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Changes in HIV tropism from R5 to non-R5 or development of drug resistance is often associated with virologic failure in patients
treated with maraviroc, a CCR5 antagonist. We sought to examine changes in HIV envelope sequences and inferred tropism in patients
who did not respond to maraviroc-based regimens. We selected 181 patients who experienced early virologic failure on maraviroc-
containing therapy in the MOTIVATE trials. All patients had R5 HIV by the original Trofile assay before entry. We used population-
based sequencing methods and the geno2pheno algorithm to examine changes in tropism and V3 sequences at the time of failure. Us-
ing deep sequencing, we assessed whether V3 sequences observed at failure emerged from preexisting subpopulations. From
population genotyping data at failure, 90 patients had R5 results, and 91 had non-R5 results. Of the latter group, the geno2pheno false-
positive rate (FPR) value fell from a median of 20 at screening to 1.1 at failure. By deep sequencing, the median percentage of non-R5
variants in these patients rose from 1.4% to 99.5% after a median of 4 weeks on maraviroc. In 70% of cases, deep sequencing could de-
tect a pretreatment CXCR4-using subpopulation, which emerged at failure. Overall, there were two distinct patterns of failure of mara-
viroc. Patients failing with R5 generally had few V3 substitutions and low non-R5 prevalence by deep sequencing. Patients with non-R5
HIV who were failing developed very-high-prevalence non-R5 HIV (median, 99%) and had very low geno2pheno values.

Successful antiretroviral treatment with the CCR5 antagonist
maraviroc requires a tropism test to confirm that the patient’s

HIV uses the CCR5 coreceptor for cellular entry (R5 HIV) rather than
CXCR4 (non-R5 HIV) (1–3). In phase III clinical trials of maraviroc,
patients were screened for tropism status by using the original Trofile
phenotypic coreceptor assay (OTA), which was subsequently re-
placed by the enhanced-sensitivity Trofile assay (ESTA) (4, 5). Recent
rescreening of clinical trials of maraviroc has confirmed the utility of
genotypic approaches for the determination of HIV tropism (6–10).
Such approaches typically involve sequencing of the third variable
(V3) region of the HIV envelope gene (11). Bioinformatic algorithms
such as geno2pheno (12) are then used to infer the phenotypic tro-
pism that is likely associated with a V3 genotype. geno2pheno con-
verts an input V3 sequence into an output value in the form of a
false-positive rate (FPR) ranging from 0 to 100. An FPR indicates how
likely a sequence is to be incorrectly identified as a non-R5 sequence.
Therefore, sequences yielding low false-positive rates have a high like-
lihood of being non-R5 sequences.

Historically, population-based sequencing has been the most
commonly used genotypic approach for predicting coreceptor usage
(11). However, more sensitive tropism determination methods can
more accurately predict the response to maraviroc (5); thus, newer
deep sequencing methods targeting the V3 loop are becoming in-
creasingly common (7, 8, 13–16). These deep sequencing approaches
can identify low-level non-R5 subpopulations in clinical samples,
which may later emerge at much higher prevalences following treat-
ment with maraviroc, thereby compromising treatment efficacy
(16, 17).

There are several pathways by which patients may fail a mara-
viroc-containing therapy regimen. Most commonly, a minority
non-R5 population in a patient’s HIV population may expand

under drug pressure, causing an overall change in observed tro-
pism (3). Less commonly, the viral population may retain its
CCR5 tropism while evolving the ability to use maraviroc-bound
CCR5 protein for cellular entry, a form of maraviroc resistance
(18). Third, the viral population may develop resistance to other
agents in the background regimen in the absence of a change in
susceptibility to maraviroc (19); this may be associated with either
R5 or non-R5 tropism. Furthermore, as with other agents, adher-
ence, absorption, and other patient-associated and pharmacoki-
netic factors can also lead to therapy failure.

Early detection of tropism shifts or maraviroc resistance can ac-
celerate the decision to replace maraviroc with another antiretroviral
agent and potentially prevent further accumulation of antiretroviral
drug resistance to other agents in the regimen. Thus, we sampled
patients relatively soon after they began maraviroc treatment to de-
termine the utility of an early-monitoring approach.

In this study, we used both population-based and deep sequenc-
ing approaches to assess changes in tropism and V3 sequences among
treatment-experienced, R5-infected patients who experienced viro-
logic failure while receiving maraviroc in the MOTIVATE-1 and -2
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studies (1, 3). Patients from the A4001029 study, which enrolled pa-
tients with non-R5 HIV (2), were not included in the current study;
thus, all patients studied were determined to have exclusively R5 HIV
by the OTA. Phylogenetic methods were also used to assess whether
sequences present at failure were derived from preexisting minority
subpopulations, and newer deep sequencing was used to assess
changes in non-R5 prevalence after treatment with maraviroc. Previ-
ous studies (16, 17) noted the emergence of CXCR4-using virus from
preexisting subpopulations, and CCR5 antagonists have been known
to inhibit R5 only while selecting non-R5 subpopulations (3, 20),
with such shifts appearing to occur very quickly (21). Furthermore,
resistance to maraviroc has been associated with genotypic changes in
the HIV envelope gene (18, 22). Thus, we hypothesized that there are
distinct mechanisms of failure that can be identified by population-
based and/or deep sequencing of the HIV V3 region.

(This work was presented in part at the International HIV and
Hepatitis Virus Drug Resistance Workshop and Curative Strate-
gies, Dubrovnik, Croatia, 8 to 12 June 2010.)

MATERIALS AND METHODS
Patients and sample composition. A subset of patients who had subop-
timal responses to maraviroc in the MOTIVATE trials was selected (n �
181). Patients were selected such that approximately the same proportion
had non-R5 OTA results at failure as was reported for the MOTIVATE
trials overall (57% in MOTIVATE and 58% in the current study) (3). All
patients were treatment experienced, 100% of patients had R5 results by
OTA at screening, and 69% had R5 results by ESTA (124/181). All patients
received maraviroc (once or twice daily) plus an optimized background
regimen of three to six other antiretroviral agents. All individuals gave
written informed consent, including consent to allow other tropism test-
ing to be performed on their samples. The University of British Columbia-
Providence Health Care Research Ethics Board reviewed the research
project and granted ethical approval.

Sequencing was performed on samples from two time points: one
prior to receiving maraviroc (the screening sample) and one on treatment
(the failure sample). This on-treatment failure sample was defined as the
earliest available sample with a plasma viral load (pVL) of �500 HIV RNA
copies/ml and an OTA result. The screening sample was drawn approxi-
mately 6 to 8 weeks prior to the beginning of maraviroc treatment; the
failure sample was drawn a median of 4 weeks (interquartile range [IQR],
4 to 16 weeks) after the beginning of maraviroc treatment and a median of
2 weeks (IQR, 2 to 10 weeks) after the first viral load result of �500
copies/ml. While phenotypic tropism results were available for all sam-
ples, phenotypic maraviroc resistance assay results were not available for
these samples. ESTA results were available at screening, but only OTA
results were available at failure.

Genotypic tropism testing. The V3 loop of the HIV envelope gene was
amplified by nested reverse transcriptase PCR (RT-PCR) (3, 4). The
screening samples were amplified and sequenced in triplicate; the failure
samples had a single sequence generated per sample. Standard, popula-
tion-based sequencing was performed on all screening and failure sam-
ples, as previously described (9). Deep V3 sequencing was also performed
on all screening samples, plus a subset (n � 73) of failure samples, using
methods described previously (7, 8). The 73 samples comprised the last
batch of samples processed by population sequencing, with no targeted
selection.

The tropism associated with the V3 loop sequences was inferred by
using the geno2pheno algorithm (12), with FPR cutoffs of 5.75 for popu-
lation-based sequencing and 3.5 for deep sequencing (23, 24), below
which sequences were categorized as non-R5 sequences. These cutoffs
were previously optimized for predicting the virologic response to mara-
viroc (23, 24). The percentage of non-R5 variants in the viral population
was defined as the proportion of sequences scoring below or equal to an

FPR of 3.5, as observed by deep sequencing, and previous studies have
defined an R5 sample as having �2% non-R5 variants (7, 8).

The screening and failure sequences were assessed for amino acid changes
that may have appeared following maraviroc-based therapy as well as for
changes in the geno2pheno FPR value. Neighbor-joining phylogenetic trees
were constructed with ClustalX by using deep sequencing data at screening
and by using population-based or deep sequencing data at failure. Thus, it
could be determined whether a sequence present at failure may have already
been present prior to treatment with maraviroc. The change in the percentage
of non-R5 variants between screening and failure was also examined by using
the deep sequencing results. Sample phenotypes were obtained by OTA at all
time points and by ESTA at screening.

Statistical analysis. Statistical analyses performed included the
Mann-Whitney U test and Kruskal-Wallis test for differences between
medians (e.g., median plasma viral loads). The Fisher exact test was used
for differences in proportions (e.g., the proportion of patients who had R5
HIV by ESTA at screening).

RESULTS
Patients and sample composition. Patients in the current study
were all treatment experienced and received maraviroc once daily
(89 patients; 49%) or twice daily (92 patients; 51%), as per ran-
domization at study entry. Most patients (91%) were enrolled in
the North American MOTIVATE-1 trial (25), and 9% were en-
rolled in the MOTIVATE-2 trial, which had an identical study
design. Of the 181 patients selected, 100 (55%) experienced
virologic failure, 44 (24%) never achieved virologic suppres-
sion but completed 48 weeks of treatment, and 15 (8%) had a
virologic rebound. Of the remaining 22 patients, 18 were lost to
follow-up, 2 died, 1 experienced an adverse event, and 1 was
withdrawn due to pregnancy. The mean age of subjects was 45
years (range, 19 to 70 years), and the proportion of males in the
study was 91% (165/181). These data were similar to those for
the maraviroc arms of the MOTIVATE trial overall (1). The
proportion of patients of black race or ethnicity was 19% (34/
181), which was slightly elevated relative to the larger trial
overall (14%), and this was likely due to a higher number of
maraviroc nonresponders who reported black race/ethnicity in
the MOTIVATE trial (3) (Table 1).

As expected for a study of patients who experience failure of
therapy, the patients in the current study had higher plasma viral
loads, lower CD4 cell counts, and fewer active drugs in their back-
ground regimens than patients in the MOTIVATE studies (1, 8)
overall (Table 1).

The failure sample was taken as the earliest available on-treat-
ment sample with both a viral load of �500 copies/ml and an OTA
result from the same time point. Samples with viral loads of �500
copies were not tested by OTA and were therefore excluded from
the study. The median viral load at failure was 4.1 log copies/ml
(IQR, 3.5 to 5.0 log copies/ml), ranging from a minimum of 670
copies/ml to a maximum of 10 million copies/ml.

Most patients (55%) in the study experienced protocol-defined
virologic failure (PDVF) over the 48 weeks of the MOTIVATE trials.
However, the samples tested were generally from earlier time
points than the week where PDVF was met. The median times to
PDVF were approximately 17 weeks and 25 weeks for the groups
failing with non-R5 and R5 OTA phenotypes, respectively (3). In
comparison, the samples in the current study were from medians
of 4 weeks and 4 weeks for patients with non-R5 and those with R5
phenotypes, respectively, since we intentionally selected the earli-
est available failure samples.
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Performance of population genotyping for determining HIV
tropism. At screening, all patients had R5 HIV as determined by
OTA, but 12% and 31% had non-R5 results by population-based
sequencing and ESTA, respectively. At the failure time point, 91 pa-
tients had genotypic non-R5 results (50%), and 90 patients had ge-
notypic R5 results (50%) by population sequencing. In comparison,
the proportions determined by the phenotypic OTA were 105
non-R5 (58%) and 76 R5 (42%) patients. Approximately half of the
patients had non-R5 HIV by both genotypic and phenotypic meth-
ods at failure (89 patients; 49%). Of the remaining patients, 41% had
R5 HIV as determined by both methods (n � 74), and 10% (n � 18)
had discordant results (with 16/18 having R5 HIV as determined by
genotyping but non-R5 HIV as determined by OTA).

Changes in V3 sequences and geno2pheno values after mara-
viroc treatment. The median FPR for all patients regardless of
tropism status fell from 31.0 at screening to 5.3 at failure (Fig. 1A),
owing to the large number of patients with non-R5 HIV who were
failing. Importantly, these patients fell into two distinct categories:
those who maintained essentially the same geno2pheno FPR and

those for whom a large decrease in the FPR value between screen-
ing and failure was observed (Fig. 1B). The overall drop in the
geno2pheno FPR was driven by an increase in the number of pa-
tients with non-R5 genotypes, with this number increasing over
4-fold, from 21 patients at screening to 91 patients at failure (12%
to 50%). Between screening and failure, the geno2pheno FPR fell
by a median of 18.2 (IQR, �38.0 to �5.7) for those patients with
concordant non-R5 results (Fig. 1C). These patients had ex-
tremely low geno2pheno false-positive rates at failure, with a me-
dian FPR of 1.1 (IQR, 0.4 to 1.7). In comparison, the median FPR
of these same patients at screening was 20 (IQR, 6.9 to 38). In
contrast, there were negligible changes in the geno2pheno FPR in
patients failing treatment who had concordant R5 results. For
these patients, the median FPR change was 2.2 (IQR, �0.5 to 16)
(Fig. 1C and Table 1).

Not surprisingly, the most common emergent amino acid sub-
stitutions among patients with non-R5 genotypes were substitu-
tions to basic amino acids: 11R (36 patients; 40%), 13R (23 pa-
tients; 25%), and 25K (20 patients; 22%). Consequently, use of the

TABLE 1 Patient characteristicsa

Parameter

Value for group

P value for
R5 vs
non-R5

MOTIVATE-1 and
-2 MVC arms
overall

Current study population

Overall study
population

Patients with non-R5 genotype
by population-based
sequencing at failure

Patients with R5 genotype
by population-based
sequencing at failure

No. of patients 794 181 91 90
Mean age (yr) (range) 46 (17–75)* 45 (19–70) 45 (19–70) 45 (34–69) NS
% male patients (no. of male patients/

total no. of patients)
89 (745/840)* 91 (165/181) 93 (85/91) 89 (80/90) NS

% female patients (no. of female
patients/total no. of patients)

11 (95/840)* 9 (16/181) 7 (6/91) 11 (10/90)

% white patients (no. of white patients/
total no. of patients)

83 (699/840)* 80 (145/181) 84 (76/91) 77 (69/90) NS

% black patients (no. of black patients/
total no. of patients)

14 (121/840)* 19 (34/181) 15 (14/91) 22 (20/90)

% R5 patients by ESTA at screening (no.
of R5 patients/total no. of patients)

NA 69 (124/181) 48 (44/91) 89 (80/90) �0.001

% R5 patients by original Trofile assay at
failure (no. of R5 patients/total no. of
patients)

43 (57/133)* 42 (76/181) 2 (2/91) 82 (74/90) �0.001

Median baseline pVL (log) (IQR) 4.9 (4.4–5.3) 5.1 (4.7–5.5) 5.0 (4.6–5.4) 5.2 (4.8–5.6) 0.03
Median failure pVL (log) (IQR) NA 4.1 (3.5–5.0) 4.3 (3.6–5.1) 4.0 (3.3–4.9) 0.06
Median baseline CD4 count (cells/mm3)

(IQR)
168 (74–289) 72 (17–177) 64 (15–174) 79 (23–182) NS

Median no. of active ARVs (wOBTss)
(IQR)

1.0 (0–2) 0.5 (0–1.0) 0.5 (0–1.0) 1.0 (0–1.5) 0.03

Median geno2pheno FPR at screening
(IQR)

33.2 (14.7–56.5) 31.1 (12.5–55.3) 19.6 (6.9–41.4) 41.9 (21.8–65.0) �0.001

Median geno2pheno FPR at failure
(IQR)

NA 5.3 (1.1–48.9) 1.1 (0.4–1.8) 48.9 (21.2–74.0) �0.001

Median % non-R5 variants by deep
sequencing (screening, n � 181)
(IQR)

0 (0–0.3) 0.1 (0–3.1) 1.4 (0–15.2) 0 (0–0.1) �0.001

Median % non-R5 variants by deep
sequencing (failure, n � 73) (IQR)

NA 0.8 (0–99.0) 99.5 (94.8–99.9) 0 (0–0.2) �0.001

a Shown are the baseline patient characteristics in the current study as well as those from the maraviroc (MVC) arms of the MOTIVATE-1 and -2 studies. Most values shown are
median values, with the interquartile ranges (IQR) in parentheses, unless otherwise indicated. The data in the MOTIVATE column were derived from a previously reported data set
(8) comprising a majority of maraviroc recipients in the MOTIVATE studies (94%; 788/840 patients). Due to the small numbers of patients, those with races/ethnicities other than
white or black are not included in the table. pVL, plasma viral load; wOBTss, weighted optimized background therapy susceptibility score; FPR, false-positive rate; ARVs,
antiretrovirals. Some values were derived from data reported previously (1, 3) and are marked with asterisks.
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11/25 rule (26) identified a substantial proportion of sequences as
non-R5 sequences (57/91; 63%) at the time of failure.

Limited evidence of maraviroc resistance. In contrast to pa-
tients with non-R5 failure genotypes, patients who maintained
genotypic R5 HIV through the study period (n � 90) exhibited no
clear accumulation of mutations at the failure time point. Among
these patients, the median geno2pheno FPRs at screening and
failure showed very little change, 41.9 and 48.9, respectively. For

21 patients (23%), no V3 amino acid changes were observed fol-
lowing maraviroc treatment, while substitutions in the remaining
70 patients (77%) were restricted to partial amino acid changes
(mixtures). Among these patients without a tropism change, the
sites with the highest rates of substitutions were codons 10, 13, 14,
18, and 25. The most common substitutions at these positions
were 10R, 13H/P, 14I/M, 18R, and 25D. Importantly, however,
the prevalence of these substitutions, including ones previously

FIG 1 (A) Overall decrease in the geno2pheno false-positive rate (FPR) values between screening and failure. The distribution of geno2pheno FPR values is
shown for the screening (left) and failure (right) sequences. Boxes indicate the interquartile ranges of the values, with the median values indicated by a solid
horizontal line. Whiskers correspond to 1.5 times the interquartile range. (B) geno2pheno false-positive rates at screening and failure. Shown is a scatter plot of
the geno2pheno FPRs for all patients with coordinates at two time points, with screening values on the horizontal axis and failure values on the vertical axis. Points
are marked by whether tropism results at failure were concordant between phenotype and genotype determinations (see key). The geno2pheno FPR decreased
by a large amount between screening and failure for patients in the non-R5 group but changed very little for those in the R5 group. (C) Change in geno2pheno
false-positive rates between screening and failure. Shown is a scatter plot of the false-positive rate change between screening and failure. Horizontal lines denote
the median values, with error bars indicating the interquartile ranges. Patients with concordant R5 tropism at failure had a median FPR change of 2 (IQR, �1 to
16), versus a median decline of 18 FPR units (IQR, �38 to �6) in the concordant non-R5 group (P � 0.001). Patients with discordant results at failure had an
overall intermediate FPR decline (median FPR change, 10; IQR, �39 to 7). Points are marked by whether tropism results at failure were concordant between
phenotype and genotype determinations (see key).
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documented to be associated with maraviroc resistance, was very
low in this population, ranging between 8 and 14 samples (9 to
16%), depending on the substitution. These may indeed be simply
natural polymorphisms unrelated to maraviroc resistance. Fur-
thermore, since most of these samples did not have phenotypic
maraviroc resistance assay results, the ability to interpret the im-
plications of these substitutions is limited, and many patients with
R5 viruses may simply have been nonadherent or had viruses that
were resistant to other components of their regimens.

Change in the non-R5 viral population as determined by
deep sequencing. The viral population present prior to treatment
with maraviroc was assessed by deep sequencing of the screening
plasma samples. The deep sequencing data were then investigated
for both the change in the percentage of non-R5 variants as well as
the phylogenetic relationship between the screening and failure
V3 sequences.

All screening samples underwent deep V3 sequencing, as did a
subset of 73 failure samples. At screening, the median percentage
of non-R5 variants per patient was 0.1% (IQR, 0 to 3.1%), reflec-
tive of the R5 phenotypes of all patients. However, a majority of
patients had at least some level of non-R5 sequences present at
screening (96/181; 53%), including one patient for whom 99.9%
of recovered sequences were interpreted as being non-R5 se-
quences at screening, who had R5 HIV as determined by OTA and

ESTA at screening but experienced virologic failure with dual-
mixed results by OTA at week 4. A total of 50 patients (28%) had
�2% non-R5 HIV variants according to their deep sequencing
screening results, over twice as many as were detected at screening
by population-based sequencing, despite all patients having R5
OTA phenotypes at screening.

Of the 50 patients with non-R5 variants present at a �2%
prevalence as determined by deep sequencing, 42 (84%) were con-
firmed to have non-R5 variants at failure by population-based
genotyping. Where deep sequencing results were available at both
time points (n � 73), the overall median percentage of non-R5
variants rose slightly from 0% (IQR, 0 to 1.2%) at screening to
0.8% (0 to 98.8%) at failure. When these patients were restricted
to those with non-R5 HIV at failure as determined by population-
based sequencing, the median percentage of non-R5 variants rose
to 99.4% (IQR, 95.4 to 99.9%) at failure (Fig. 2).

Strikingly, the distribution of non-R5 variants in patients treated
with maraviroc was nearly completely dichotomous. The vast major-
ity of patients (65/73; 89%) had treatment failure with either �5%
non-R5 variants or �95% non-R5 variants according to deep se-
quencing results, with very few patients falling in between (Fig. 2). As
mentioned above, the population-based sequencing results were also
quite unambiguous in their interpretation. Of those patients with
non-R5 population sequencing results at failure, over three-quarters

FIG 2 Percentages of non-R5 variants by deep sequencing results at screening and failure. Shown is a scatter plot of the percent non-R5 variants for all patients
with deep sequencing results at screening and failure. Points are marked by whether the tropism results for the same time point were concordant between
phenotype and population-based genotype determinations (see key). The failure column illustrates how the majority of failure samples had very high or very low
non-R5 prevalence. Determination of phenotypes was performed by ESTA at screening and by the original Trofile assay (OTA) at failure. A dashed line at a 2%
non-R5 prevalence represents a cutoff for deep sequencing, above which a sample was classified as having non-R5 tropism.
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had extremely low geno2pheno FPRs, 2 or lower (70/91; 77%), indic-
ative of “highly” non-R5 virus (23).

Phylogenetic relationship between screening and failure se-
quences. Phylogenetic trees were generated by using the screening
deep sequencing data and the failure population-based sequence
data. A set of representative example trees is given in Fig. 3 and in
the supplemental material. For many patients, a distinct minority
subpopulation of non-R5 variants was detected by deep sequenc-
ing at screening. This minority subpopulation often emerged fol-
lowing treatment and was detected with standard population-
based sequencing methods. The trees underwent manual
inspection to assess the degree of the phylogenetic relationship
between the failure V3 sequence and sequences detected by deep
sequencing prior to maraviroc treatment. Overall, 70% of patients
(64/91) with non-R5 HIV at failure had a closely related non-R5
subpopulation present prior to treatment with maraviroc, con-
firming previous reports of the selection of pretreatment non-R5
reservoirs by maraviroc (16, 17). These CXCR4-using subpopula-
tions were present despite patients being prescreened as having R5

HIV by OTA, and a number were missed by population-based
sequencing as well.

Comparison of tropism methods. The performance of popu-
lation-based sequencing was assessed at both screening and failure
by comparing the results to deep sequencing as the “gold stan-
dard.” ESTA results were available for comparison at screening,
and OTA results were available for comparison at failure.

When the two methods for determining genotypic tropism
were compared at screening, population-based sequencing had
30% sensitivity (15/50 non-R5 samples) and 95% specificity (125/
131 R5 samples) relative to deep sequencing. However, the per-
formance of population-based sequencing was dramatically better
at failure. This method achieved 88% sensitivity (29/33 called
non-R5) and 95% specificity (38/40 called R5) relative to deep
sequencing, likely due to the higher proportions of non-R5 vari-
ants after maraviroc treatment.

The genotypes were also compared to the phenotypes. At
screening, population-based sequencing had 19% sensitivity (11/
57) and 92% specificity (114/124) relative to ESTA. Deep sequenc-

FIG 3 Representative phylogenetic trees from four patients who experienced virologic failure All four panels show phylogenetic trees generated from the
deep-sequencing data at screening and the population-based genotyping at failure. Screening R5 sequences are shown in green, X4 sequences are shown in red,
and the failure sequence is shown in blue. (A) Failure due to a small pretreatment X4 population. (B) Failure due to a large pretreatment X4 population. (C)
Screening sample where pretreatment X4 sequences were not detected but failure was with a non-R5 genotype and phenotype. (D) Example of a patient who
experienced failure with an R5 genotype and phenotype. One outlier branch has been truncated for display purposes. All four of these samples were R5 samples
by both the original and enhanced sensitivity Trofile assays at screening. Higher-resolution versions of these panels can be found in the supplemental material.

Distinct Patterns of Maraviroc Failure

December 2013 Volume 57 Number 12 aac.asm.org 6127

http://aac.asm.org


ing had 53% sensitivity (30/57) and 84% specificity (104/124) rel-
ative to ESTA at screening. At failure, when population-based
genotypes were compared to the OTA phenotypes at the same
time point, the assays were 90% concordant (163/181 samples).
The overall sensitivity of genotyping compared to phenotyping
was 85% (89/105 non-R5), with 97% specificity (74/76 R5) for
these failure samples. This performance is comparable to the per-
formance of deep sequencing relative to OTA at failure: 83% sen-
sitivity (30/36) and 92% specificity (34/37).

Virologic response to maraviroc. While all patients had R5
HIV as determined by OTA at screening, they could be stratified
by their genotypic tropism results at their failure visit. Patients
with a non-R5 genotype determined by population-based se-
quencing at failure had overall poorer virologic responses to
maraviroc (Fig. 4). At week 8, the median decline in plasma viral
load (pVL) from baseline was 2.0 logs for those with R5 HIV but
0.4 logs for those with non-R5 HIV at failure (P � 0.001). In
contrast, the median change in pVL at week 8 for the maraviroc
arms in the MOTIVATE trials overall was approximately 2.4 logs,
which is larger than the viral load decreases for either group in the
current study (P � 0.01) (Fig. 4).

A total of 88% of patients with non-R5 population genotypes at
failure (80/91) failed to achieve an undetectable viral load during the
study, versus 77% (69/90) of those with R5 genotypes at failure. Pro-
tocol-defined virologic failure was documented for 69% of patients
with non-R5 genotypes at failure (63/91), compared to 41% of pa-
tients with R5 genotypes at failure (37/90). Patients with R5 geno-
types at failure had higher rates of virologic rebound than did those
with non-R5 genotypes: 14% (13/90) versus 2% (2/91). They were
also twice as likely to have never achieved virologic suppression
throughout the study but to remain enrolled: 32% (29/90) versus
16% (15/91).

Comparison to the enhanced-sensitivity Trofile assay. As

stated above, sensitivities of population-based sequencing and
deep sequencing were 19% and 53% relative to ESTA at screening,
respectively, with concordance values of 69% and 74% (Fig. 2). Of
those patients where rescreening by ESTA indicated pretreatment
non-R5 phenotypes, 50 of 57 (88%) were confirmed to have
non-R5 phenotypes determined by OTA at failure, similar to the
results from genotyping (47 of 57 patients; 82%). Patients with
pretreatment R5 phenotypes determined by both OTA and ESTA
were more likely to fail therapy with R5 phenotypes or genotypes
(56% or 65%) than those with non-R5 phenotypes (44% or 35%).
All follow-up results were tested by OTA, but it is important to
note that this study indicates that very-low-minority non-R5 vari-
ants are not commonly associated with maraviroc failure. Deep
sequencing analysis demonstrated that when phenotypic tropism
changes occurred, they were generally accompanied by a very high
non-R5 prevalence (Fig. 2). Accordingly, our results are likely to
be unaffected by the fact that the failure phenotypes were deter-
mined by using OTA rather than ESTA. Furthermore, we found
largely similar results when we restricted our analyses to patients
with R5 phenotypes determined by ESTA at screening only (see
Fig. S1 in the supplemental material).

DISCUSSION

In this study, genotypic analysis indicated that failure on maravi-
roc followed two distinct pathways. Those patients who experi-
enced an HIV tropism shift to non-R5 phenotypes had a large
decline in the geno2pheno false-positive rate, accumulated V3
substitutions at multiple codons, and had a large increase in the
prevalence of non-R5 variants to a median of 99% according to
deep sequencing. Patients with R5 results at failure tended to have
geno2pheno values very similar to their screening values and ac-
cumulated few amino acid substitutions in V3 compared to the
pretreatment sequences. In 71% of patients, deep sequencing was

FIG 4 Virologic responses were reduced among patients with non-R5 genotype results at failure. The median change in plasma viral load from baseline among
maraviroc recipients is shown. Patients are stratified according to whether their first available failure sample had an R5 or non-R5 population genotype. For
comparison, the median viral load change of the maraviroc arms in the MOTIVATE trials overall is also shown.
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able to detect a pretreatment non-R5 subpopulation which
emerged at failure.

We also showed that standard population-based sequencing is
capable of identifying on-treatment tropism changes accompany-
ing maraviroc failure with high sensitivity (85%) relative to phe-
notyping. The sensitivity reported here is even much higher than
previous sensitivities reported by our group for the same popula-
tion at screening (9).

The sensitivity of population-based sequencing more than tripled
after patients began treatment with maraviroc (88% sensitivity on
treatment versus 24% at screening compared to deep sequencing).
Other studies have typically reported much lower sensitivities for
population-based sequencing (9, 27–30). The high sensitivity re-
ported for the failure samples in the current study is likely attributable
to the selective effect of maraviroc treatment on patient HIV. For
those who failed maraviroc-based therapy with non-R5 HIV, the av-
erage percentage of non-R5 variants rose to 99% according to deep
sequencing, increasing the ability of population-based sequencing to
give a non-R5 result. Under these circumstances, population-based
methods performed better than usual since non-R5 prevalence is
usually masked by a predominantly R5 viral population, thus limiting
sensitivity. This rapid emergence of high-prevalence non-R5 variants
has also been reported in cases of treatment failure with other CCR5
antagonists (21, 31).

Maraviroc recipients with non-R5 HIV infection at failure had
poorer virologic responses to the medication than those whose
virus did not change tropism, even among this population of pa-
tients who failed maraviroc-based therapy. This is likely due to the
additional loss of maraviroc activity in patients who fail therapy
with non-R5 HIV, whereas failure with R5 HIV may have been
due to a number of reasons, including maraviroc resistance, resis-
tance to the other background antiretroviral agents, and/or poor
adherence. However, the response to antiretroviral therapy in
general may also be impacted by the presence of non-R5 HIV
infection (32, 33).

Some limitations of this study should be acknowledged. It is
difficult to extend these findings generally to all maraviroc-treated
populations, as this study was conducted in a selected population
prescreened for R5 HIV by OTA. However, the proportion of
non-R5 OTA results at failure in our study (57%) was quite reflec-
tive of the proportion seen in the MOTIVATE trials overall (58%)
(3), so our results are likely generalizable to the larger MOTIVATE
study population. While ESTA results were available at screening,
determination of the follow-up phenotypes was performed by us-
ing OTA. However, the additional sensitivity of ESTA over OTA
(reported detection limit of 0.3%, versus 10% for non-R5 HIV
[4]) likely had very little effect on our results, since genotypic
analyses indicated that phenotypic tropism changes of patients on
maraviroc treatment were associated with extremely high non-R5
prevalence well above the 10% detection limit of the original Tro-
file assay. Despite its high sensitivity, deep sequencing could not
identify preexisting non-R5 populations in 30% of patients with
non-R5 HIV at failure. Thus, this approach may still lack sufficient
sensitivity, or the sampling volume may have been insufficient for
detection of minority variants. Alternatively, non-R5 variants may
evolve from R5 populations more rapidly during maraviroc treat-
ment or may have emerged between screening and enrollment, as
previously reported for 8% of MOTIVATE participants (3).
Non-R5 variants may also emerge from compartments other than
blood plasma. Among the studied population, 25 patients had

switched to non-R5 phenotypes at maraviroc initiation (14%).
This study was also limited in its ability to better characterize
maraviroc resistance. To date, reduced maximal percent inhibi-
tion (MPI) in a phenotypic assay assessing susceptibility of the
patient virus to maraviroc is the only consistent characteristic of
maraviroc resistance (34); no signature mutations have been ob-
served for maraviroc (35, 36) or other CCR5 antagonists (37).
Similar to those previous findings, no consistent patterns of mu-
tations that were associated with virologic failure while maintain-
ing an R5 population were noted. This may be due to a number of
factors, such as insufficient time on the medication to induce re-
sistance-associated mutations, the possibility that mutations may
emerge outside the V3 loop, and/or the possibility that maraviroc
resistance mutations are patient specific and difficult to general-
ize. Furthermore, only a small number of patients who experi-
enced failure on maraviroc with R5 viruses have actually been
shown to have maraviroc-resistant HIV in phenotypic assays (35).
For such patients, other factors, such as adherence or resistance to
the other agents in their regimens, may be involved.

Our analyses indicate that maraviroc treatment dichotomized
V3 sequences and their inferred coreceptor usage. Genotypic tro-
pism analyses demonstrated large decreases in geno2pheno values
and large increases in the percentage of non-R5 variants. Patients
with non-R5 HIV at failure experienced suboptimal virologic re-
sponses to maraviroc in this study, likely driven by their non-R5
status. However, genotypic analysis in patients with failure R5
results was not informative, with little change in geno2pheno val-
ues and few amino acid substitutions that might be attributed to
maraviroc resistance. In contrast, the results for the non-R5 pop-
ulation were unambiguous and striking, suggesting that both deep
and population-based sequencing approaches are useful tools for
monitoring patients receiving maraviroc.
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