rebound.

PLOS ONE | DOI:10.1371/journal.pone.0125502 May 13,2015

11/16



@’PLOS ‘ ONE

Optimising Genotypic Tropism Testing

Discussion

The usefulness of population-based sequencing followed by use of the geno2phenocyreceptor]
tool for tropism prediction in clinical settings has been extensively demonstrated [5-7,23-25].
Genotypic tropism testing may be decentralised, is faster and cheaper, and has become the
most wide-spread mode of testing in Europe. Several studies have analysed the concordance of
different genotypic tropism prediction tools with ESTA and NGS results. However, for clinical
purposes, tropism assays should predict the usefulness of CCR5 antagonists to predict therapy
outcome in HIV routine daily practice, and not just produce intra-assay similarity. Hence, data
on patients receiving MVC-containing therapies, tested genotypically, and with available clini-
cal follow-up are essential. Our analysis is, so far, the largest attempt to simultaneously explore
the influence of FPR cut-off, use of proviral DNA, triple amplification, and analysis of MVC re-
sistance mutations on tropism prediction and clinical outcome on patients from HIV care cen-
tres. This analysis included 108 patients from German HIV day units, therefore reflecting the
current treatment situation in Germany, and probably in most Western Europe. It further cor-
roborates the reliability of genotypic analysis with geno2phenocoreceptor)y ESTA and NGS for
tropism prediction in clinical settings and presents the first genotypic results of the T-CUP tool
on clinical samples.

The key aspect for the accuracy of the genotypic tropism prediction is the FPR cut-off, the
numerical value up to which a virus is considered R5. A too high cut-off will lead to MVC
prescription to very few patients who surely carry R5 viruses but will also exclude many oth-
ers who probably would benefit from it. On the other hand, too low cut-offs will allow MVC
prescription to many more patients, some of them perhaps carrying X4 viruses. The results
presented here support the necessity of tropism determination prior to MVC administration,
as baseline R5 detection with control FPR cut-off = 0 (equivalent to no-testing) was not a pre-
dictor of therapy success, contrary to baseline R5 detection with cut-offs = 5% (for geno2phe-
NO[coreceptor]) O >5% (T-CUP), which correlated with therapy success. Besides, our study
showed that predictions from RNA samples were concordant to the predictions from con-
comitant DNA and that the same FPR cut-offs may be applied [26-30]. Additionally, we also
demonstrate that baseline FPR cut-off = 20% do not represent an improvement to prevent
treatment failure compared to lower values, as that high FPR cut-offs reduced up to 20% the
number of patients eligible for MV C treatment but do not significantly increase the PPV. In
fact, both T-CUP and geno2phenocoreceptor] have been developed to identify X4 viruses with
highest sensitivity, so the use of too high FPR cut-offs should greatly overestimate X4 vari-
ants. Supporting our results, increasing evidence published in the latest years have also sug-
gested the use of FPR cut-offs ranging 5.75%-10% in order to avoid exclusion of patients who
would succeeded in their MVC treatment, while still guaranteeing a save administration of
the drug [6,7,23,27,30,31].

A major concern for MVC treatment is a possible failure through tropism switch due to out-
growth of X4 variants not detected at baseline testing. The detection limit for population-based
sequencing is 10%-20%, depending on the technical expertise and the input viral copy number
[32,33]. To reduce this limitation, triple RT-PCR amplification or use of new technologies such
as NSG have been suggested [14,23,34]. However, high concordance for clinical purposes
among the ESTA assay, bulk V3 sequencing, and ultra-deep sequencing has been demonstrated
in several studies [5-13,23,35,36], in accordance to our results, which showed similarity in pre-
dictions of 80.2%-81.6% with ESTA and 70.6%-77.6% with NGS. In addition, in our study, the
use of triple amplification and NGS also showed higher X4 detection rates than single amplifi-
cation too, but this higher sensitivity did not have clinical significance. On the other hand, the
effect of triple amplification on the number of candidates for MV C was striking. First, 14% of
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the samples could not be amplified in triplicate, similarly to other works [37,38]. Further on,
triple amplification concomitant to the use the FPR cut-off of 10% would have excluded in av-
erage 25% patients for MVC treatment when compared to single amplification and FPR cut-
off = 5%, and in spite of their subsequent response to it. The absence of safety improvement
against key increases in costs, turnover time, and number of patients excluded for MVC pre-
scription has resulted in the absence of triple amplification recommendation within the 2014
update of the Austrian-German Treatment Guidelines [15].

Clinical studies have reported an increased R5—X4 tropism switch rate under MVC treat-
ment and detection of X4 viruses as the major reason for treatment failure [1,3,12,39]. Howev-
er, tropism switches, in both directions, have been detected in patients under both non-MVC-
as well as MV C-containing therapies [1,3,40-42], as they are likely to be influenced not only by
MVC treatment but also by several different viral or host factors such as HLA haplotype, and
IL-4, IL-7, CCR2 and CCRS5 polymorphisms [43-47]. In this work, we analysed the tropism
switch rate and the effect of X4 viruses detection in nineteen patients after virological rebound,
compared to viral sequences from sixteen patients succeeding their MVC therapies. Changes in
the FPR after MVC treatment failure were observed: decreases in FPR values occurred in 8.3%-
16.7% of the failing patients, but also FPR increases were detected in 12.54%-25.0% of them.
These switch values are comparable to those from other studies and also to the spontaneous
switch rate between screening and therapy start [1,3,7,12,48,49]. In our study, no statistical cor-
relation between detection of X4 viruses under treatment and therapy failure was detected. In-
deed, X4 sequences were found in similar proportion in patients failing their therapies and in
those succeeding theirs. Similarly, in the MOTIVATE and MERIT studies as well as one work
by Reuter and colleagues [7], 43%, 55% and 42%, respectively, of the failing patients still carried
R5 viruses. Therefore, we also investigated the role of other factors such as GSS and MV C-re-
sistance mutations for treatment failure. MV C-resistance mutations either at baseline or after
virological rebound could not be correlated with therapy failure. Regarding GSS, development
of resistance to the concomitant OBT has been described in previous analysis in 17% (MERIT)
and 27% [7] of the failing patients. Here, two (10.5%) of our patients probably failed due to ab-
sence of active drugs in the OBT. Nevertheless, no correlation between the GSS at baseline or
after virological rebound and therapy failure was found, as also reported a previous study [6],
but contrary to others [12,48]. This lack of correlation between GSS and outcome in our pa-
tients is probably a consequence of another key factor for virological suppression, the adher-
ence to treatment. Therapy adherence is an important problem, in the daily HIV clinical
routine [50], especially for heavily- and long-treated patients, as ours were. Indeed, six of our
failing patients displayed a higher GSS at therapy failure compared to baseline, suggesting a
very poor adherence [51]; indeed for two of these patients poor adherence was confirmed by
the treating physician. Viruses from other two failing patients displayed a GSS = 2 (completely
susceptible to OBT) and FPR>20, conditions that would lead to virological suppression if the
drugs were taken regularly. For four further patients, poor adherence was also confirmed by
the treating physician. Taking all these data together, we propose that in our cohort one major
reason, if probably not the only, for MVC therapy failure in patients carrying baseline R5 virus-
es was poor adherence. More works and patient cohorts are needed to deeper analyse of the
causes for MVC failure and correlate them with adherence and baseline parameters.

In conclusion, our work analyses the usefulness of population-based sequencing followed
by use of the geno2phenojcoreceptor] tool for tropism prediction for patients currently attending
HIV day units. Our data suggest that genotypic testing with single amplification from RNA or
DNA FPR and use of cut-off = 5.0% would assure a safe administration of MVC without ex-
cluding many patients who could benefit from this potent antiretroviral drug that also seems to
reduce the immune activation. Promising results have also been obtained for T-CUP that
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should be confirmed in future works. In addition, we also showed that treatment adherence
may be a critical factor for therapy success in patients on MVC-containing therapies with R5
tropism at baseline.

Acknowledgments

The authors thank Dérte Hammerschmidt for technical assistance; Claudia Miiller, Angelika
Hergesell, Gisela Kremer and Pia Schenk-Westkamp for their help in data collection, and
Nadine Liibke, Eugen Schiilter and Elena Knops for helpful discussions.

Author Contributions

Conceived and designed the experiments: SS RK. Performed the experiments: SS LG. Analyzed
the data: SS JND AP AT TL D. Heider D. Hoffmann. Contributed reagents/materials/analysis
tools: SR SE GF BJ. Wrote the paper: SS HP RK.

References

1. Cooper DA, Heera J, Goodrich J, Tawadrous M, Saag M, Dejesus E, et al. Maraviroc versus efavirenz,
both in combination with zidovudine-lamivudine, for the treatment of antiretroviral-naive subjects with
CCR5-tropic HIV-1 infection. J Infect Dis. 2010; 201: 803—813. doi: 10.1086/650697 PMID: 20151839

2. Gulick RM, Lalezari J, Goodrich J, Clumeck N, DedJesus E, Horban A, et al. Maraviroc for previously
treated patients with R5 HIV-1 infection. N Engl J Med. 2008; 359: 1429-1441. doi: 10.1056/
NEJMoa0803152 PMID: 18832244

3. Fatkenheuer G, Nelson M, Lazzarin A, Konourina I, Hoepelman Al, Lampiris H, et al. Subgroup analy-
ses of maraviroc in previously treated R5 HIV-1 infection. N Engl J Med. 2008; 359: 1442—-1455. doi:
10.1056/NEJM0a0803154 PMID: 18832245

4. Braun P, Wiesmann F. Phenotypic assays for the determination of coreceptor tropism in HIV-1 infected
individuals. Eur J Med Res. 2007; 12: 463—-472. PMID: 17933728

5. SvicherV, D'Arrigo R, Alteri C, Andreoni M, Angarano G, Antinori A, et al. Performance of genotypic tro-
pism testing in clinical practice using the enhanced sensitivity version of Trofile as reference assay: re-
sults from the OSCAR Study Group. New Microbiol. 2010; 33: 195-206. PMID: 20954437

6. Recordon-Pinson P, Soulie C, Flandre P, Descamps D, Lazrek M, Charpentier C, et al. Evaluation of
the genotypic prediction of HIV-1 coreceptor use versus a phenotypic assay and correlation with the vi-
rological response to maraviroc: the ANRS GenoTropism study. Antimicrob Agents Chemother. 2010;
54: 3335-3340. doi: 10.1128/AAC.00148-10 PMID: 20530226

7. Reuter S, Braken P, Jensen B, Sierra-Aragon S, Oette M, Balduin M, et al. Maraviroc in treatment-
experienced patients with HIV-1 infection—experience from routine clinical practice. Eur J Med Res.
2010; 15: 231-237. PMID: 20696631

8. Swenson LC, Daumer M, Paredes R. Next-generation sequencing to assess HIV tropism. Curr Opin
HIV AIDS. 2012; 7: 478-485. doi: 10.1097/COH.0b013e328356e9da PMID: 22832710

9. PouC, Codofier F, Thielen A, Bellido R, Cabrera C, Dalmau J, et al. High Resolution Tropism Kinetics
by Quantitative Deep Sequencing in HIV-1-infected Subjects Initiating Suppressive First-line ART;
2010 February, 16—-19; San Francisco, CA, USA. pp. Abstract 544.

10. Portsmouth S, Valluri s, Daeumer M, Thiele B, Valdez H, Lewis M, et al. Population and ultra-deep se-
quencing for tropism determination are correlated with Trofile ES: genotypic re-analysis of the
A4001078 maraviroc study; 2010; Glasgow, UK. Journal of the International AIDS Society 13: Suppl.
4, P128. pp. Abstract 128.

11.  Brumme CJ, Wilkin T, Su Z, Schapiro J, Kagan R, Chapman D, et al. Relative Performance of ESTA,
Trofile, 454 Deep Sequencing, and “Reflex” Testing for HIV Tropism in the MOTIVATE Screening Pop-
ulation of Therapy-experienced Patients; 2011 Feb 27- March 2; Boston, USA. pp. Abstract 666.

12. Swenson LC, Mo T, Dong WW, Zhong X, Woods CK, Jensen MA, et al. Deep sequencing to infer HIV-1
co-receptor usage: application to three clinical trials of maraviroc in treatment-experienced patients. J
Infect Dis. 2011; 203: 237—245. doi: 10.1093/infdis/jig030 PMID: 21288824

13. Swenson LC, Mo T, Dong WW, Zhong X, Woods CK, Thielen A, et al. Deep V3 sequencing for HIV type
1 tropism in treatment-naive patients: a reanalysis of the MERIT trial of maraviroc. Clin Infect Dis. 2011;
53: 732-742. doi: 10.1093/cid/cir493 PMID: 21890778

PLOS ONE | DOI:10.1371/journal.pone.0125502 May 13,2015 14/16


http://dx.doi.org/10.1086/650697
http://www.ncbi.nlm.nih.gov/pubmed/20151839
http://dx.doi.org/10.1056/NEJMoa0803152
http://dx.doi.org/10.1056/NEJMoa0803152
http://www.ncbi.nlm.nih.gov/pubmed/18832244
http://dx.doi.org/10.1056/NEJMoa0803154
http://www.ncbi.nlm.nih.gov/pubmed/18832245
http://www.ncbi.nlm.nih.gov/pubmed/17933728
http://www.ncbi.nlm.nih.gov/pubmed/20954437
http://dx.doi.org/10.1128/AAC.00148-10
http://www.ncbi.nlm.nih.gov/pubmed/20530226
http://www.ncbi.nlm.nih.gov/pubmed/20696631
http://dx.doi.org/10.1097/COH.0b013e328356e9da
http://www.ncbi.nlm.nih.gov/pubmed/22832710
http://dx.doi.org/10.1093/infdis/jiq030
http://www.ncbi.nlm.nih.gov/pubmed/21288824
http://dx.doi.org/10.1093/cid/cir493
http://www.ncbi.nlm.nih.gov/pubmed/21890778

@’PLOS ‘ ONE

Optimising Genotypic Tropism Testing

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Vandekerckhove LP, Wensing AM, Kaiser R, Brun-Vezinet F, Clotet B, De Luca A, et al. European
guidelines on the clinical management of HIV-1 tropism testing. Lancet Infect Dis. 2011; 11: 394—-407.
doi: 10.1016/S1473-3099(10)70319-4 PMID: 21429803

Eberle J, Noah C, Wolf E, Stiirmer M, Braun P, Korn K| et al. (2014) Empfehlungen zur Bestimmung
des HIV-1-Korezeptor-Gebrauchs (DAIG recommendations for the HIV-1 tropism testing).

Sander O, Sing T, Sommer |, Low AJ, Cheung PK, Harrigan P, et al. Structural descriptors of gp120 V3
loop for the prediction of HIV-1 coreceptor usage. PLoS Computational Biology. 2007; 3: e58. PMID:
17397254

Dybowski JN, Heider D, Hoffmann D. Prediction of co-receptor usage of HIV-1 from genotype. PLoS
Comput Biol. 2010; 6: €1000743. doi: 10.1371/journal.pcbi.1000743 PMID: 20419152

Sierra S, Kaiser R, Thielen A, Schuelter E, Heger E, Luebke N, et al. Prediction of HIV-1 coreceptor
usage (tropism) by sequence analysis using a genotypic approach. J Vis Exp. 2011; 58: 3624.

Thielen A, Martini N, Thiele B, Daumer M-. Validation of HIV-1 drug resistance testing by deep se-
quencing: insights from comparative Sanger sequencing. Antiviral Ther. 2014; 19: A78.

Price RW, Brew B, Sidtis J, Rosenblum M, Scheck AC, Cleary P. The brain in AIDS: central nervous
system HIV-1 infection and AIDS dementia complex. Science. 1988; 239: 586-592. PMID: 3277272

Saracino A, Monno L, Brindicci G, Trillo G, Altamura M, Punzi G, et al. Are the proposed env mutations
actually associated with resistance to maraviroc? J Acquir Immune Defic Syndr. 2010; 53: 550-552.
doi: 10.1097/QAI.0b013e3181ba46a6 PMID: 20220379

Menendez-Arias L. Molecular basis of human immunodeficiency virus type 1 drug resistance: Overview
and recent developments. Antiviral Res. 2013.

McGovern R, Dong W, Zhong X, Knapp D, Thielen A, Chapman D, et al. Population-based Sequencing
of the V3-loop Is Comparable to the Enhanced Sensitivity Trofile Assay in Predicting Virologic Re-
sponse to Maraviroc of Treatment-naive Patients in the MERIT Trial; 2010 February, 16—-19; San Fran-
cisco, CA, USA. pp. Abstract 92.

Cabral GB, Ferreira JL, Coelho LP, Fonsi M, Estevam DL, Cavalcanti JS, et al. Concordance of HIV
Type 1 Tropism Phenotype to Predictions Using Web-Based Analysis of V3 Sequences: Composite Al-
gorithms May Be Needed to Properly Assess Viral Tropism. AIDS Res Hum Retroviruses. 2012; 28:
734-738. doi: 10.1089/A1D.2011.0251 PMID: 21919801

Obermeier M, Symons J, Wensing AM. HIV population genotypic tropism testing and its clinical signifi-
cance. Curr Opin HIV AIDS. 2012; 7: 470-477. doi: 10.1097/COH.0b013e328356eaa7 PMID:
22832711

Verhofstede C, Brudney D, Reynaerts J, Vaira D, Fransen K, De Bel A, et al. Concordance between
HIV-1 genotypic coreceptor tropism predictions based on plasma RNA and proviral DNA. HIV Med.
2011; 12: 544-552. doi: 10.1111/].1468-1293.2011.00922.x PMID: 21518222

Prosperi MC, Bracciale L, Fabbiani M, Di Giambenedetto S, Razzolini F, Meini G, et al. Comparative
determination of HIV-1 co-receptor tropism by Enhanced Sensitivity Trofile, gp120 V3-loop RNA and
DNA genotyping. Retrovirology. 2010; 7: 56. doi: 10.1186/1742-4690-7-56 PMID: 20591141

Obermeier M, Carganico A, Bieniek B, Schleehauf D, Dupke S, Fischer K, et al. Tropism testing from
proviral DNA—analysis of a subgroup from the Berlin Maraviroc cohort. Reviews in Antiviral. 2010; 1:
23.

Soulie C, Calvez V, Marcelin AG. Coreceptor usage in different reservoirs. Curr Opin HIV AIDS. 2012;
7:450-455. doi: 10.1097/COH.0b013e328356e9¢c2 PMID: 22832709

Swenson LC, Dong WW, Mo T, Demarest J, Chapman D, Ellery S, et al. Use of Cellular HIV DNA to
Predict Virologic Response to Maraviroc: Performance of Population-Based and Deep Sequencing.
Clin Infect Dis. 2013.

Klimkait T. The XTrack System: Application and Advantage. Intervirology. 2012; 55: 118—122. doi: 10.
1159/000332003 PMID: 22286880

Harrigan PR, Zhong X, Lewis M, Dong W, Knapp D, Swenson L, et al. The influence of PCR amplifica-
tion variation on the ability of population-based PCR to detect non-R5 HIV; 2010 March, 17-19; Sor-
rento, Italy. pp. Abstract 38.

Knapp DJ, McGovern RA, Dong W, Poon AF, Swenson LC, Zhong X; et al. Factors influencing the sen-
sitivity and specificity of conventional sequencing in human immunodeficiency virus type 1 tropism test-
ing. J Clin Microbiol. 2013; 51: 444-451. doi: 10.1128/JCM.00739-12 PMID: 23175258

Poveda E, Alcami J, Paredes R, Cordoba J, Gutierrez F, Llibre JM, et al. Genotypic determination of
HIV tropism—clinical and methodological recommendations to guide the therapeutic use of CCR5 an-
tagonists. AIDS Rev. 2010; 12: 135-148. PMID: 20842202

Portsmouth S, Valluri SR, Daumer M, Thiele B, Valdez H, Lewis M, et al. Correlation between genotypic
(V3 population sequencing) and phenotypic (Trofile ES) methods of characterizing co-receptor usage

PLOS ONE | DOI:10.1371/journal.pone.0125502 May 13,2015 15/16


http://dx.doi.org/10.1016/S1473-3099(10)70319-4
http://www.ncbi.nlm.nih.gov/pubmed/21429803
http://www.ncbi.nlm.nih.gov/pubmed/17397254
http://dx.doi.org/10.1371/journal.pcbi.1000743
http://www.ncbi.nlm.nih.gov/pubmed/20419152
http://www.ncbi.nlm.nih.gov/pubmed/3277272
http://dx.doi.org/10.1097/QAI.0b013e3181ba46a6
http://www.ncbi.nlm.nih.gov/pubmed/20220379
http://dx.doi.org/10.1089/AID.2011.0251
http://www.ncbi.nlm.nih.gov/pubmed/21919801
http://dx.doi.org/10.1097/COH.0b013e328356eaa7
http://www.ncbi.nlm.nih.gov/pubmed/22832711
http://dx.doi.org/10.1111/j.1468-1293.2011.00922.x
http://www.ncbi.nlm.nih.gov/pubmed/21518222
http://dx.doi.org/10.1186/1742-4690-7-56
http://www.ncbi.nlm.nih.gov/pubmed/20591141
http://dx.doi.org/10.1097/COH.0b013e328356e9c2
http://www.ncbi.nlm.nih.gov/pubmed/22832709
http://dx.doi.org/10.1159/000332003
http://dx.doi.org/10.1159/000332003
http://www.ncbi.nlm.nih.gov/pubmed/22286880
http://dx.doi.org/10.1128/JCM.00739-12
http://www.ncbi.nlm.nih.gov/pubmed/23175258
http://www.ncbi.nlm.nih.gov/pubmed/20842202

@’PLOS ‘ ONE

Optimising Genotypic Tropism Testing

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

of HIV-1 from 200 treatment-naive HIV patients screened for Study A4001078. Antiviral Res. 2013; 97:
60-65. doi: 10.1016/j.antiviral.2012.11.002 PMID: 23165088

McGovern RA, Thielen A, Portsmouth S, Mo T, Dong W, Woods CK, et al. Population-based sequenc-
ing of the V3-loop can predict the virological response to maraviroc in treatment-naive patients of the
MERIT trial. J Acquir Immune Defic Syndr. 2012; 61: 279-286. doi: 10.1097/QAI.0b013e31826249cf
PMID: 23095934

Swenson LC, Knapp D, Harrigan PR. Calibration and accuracy of the geno2pheno co-receptor algo-
rithm for predicting HIV tropism for single and triplicate measurements of V3 genotype; 2010; Glasgow,
UK. Journal of the International AIDS Society. pp. Abstract 0123.

Symons J, Vandekerckhove L, Paredes R, Verhofstede C, Bellido R, Demecheleer E, et al. Impact of
triplicate testing on genotypic HIV-1 tropism prediction in routine clinical practice. Clin Microbiol Infect.
2011.

Westby M, Lewis M, Whitcomb J, Youle M, Pozniak AL, James IT, et al. 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. J
Virol. 2006; 80: 4909-4920. PMID: 16641282

Baroncelli S, Galluzzo CM, Weimer LE, Pirillo MF, Volpe A, Mercuri A, et al. Evolution of proviral DNA
HIV-1 tropism under selective pressure of maraviroc-based therapy. J Antimicrob Chemother. 2012;
67: 1479-1485. doi: 10.1093/jac/dks055 PMID: 22361986

Jiao Y, Wang P, Zhang H, Zhang T, Zhang Y, Zhu H, et al. HIV-1 co-receptor usage based on V3 loop
sequence analysis: preferential suppression of CXCR4 virus post HAART? Immunol Invest. 2011; 40:
597-613. doi: 10.3109/08820139.2011.569673 PMID: 21513481

Mortier V, Dauwe K, Vancaoillie L, Staelens D, Van Wanzeele F, Vogelaers D, et al. Frequency and pre-
dictors of HIV-1 co-receptor switch in treatment naive patients. PLoS One. 2013; 8: €80259. doi: 10.
1371/journal.pone.0080259 PMID: 24244665

Edo-Matas D, Rachinger A, Setiawan LC, Boeser-Nunnink BD, van 't Wout AB, Lemey P, et al. The
evolution of human immunodeficiency virus type-1 (HIV-1) envelope molecular properties and corecep-
tor use at all stages of infection in an HIV-1 donor-recipient pair. Virology. 2012; 422: 70-80. doi: 10.
1016/j.virol.2011.10.005 PMID: 22047989

Brieu N, Portales P, Carles MJ, Corbeau P. Interleukin-7 induces HIV type 1 R5-t0-X4 switch. Blood.
2011; 117: 2073-2074. doi: 10.1182/blood-2010-10-311860 PMID: 21310936

Nakayama EE, Hoshino Y, Xin X, Liu H, Goto M, Watanabe N, et al. Polymorphism in the interleukin-4
promoter affects acquisition of human immunodeficiency virus type 1 syncytium-inducing phenotype. J
Virol. 2000; 74: 5452-5459. PMID: 10823849

Klein MR, Keet IP, D'Amaro J, Bende RJ, Hekman A, Mesman B, et al. Associations between HLA fre-
quencies and pathogenic features of human immunodeficiency virus type 1 infection in seroconverters
from the Amsterdam cohort of homosexual men. J Infect Dis. 1994; 169: 1244—1249. PMID: 8195600

D'Aquila RT, Sutton L, Savara A, Hughes MD, Johnson VA. CCR5/delta(ccr5) heterozygosity: a selec-
tive pressure for the syncytium-inducing human immunodeficiency virus type 1 phenotype. NIAID AIDS
Clinical Trials Group Protocol 241 Virology Team. J Infect Dis. 1998; 177: 1549-1553. PMID: 9607832

Schapiro JM, Boucher CA, Kuritzkes DR, van de Vijver DA, Llibre JM, Lewis M, et al. Baseline CD4(+)
T-cell counts and weighted background susceptibility scores strongly predict response to maraviroc
regimens in treatment-experienced patients. Antivir Ther. 2011; 16: 395—-404. doi: 10.3851/IMP1759
PMID: 21555822

Brumme CJ, Dong W, Chan D, Mo T, Swenson |, Woods C, et al. Short-term variation of HIV tropism
readouts in the absence of CCR5 antagonists; 2010 November, 7-11; Glasgow, UK. Journal of the In-
ternational AIDS Society. pp. Abstract 0123. doi: 10.1186/1758-2652-13-7 PMID: 20196856

Battaglioli-DeNero AM. Strategies for improving patient adherence to therapy and long-term patient out-
comes. J Assoc Nurses AIDS Care. 2007; 18: S17-22. PMID: 17275718

Wirden M, Soulie C, Fourati S, Valantin MA, Simon A, Ktorza N, et al. Pitfalls of HIV genotypic tropism
testing after treatment interruption. J Antimicrob Chemother. 2013; 68: 188—189. doi: 10.1093/jac/
dks362 PMID: 22954492

PLOS ONE | DOI:10.1371/journal.pone.0125502 May 13,2015 16/16


http://dx.doi.org/10.1016/j.antiviral.2012.11.002
http://www.ncbi.nlm.nih.gov/pubmed/23165088
http://dx.doi.org/10.1097/QAI.0b013e31826249cf
http://www.ncbi.nlm.nih.gov/pubmed/23095934
http://www.ncbi.nlm.nih.gov/pubmed/16641282
http://dx.doi.org/10.1093/jac/dks055
http://www.ncbi.nlm.nih.gov/pubmed/22361986
http://dx.doi.org/10.3109/08820139.2011.569673
http://www.ncbi.nlm.nih.gov/pubmed/21513481
http://dx.doi.org/10.1371/journal.pone.0080259
http://dx.doi.org/10.1371/journal.pone.0080259
http://www.ncbi.nlm.nih.gov/pubmed/24244665
http://dx.doi.org/10.1016/j.virol.2011.10.005
http://dx.doi.org/10.1016/j.virol.2011.10.005
http://www.ncbi.nlm.nih.gov/pubmed/22047989
http://dx.doi.org/10.1182/blood-2010-10-311860
http://www.ncbi.nlm.nih.gov/pubmed/21310936
http://www.ncbi.nlm.nih.gov/pubmed/10823849
http://www.ncbi.nlm.nih.gov/pubmed/8195600
http://www.ncbi.nlm.nih.gov/pubmed/9607832
http://dx.doi.org/10.3851/IMP1759
http://www.ncbi.nlm.nih.gov/pubmed/21555822
http://dx.doi.org/10.1186/1758-2652-13-7
http://www.ncbi.nlm.nih.gov/pubmed/20196856
http://www.ncbi.nlm.nih.gov/pubmed/17275718
http://dx.doi.org/10.1093/jac/dks362
http://dx.doi.org/10.1093/jac/dks362
http://www.ncbi.nlm.nih.gov/pubmed/22954492

