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Background. The Maraviroc versus Optimized Therapy in Viremic Antiretroviral Treatment-Experienced
Patients (MOTIVATE) studies compared maraviroc versus placebo in treatment-experienced patients with CCR5-
using (R5) human immunodeficiency virus type 1 (HIV-1), screened using the original Trofile assay. A subset with
non-R5 HIV infection entered the A4001029 trial. We retrospectively examined the performance of a genotypic
tropism assay based on deep sequencing of the HIV env V3 loop in predicting virologic response to maraviroc in
these trials.

Methods. V3 amplicons were prepared from 1827 screening plasma samples and sequenced on a Roche/454
GS-FLX to a depth of >3000 sequences/sample. Samples were considered non-R5 if =2% of their viral population
scored greater than or equal to —4.75 or <3.5 using the PSSM,4/r5 or geno2pheno algorithms, respectively.

Results. Deep sequencing identified more than twice as many maraviroc recipients as having non-R5 HIV,
compared with the original Trofile. With use of genotyping, we determined that 49% of maraviroc recipients with
R5 HIV at screening had a week 48 viral load <50 copies/mL versus 26% of recipients with non-R5. Corresponding
percentages were 46% and 23% with screening by Trofile. In cases in which screening assays differed, median week 8
log;o copies/mL viral load decrease favored 454. Other parameters predicted by genotyping included likelihood of
changing to non-R5 tropism.

Conclusions. This large study establishes deep V3 sequencing as a promising tool for identifying treatment-
experienced individuals who could benefit from CCR5-antagonist—containing regimens.

Human immunodeficiency virus type 1 (HIV-1) enters

and infects a target cell by an interaction of its envelope
Received 7 May 2010; accepted 25 October 2010.

Potential conflicts of interest: PR.H. has received grants from, served as an ad
hoc advisor to, or spoken at various events sponsored by Pfizer, Glaxo-Smith Kline,
Abbott, Merck, and Virco. D.C., M.L., I.J., J.H., and H.V. are employees of Pfizer. All
other authors: none reported.

Financial support: Pfizer and the Canadian Institutes of Health Research (CIHR)
and through a GlaxoSmithKline/CIHR Chair in Clinical Virology (PRH.).

Presented in part: The 16th Conference on Retroviruses and Opportunistic
Infections, Montreal, Quebec, 8-11 February 2009 (abstract 680); and the 17th
Conference on Retroviruses and Opportunistic Infections, San Francisco, California,
16-19 February 2010 (abstract 545).

Reprints or correspondence: Dr P. Richard Harrigan, BC Centre for Excellence in
HIV/AIDS, 603-1081 Burrard St, Vancouver, BC Canada, V6Z 1Y6 (prharrigan@
cfenet.ubc.ca).

The Journal of Infectious Diseases 2011;203:237-245

© The Author 2011. Published by Oxford University Press on behalf of the Infectious
Diseases Society of America. All rights reserved. For Permissions, please e-mail:
journals.permissions@oup.com

1537-6613/2011/2032-0001$15.00

DOI: 10.1093/infdis/jiq030

glycoprotein, gp120, with the cellular CD4 receptor and
a co-receptor: CCR5 or CXCR4 [1-4]. CCR5 antago-
nists, such as maraviroc, inhibit HIV entry via CCRS.
These agents work by allosterically altering the confor-
mation of CCR5 at the cell surface, thereby disrupting its
interaction with HIV gp120 [1, 5, 6]. However, they
have suboptimal activity against viral populations ca-
pable of using CXCR4 (7, 8]. Accordingly, before clinical
use of CCR5 antagonists, a tropism test is performed to
rule out the presence of detectable non—CCR5-tropic
(non-R5) virus.

Currently, the most widely used co-receptor tropism
tests are the recombinant phenotypic Trofile assay
(Monogram Biosciences) [9] and its newer iteration, the
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Enhanced Sensitivity Trofile assay (ESTA) [10]. Despite their
widespread use, there are some practical limitations to these
assays, including a long turnaround time, restricted geographic
access, and the large sample volume that they require [11].
Genotypic tropism testing is an alternative method [12] that is
possible because the sequence of the third variable (V3) loop of
HIV gpl120 is the principal determinant of tropism [13-18],
allowing tropism inference using bioinformatic algorithms, such
as PSSM,/rs [19] and geno2phenoicorecepror] (g2P) [20].

However, genotypic assays that are based on standard, pop-
ulation-based V3 sequencing have often had apparently poor
sensitivity for detection of non-R5 HIV [21], especially when
such species comprise minorities in the viral population
below ~20%, which is the reliable sensitivity of standard se-
quencing [22, 23]. In comparison, next-generation deep-
sequencing approaches have much higher sensitivity and can
detect minority HIV variants at much lower levels [24, 25],
including minority non-R5 subpopulations [26]. Consequently,
this method can capture a detailed cross-section of co-receptor
use across a patient’s viral population and quantify the preva-
lence of non-R5 HIV within the patient.

Here, we present an extensive study of deep V3 sequencing as
a tool for predicting virologic outcomes on maraviroc-based
therapy in treatment-experienced patients in the Maraviroc
versus Optimized Therapy in Viremic Antiretroviral Treatment-
Experienced Patients (MOTIVATE) 1 and 2 studies. These were
placebo-controlled, phase-3 studies of maraviroc in treatment-
experienced patients with R5 HIV infection [27, 28]. Patients
were originally screened using the original Trofile assay. Of those
screened out because of non-R5 HIV, ~20% (186 of 955) en-
tered the A4001029 trial [8, 28]. We retrospectively tested this
method on a total of 1827 blinded screening samples from these
3 clinical trials and assessed its ability to predict virologic
responses in maraviroc recipients.

METHODS

Trial Patients, Samples, and Polymerase Chain Reaction (PCR)
Methods

Briefly, the V3 loop of HIV gp120 was amplified independently
in triplicate by nested reverse-transcriptase PCR (RT-PCR)
methods from a total of 1827 screening samples from the 3 trials.
These were then sequenced by either standard population-based
sequencing [29] or by deep sequencing [30]. The current study
focuses on the deep-sequencing data, hereafter referred to as
genotyping data.

In total, 1093 of 1827 patients examined in the current study
were randomized into the 3 arms of the MOTIVATE (R5) and
A4001029 (non-R5) trials (Supplementary data figure 1). In-
formed consent was obtained from all individuals. Treatment
arms were maraviroc once-daily, maraviroc twice-daily, or pla-
cebo, plus an optimized background therapy of 3—6 agents, based

on treatment history and resistance testing [27, 28]. Note that all
phenotypic screening results were obtained using the original
Trofile assay (~10% non-R5 prevalence detection limit [31])
and not the currently used ESTA (0.3% detection limit [10]).

Our main analysis was based on all patients who entered any
study (MOTIVATE-1, MOTIVATE-2, or A4001029). Critically,
this included all treated patients whose Trofile screening iden-
tified them as having non-R5 infection. For additional analyses
with respect to tropism assessments by both assays, the patients
screened for MOTIVATE-1 (including patients identified by
Trofile as having non-R5 infection) but who did not enter
a study were also included. However, only patients entering the
studies could be examined for virologic responses.

HIV RNA was extracted from 500 pL of plasma per sample
using a NucliSENS easyMAG (bioMérieux). Three independent
1-step RT-PCR amplifications were performed with 4 pL of
extract per amplification, followed by a second-round amplifi-
cation using customized primers that included a V3-specific
PCR primer and a multiplex barcode (for distinguishing be-
tween samples). All primers and thermocycler protocols used are
listed in Supplementary Methods.

Emulsion PCR and Pyrosequencing

After PCR amplification, PCR amplicon concentrations were
quantified using a Quant-iT Picogreen dsDNA Assay Kit (In-
vitrogen) and a DTX-880 Multimode Detector (Beckman
Coulter). These were combined in equal proportions (2 X 10"
DNA molecules/amplification), purified with Agencourt Am-
pure PCR Purification beads (Beckman Coulter), and re-
quantified. The purified products were then diluted to 2 X 10°
molecules/mL and combined at a ratio of 0.6 molecules to 1
emulsion PCR (emPCR) microbead. Oil and emPCR buffer
components were shaken with a TissueLyser (Qiagen/Retsch) to
allow formation of microreactor micelles around the beads.
After emPCR, the beads were washed and enriched for DNA-
coated beads in accordance with the manufacturer’s in-
structions. The beads were added onto a picotiter plate at
250,000 beads in each of 4 regions and underwent sequencing
with a Genome Sequencer-FLX (Roche/454 Life Sciences).

Bioinfomatic Algorithms for Inferring Tropism from Genotypic
Data

Deep sequencing generated read-lengths of ~250 base-pairs of
data in each direction. A typical V3 loop was 105 base-pairs long
(35 amino acids). Truncated reads (missing =4 bases at either
end of V3) were excluded from the analysis, as were samples
producing <750 usable reads. Genotyping generated a mean of
>3000 V3-sequences/sample. The tropism of each sequence was
interpreted by the PSSMy/rs or g2p bioinformatic algorithms
(optimized cutoff values for non-R5: PSSM,/rs, greater than or
equal to —4.75; g2p, <3.5). The overall sample tropism was
expressed as the proportion of non-R5 sequences within the
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sample’s viral population. Patients with samples harboring =2%
non-R5 variants were classified as having non-R5 virus, whereas
those with <2% non-R5 variants were classified as having R5
virus. These cutoff values were established by optimizing to week
8 virologic response in a random 75% of the dataset and testing
on the remaining 25% [32]. Results for all patients are presented
in the text. This 2% cutoff value also approaches the likely level
of reproducibility for PCR-based methods. Detailed methodo-
logical analyses of this deep-sequencing method will be pre-
sented elsewhere.

Population-Based Sequencing as a Comparator

Additional second-round PCR amplifications were also per-
formed prior to standard population-based sequencing on an
ABI 3730XL DNA analyzer, according to previously described
methods [29]. The cutoff values used were —4.25 for PSSM, 45
and 5.75 for g2p [32, 33]. An extensive evaluation of the per-
formance of population-based V3 sequencing will be published
elsewhere.

Data Analysis

Where data were missing for patients enrolled in the clinical
trials, the previous observation was carried forward, except for
the analysis of the proportion of patients with plasma viral load
(pVL) <50 copies/mL, where a missing result was considered to
be >50 copies/mL. Data from MOTIVATE-1, MOTIVATE-2,
and A4001029 were pooled, and both maraviroc arms were
combined into a single group. Analyses were restricted to pa-
tients with tropism results from both assays. Clinical parameters
examined included the following: the median change in log;o-
transformed HIV pVL from baseline, the proportion of patients
with a pVL <50 HIV RNA copies/mL, and time to a tropism
switch. The performance of genotyping on these parameters was
compared against that of the original Trofile assay. Our results
could not be compared with ESTA response rates in this pop-
ulation, because ESTA results were not obtained from patients in
these studies.

RESULTS

Tropism Screening by Deep Sequencing Relative to Trofile and
Population-Based Sequencing

Overall, genotyping identified 1037 samples (57%) as R5 and
790 (43%) as non-R5 using the PSSM,4/rs algorithm. PSSM
and g2p had ~90% concordance with one another. For ease of
presentation, results will be shown for the PSSM,,r5 algo-
rithm. When screened with Trofile, 1141 samples (62%) were
designated as R5 and 686 (38%) were designated as non-R5
(Dual-/Mixed-tropic or X4). Global concordance of geno-
typing with Trofile-defined tropism was 82%. Detailed anal-
yses for g2p as well as the PSSMgy/nsp algorithm were largely
similar to analyses for PSSM,4/rs and are presented in Sup-
plementary data table 1.

Of the 686 samples identified as non-R5 by Trofile, 575 (84%)
were also identified as non-R5 by genotyping. An additional 215
samples that were not identified as non-R5 by Trofile were
identified as non-R5 by genotyping. Using Trofile as a reference,
sensitivity of genotyping was 84%, and specificity was 81%.
Using genotyping as a reference, the sensitivity of the original
Trofile assay was 73%, and specificity was 89%. Comparing
population-based sequencing against deep sequencing, overall
concordance was 80%, with 64% sensitivity and 93% specificity.
The sensitivity of both Trofile and population-based sequencing
was lower when the proportion of non-R5 variants in the viral
population was lower according to deep sequencing (Figure 1).

Of interest, deep sequencing detected at least some non-R5
HIV in >90% of patients (1700 of 1827 patients), regardless of
tropism classification. Samples with R5 HIV by Trofile had
a median of 0.1% non-R5 variants at screening according to
deep-sequencing results. However, non-R5 levels <2% likely
have low reproducibility and should be considered with caution.
The Trofile non-R5 group excluding dual/mixed samples (e,
only “pure” X4 by Trofile; n = 39) had a median of 93% non-R5
virus.

Patients with R5 virus by Trofile but non-R5 virus by geno-
typing had 12% non-R5 HIV present at screening (n = 167),
which was much higher than results obtained when both assays
indicated R5: 0.1% (n = 926). This suggests that the original
Trofile assay did not reliably detect patients with low-level non-R5
variants present at screening (Figure 1), consistent with the finding
that 8% of patients had non-R5 results at baseline [27], and
consistent with ESTA results for the Maraviroc versus Efavirenz
Regimens as Initial Therapy (MERIT) trial of maraviroc [34].

Of the 1827 patients screened, 1093 actually entered the
maraviroc (n = 851) or placebo (n = 242) arms of the trials.
Baseline characteristics of patient groups screened by both
methods are presented in Table 1. The R5 groups by either
method were similar in terms of baseline pVL and CD4+ cell
count, as were the non-R5 groups. Among maraviroc recipients,
genotyping identified over twice as many patients as being un-
likely to respond to maraviroc, compared with Trofile (n = 240
vs 111).

Early Virologic Response to Maraviroc

Screening genotype was a predictor of response to maraviroc-
based antiretroviral therapy in treatment-experienced patients.
Maraviroc recipients found to have R5 HIV by genotyping had
consistently better virologic outcomes than did those found to
have non-R5 HIV. Using a number of parameters, genotyping
performed similarly to or marginally out-performed the original
Trofile assay in predicting virologic response. Virologic perfor-
mance was slightly better in the maraviroc twice-daily arm,
compared with the maraviroc once-daily arm (data not shown),
but these arms have been pooled to simplify the presentation of
the results.
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Figure 1.  Sensitivity of population-based V3 sequencing and original Trofile assay with 454 genotyping as the reference. The ability of the population-
based V3 sequencing (black bars) and original Trofile (gray bars) to identify screening samples as having non—CCR5-using (non-R5) virus that 454
genotyping had identified as having =2% non-R5 virus, stratified by different proportions of non-R5 virus identified in the 454 genotyping result. Both
alternative assays seemed to have decreased sensitivity for non-R5 human immunodeficiency virus (HIV) when such variants were present at lower
proportions of the viral population. When non-R5 virus was present at 2%—10% according to 454 genotyping, 31% (69 of 224) and 58% (130 of 224) of
the samples were also identified as having non-R5 virus by population-based sequencing and Trofile, respectively. These were 49% (57 of 116) and 57%
(66 of 116) in the 10%—20% group; 69% (81 of 117) and 77% (90 of 117) in the 20%—40% group; 81% (118 of 145) and 81% (118 of 145) in the 40%—80%

group; and 96% (180 of 188) and 91% (171 of 188) in the >80% group.

The median week 8 pVL change from baseline was examined
to minimize the number of patients who had discontinued the
study because of reasons such as treatment failure or loss-to-
follow-up but who were receiving the drug for a sufficient time
to measure the efficacy of maraviroc. Maraviroc recipients who
were found to have R5 virus by genotyping had a combined
median week 8 decrease in pVL from baseline of 2.4 log;, copies/
mL (interquartile range [IQR], 1.7-2.9 log;o copies/mL; n =
611), which was approximately twice as large as the 1.4 log,
copies/mL decrease (IQR, 0.2-2.7 log;, copies/mL; n = 240) for
patients classified as having non-R5 virus by genotyping. Results
in which missing patients were censored or where data were
restricted to only those screened for MOTIVATE-1 were largely
similar (data not shown).

Using Trofile, the corresponding results were similar: 2.4 log;
copies/mL (IQR, 1.3-2.8 log; copies/mL; n = 740) for patients
with R5 virus versus 1.3 log;, copies/mL (IQR, 0.3-2.7 log;,
copies/mL; n = 111) for patients with non-R5 virus. For placebo
recipients, the week 8 pVL decreases were modest (0.5-.8 log,

copies/mL) and similar regardless of genotypic tropism. Median
pVL responses for patients who received maraviroc and those
who received placebo over the course of the studies are shown in
Figures 2A and 2B, respectively.

Longer-Term Virologic Efficacy

The efficacy of maraviroc in patients identified by genotyping as
having R5 virus was sustained to week 48 (Figure 3). These
patients were more likely to achieve a pVL <50 copies/mL at
week 48, compared with the non-R5 group. In total, 49% (301 of
611) of the R5 group and 26% (62 of 240) of the non-R5 group
had virologic suppression at week 48 when screened by geno-
typing. By Trofile, these were 46% (337 of 740) and 23% (26 of
111), respectively.

The genotypic non-R5 group could be divided roughly in half,
with 127 patients having low-prevalence (2%-20%) non-R5
virus and 113 patients having >20% non-R5 virus. The group of
patients with 2%-20% non-R5 virus according to deep se-
quencing had minority non-R5 variants that were not reliably

Table 1. Baseline Characteristics of Treated Population, Stratified by Tropism Status by Genotype and Trofile

Geno R5 Trofile R5 Geno non-R5 Trofile non-R5
Variable (n=775) (n = 925) (n=318) (n = 168)
Baseline pVL, median logig HIV RNA copies/mL 4.85 4.88 5.04 5.07
CD4+ cell count, median cells/mm? 177 168 72 54
Non-Rb variants in deep-sequencing screening result, median % (IQR) 0.1(0.0-0.2) 0.1(0.0-0.7) 19(7.0-54.0) 28(7.0-63.0)

NOTE. Geno non-R5, identified as having non-R5 virus by genotyping; Geno R5, identified as having R5 virus by genotyping; HIV, human immunodeficiency virus;
IQR, interquartile range; pVL, plasma viral load; R5, CCR5-using virus; Trofile non-R5, identified as having non-R5 virus by Trofile assay; Trofile R5, identified as

having R5 virus by Trofile assay.
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Figure 2. A Median change in plasma viral load (pVL) from baseline in the maraviroc arms. Patients identified at screening as having CCR5-using (R5)
virus by either genotyping or Trofile had much larger median decreases in pVL from baseline, relative to patients identified at screening as having non-R5
virus. Light gray and dark gray lines correspond to deep-sequencing R5 (n = 611) and non-R5 (n = 240) groups, respectively, whereas thinner solid black
and dotted black lines correspond to Trofile R5 (n = 740) and non-R5 (n = 111) groups. B, Median change in pVL from baseline in the placebo arms. The
pVL decreases from baseline for patients receiving placebo were similar to those for maraviroc-receiving patients identified as having non-R5 virus, and
were small regardless of screening tropism or assay used. Light gray and dark gray lines correspond to deep sequencing R5 (n = 164) and non-R5
(n = 78) groups, respectively, whereas thinner solid black and dotted black lines correspond to Trofile R5 (n = 185) and non-R5 (n = 57) groups.

detected by standard population-based sequencing methods
(Figure 1). Importantly, this group of patients had poor re-
sponse to maraviroc, with 27% (34 of 127) of the patients
achieving virologic suppression at week 48, similar to the non-
R5 group as a whole (26%) and to patients with >20% non-R5
virus (25%; 28 of 113). The rate of virologic response among
placebo recipients was similar to that among maraviroc recipi-
ents identified as having non-R5 HIV, ranging from 17% to 23%
depending on tropism or assay.

Interestingly, the virologic outcomes for maraviroc recipients
showed a general inverse relationship with the percentage of
non-R5 virus present at screening according to genotyping.
Patients with 0% non-R5 virus had the greatest success, showing
a median week 8 pVL decrease of 2.6 log;o copies/mL, with 65%
(58 of 89) of the patients having week 48 virologic suppression.
Patients with 0%-1% non-R5 virus had slightly poorer out-
comes, with a median week 8 pVL decrease of 2.4 log;, copies/
mL and a 48% rate of virologic suppression (234 of 491 pa-
tients). This decreased again in patients with 1%—2% non-R5
virus, who had a median decrease of 2.1 log;, copies/mL and
a 29% rate of virologic suppression (9 of 31 patients). Patients
with >2% non-R5 virus (ie, the group identified as having non-
R5 virus by genotyping) all showed similar low virologic re-
sponses, as detailed above.

Changes in Viral Tropism

As a separate endpoint, patients were analyzed according to
whether they experienced a change in their Trofile result from
R5 to non-R5 (a tropism “switch™) over the course of the
studies (Figure 4). This parameter is both clinically relevant
for maraviroc-based therapy and functioned as a measure
separate from changes in pVL. Among those patients origi-
nally identified as having R5 virus by Trofile screening, those
identified as having non-R5 virus by genotyping were almost
twice as likely to have non-R5 HIV emerge by week 24,
compared with patients identified as having R5 virus by both
methods. A total of 40% (72 of 180) of the maraviroc recip-
ients who switched tropism were identified by genotyping as
having =2% non-R5 virus at screening. Tropism switches
occurred in 18% (111 of 612) of the patients identified as
having R5 virus by genotyping, which was lower than the rate
among those identified as having R5 virus by Trofile alone
(25%; 180 of 724 patients).

Among patients who switched tropism, maraviroc recipients
classified as having R5 virus by Trofile but as having non-R5
virus by genotyping were treated for a mean of 4.6 weeks before
Trofile gave a non-R5 result, which was more than twice as
quickly as for patients for whom both tests indicated R5 virus
(9.7 weeks).
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Figure 3. Percentage of patients with plasma viral load (pVL) <50

human immunodeficiency virus (HIV) RNA copies/mL in maraviroc arms.
A higher proportion of patients identified at screening by either method
as having CCR5-using (R5) virus had a pVL <50 HIV RNA copies/mL,
compared with the patients with non-R5 virus. Light gray and dark gray
lines correspond to deep-sequencing RS (n = 611) and non-R5 (n = 240)
groups, respectively, whereas thinner solid black and dotted black lines
correspond to Trofile R5 (n = 740) and non-R5 (n = 111) groups. Geno,
genotypic tropism result by deep sequencing.

Response Stratified by Background Drug Activity

Patients were also classified according to a weighted optimized
background therapy susceptibility score (WOBTss)—in general,
the number of active drugs in the patient’s background regimen
at baseline, with nucleoside reverse-transcriptase inhibitors
scoring 0.5 [35]. Genotyping was predictive of virologic success
for patients who received maraviroc-based therapy, regardless of
wOBTss (Figure 5).

Maraviroc was successful in either of the R5 groups where the
wOBTSss was between 1 and 2. The proportions of these patients
with a week 48 pVL <50 copies/mL were 58% (179 of 311) and
53% (205 of 389) when screened by genotyping and Trofile,
respectively. The predictive ability of genotyping was more
pronounced at more-compromised background regimens
(Figure 5). The proportions of patients with undetectable viral
loads were 33% (81 of 232) and 29% (78 of 271) of R5-classified
patients with wOBTSS <1 by genotyping or by Trofile,
respectively.

Assay Discordance
Where screening assay results differed, virologic outcomes for
patients who received maraviroc slightly favored genotyping.

Proportion of patients remaining with R5 HIV

Geno R5
= (Geno non-R5

Trofile RS

1T T T T 1T T T T
4 8 16 24 32 40 48

Weeks of therapy

Figure 4. Time to change in tropism from CCR5-using (R5) to dual/
mixed (DM) or X4 virus in maraviroc arms. The change in tropism in the
maraviroc arms, where all patients had R5 virus identified at screening by
Trofile and switched tropism to DM or X4 over the course of the studies,
according to the Trofile assay. Light gray and dark gray lines correspond to
genotyping R5 (n = 605) and non-R5 (n = 135) groups, respectively,
whereas the thinner solid black line corresponds to the Trofile R5 (n =
740) group. HIV, human immunodeficiency virus. Geno, genotypic tropism
result by deep sequencing.

Among the discordant patients, in cases in which Trofile in-
dicated R5 but genotyping identified 2% non-R5 virus (n =
135), median log;, copies/mL decreases in pVL at week 8 were
lower, at 1.8 log;, copies/mL, as was the decrease in the con-
cordant non-R5 group (1.2 log;o copies/mL; n = 105). In cases
in which genotyping screening identified patients as having R5
virus but Trofile screening identified them as having non-R5
virus, the median week 8 pVL decrease was 2.6 log;, copies/mL
(n = 6), which was similar to the decrease in the concordant R5
group (2.4 logy copies/mL; n = 605).

Either or both assays indicating non-R5 virus was a poor
prognostic indicator of longer-term maraviroc response. At
week 48, the proportions of patients with suppressed pVLs were
27% (36 of 135) for the Trofile R5 and genotyping non-R5
group and 0% (0 of 6) for the Trofile non-R5 and genotyping R5
group. The rate of viral suppression at week 48 was twice as high
in the concordant R5 group than in the concordant non-R5
group: 50% (301 of 605) versus 25% (26 of 105).

In the Trofile R5 and genotyping non-R5 group, 55% (74 of
135) of the maraviroc recipients changed tropism, which was
a much higher rate than that in the concordant R5 group (18%;
111 of 605). Most patients identified by Trofile as having non-R5
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Figure 5. Median change in plasma viral load (pVL) from baseline in
patients with CCR5-using (R5) virus stratified by weighted optimized
background therapy susceptibility score (wOBTss). Maraviroc-treated
patients identified as having Rb5 virus at screening by genotyping (/ight
gray lines) or Trofile (black lines). Patients identified at screening at
having R5 virus by either method who also had wOBTss >2 (n = 68 and
n = 80, respectively) showed the largest pVL decreases from baseline.
Patients with wOBTss 1-2 (n = 151 and n = 197) showed intermediate
pVL decreases, and patients with wOBTss <1 (n = 392 and n = 463)
showed poorer changes in pVL. The wOBTss >2, 1-2, and <1 groups are
indicated by thin, intermediate, and thick lines, respectively.

virus continued to have non-R5 virus over the course of the
study period, regardless of concordance with genotyping.
Finally, an analysis was performed to approximate ESTA
screening data by combining the screening and baseline Trofile
results. If either result indicated non-R5 virus, the patient was
classified as being in the Trofile non-R5 group and likely had
non-R5 HIV fluctuating near the limits of detection of Trofile.
In this analysis, the combined Trofile assays performed similarly
to deep sequencing at screening alone, with similar virologic
responses among the discordant groups (data not shown).

DISCUSSION

This study represents, to our knowledge, the largest clinical
application of next-generation sequencing technology to date.
Deep V3 sequencing was able to detect and quantify low prev-
alence sub-populations of CXCR4-using HIV within a large set
of clinical isolates. This method was predictive of virologic re-
sponse to a maraviroc-containing regimen and matched or
surpassed the predictive ability of the original Trofile assay on
a number of parameters, including the proportion of patients
who achieved a pVL of <50 copies/mL and the likelihood of
switching tropism while receiving maraviroc.

Retrospectively screening with genotyping led to more than
twice as many maraviroc recipients being identified as having
non-R5-HIV, compared with the number identified by Trofile.
Patients identified as having R5 virus by Trofile who were
identified as having non-R5 virus at screening by genotyping
were more likely to change their Trofile result to dual/mixed or
X4 during the trials, suggesting earlier non-R5 detection by
genotyping, compared with the original Trofile assay. Among
maraviroc recipients who experienced tropism switches, geno-
typing would have identified 40% as having non-R5 virus. Thus,
the high sensitivity of deep sequencing was able to account for
a substantial portion of tropism switches as being attributable to
the presence of low-level non-R5 variants that were not detected
by Trofile.

The emergence of minority non-R5 variants detectable by
deep sequencing but not by Trofile after treatment with mar-
aviroc has been shown previously [26]. In the MERIT trial of
maraviroc in treatment-naive patients, low X4 sensitivity of the
original Trofile assay was determined to be a primary reason that
maraviroc failed to demonstrate noninferiority to efavirenz [34].
When this trial was retrospectively re-analyzed with ESTA, more
patients were identified as harboring non-R5 virus [34].

A potential benefit of deep sequencing over standard pop-
ulation-based sequencing is that the latter cannot reliably detect
variants present below ~20% of the viral population [22, 23],
whereas deep sequencing can reliably detect quasi-species pres-
ent at much lower levels, as shown here. Only 37% of maraviroc
recipients with 2%-20% non-R5 variants were identified by
population-based V3 sequencing (58% were identified by Tro-
file), yet these patients still showed suboptimal virologic re-
sponses. Thus, like ESTA, deep sequencing may represent an
enhanced sensitivity tropism test, able to detect minority non-
R5 variants. However, the added clinical benefit of capturing
low-prevalence non-R5 variants should be weighed against the
accessibility and relative affordability of standard sequencing.
Importantly, population-based sequencing had >80% concor-
dance with deep sequencing in this same dataset.

Most patients identified as having R5 virus by genotyping still
had low levels (<2%) of detectable non-R5 virus. Despite this,
good virologic responses to maraviroc were seen in this pop-
ulation. It is possible that the background antiretrovirals were
able to suppress the non-R5 variants in these patients. Alter-
natively, it may be the case that a minimum threshold of non-R5
HIV must be surpassed before treatment with CCR5-antagonists
is compromised; our data may indicate that this threshold
is ~2% of the viral population. The overall activity of the
background regimen is also likely to be a major factor.

Some limitations of this study and the deep sequencing
method in general should be acknowledged. A major limitation
is the current relatively high cost of deep sequencing. Also, the
labor involved in preparing samples for pyrosequencing is in-
tensive and complex. Third, there may be correlates of tropism
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outside V3 [36, 37], which this method does not capture. This
study was retrospective in nature, and a randomized clinical trial
with exclusion of patients identified as having non-R5 virus at
screening by deep sequencing, instead of by Trofile, may have
yielded different results. This deep-sequencing approach has also
not been published in a treatment-naive population.

Surprisingly, there is no ESTA data available for these studies.
This is a concern, because maraviroc is primarily prescribed for
treatment-experienced patients, but ESTA, the most commonly
used tropism assay, has not been formally validated in MOTI-
VATE. This is a major limitation for the interpretation of the
results of the current study. However, a preliminary comparison
has been performed between deep sequencing and ESTA [38].
The prescreening of patients with Trofile also limited the
number of treated patients with non-R5 virus who were ex-
amined in this study. These limitations, coupled with the good
performance of our method, support a prospective trial evalu-
ating the relative merits of genotypic and phenotypic ap-
proaches, which would also establish the true sensitivities and
specificities of both approaches.

Overall, despite the study’s limitations, deep sequencing
showed good performance in predicting a variety of clinical
parameters, including pVL decreases, the likelihood of achieving
virologic suppression, and time to a tropism switch. This large
study establishes deep-sequence analysis of the HIV envelope V3
loop as an extremely promising tool for identifying treatment-
experienced individuals who could receive clinical benefit from
CCR5-antagonist—containing therapy regimens.
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