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We previously described an HIV-1-infected individual who developed resistance to vicriviroc (VCV), an investigational CCR5
antagonist, during 28 weeks of therapy (Tsibris AM et al., J. Virol. 82:8210—-8214, 2008). To investigate the decay of VCV resis-
tance mutations, a standard clonal analysis of full-length env (gp160) was performed on plasma HIV-1 samples obtained at week
28 (the time of VCV discontinuation) and at three subsequent time points (weeks 30, 42, and 48). During 132 days, VCV-resis-
tant HIV-1 was replaced by VCV-sensitive viruses whose V3 loop sequences differed from the dominant pretreatment forms. A
deep-sequencing analysis showed that the week 48 VCV-sensitive V3 loop form emerged from a preexisting viral variant. Enfu-
virtide was added to the antiretroviral regimen at week 30; by week 48, enfuvirtide treatment selected for either the G36D or
N43D HR-1 mutation. Growth competition experiments demonstrated that viruses incorporating the dominant week 28 VCV-
resistant env were less fit than week 0 viruses in the absence of VCV but more fit than week 48 viruses. This week 48 fitness deficit

persisted when G36D was corrected by either site-directed mutagenesis or week 48 gp41 domain swapping. The correction of
N43D, in contrast, restored fitness relative to that of week 28, but not week 0, viruses. Virus entry kinetics correlated with ob-
served fitness differences; the slower entry of enfuvirtide-resistant viruses corrected to wild-type rates in the presence of enfu-
virtide. These findings suggest that while VCV and enfuvirtide select for resistance mutations in only one env subunit, gp120 and
gp41 coevolve to maximize viral fitness under sequential drug selection pressures.

IV exists as a quasispecies, a collection of diverse but related

RNA sequences that undergo mutation and selection (10, 12,
62). The likelihood that a given genome in the quasispecies con-
tributes progeny to successive viral replication cycles is referred to
as virus fitness (10). Antiretroviral therapy (ART) imposes a po-
tent selection pressure that can modulate quasispecies composi-
tion. Viruses that incorporate resistance mutations demonstrate
fitness advantages in the presence of drug; rapid population shifts
toward these genomes are observed in clinical practice (26, 50, 53).
Increased fitness in one environment may result in reduced fitness
in another, and the removal of a drug selection pressure may lead
to equally dramatic population shifts back toward viruses that do
not contain resistance mutations (7, 31). The HIV-1 env gene
plays a major role in determining viral fitness due to envelope-
mediated differences in the efficiency of receptor binding and the
kinetics of entry (27, 34, 46, 57).

Viruses that dominate after drug discontinuation are derived
either from previously archived wild-type genomes or, if no such
wild-type virus exists (e.g., in the case of transmitted drug resis-
tance), from back mutation and selection (20, 23, 40). In vitro and
in vivo studies have quantified the fitness costs of a range of spe-
cific resistance mutations to nucleoside reverse transcriptase in-
hibitors (NRTI), nonnucleoside reverse transcriptase inhibitors
(NNRTI), protease inhibitors (PI), and entry inhibitors (enfu-
virtide) (11). The fitness cost of the enfuvirtide-associated G36D
mutation, a substitution in the first heptad repeat (HR-1) of gp41,
results from reduced viral fusion kinetics (30, 49). The particular
enfuvirtide mutation selected during therapy is a function of the
total env genetic context, suggesting that sequences outside gp41
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influence resistance development (25). Env context is also impor-
tant in the development of CCR5 antagonist resistance mutations
(24). The fitness cost of resistance to CCR5 antagonists remains
unclear. Resistance to the CCR5 antagonist AD101 was not asso-
ciated with a fitness cost in vitro, whereas we observed a loss of
VCV resistance mutations in vivo after drug discontinuation, sug-
gesting an in vivo fitness cost of those mutations (1, 59).
Clinically, the dominant mechanism of HIV-1 escape from a
CCRS5 antagonist is the emergence of CXCR4-using virus (13, 14,
44, 58, 60). Less commonly, resistance to CCR5 antagonists can
emerge by the selection of mutations in the V3 loop of HIV gp120
that permit viral entry using the drug-bound CCRS5 coreceptor (8,
17,35, 36, 38, 39, 42, 43, 59); the particular mutations that emerge
are strain specific. Resistance is associated with an increased reli-
ance on the CCR5 amino terminus (NT) for entry, although in
some cases viruses were highly reliant on CCR5 NT prior to the
development of VCV resistance (5, 16, 38, 42, 51, 56). We previ-
ously characterized the emergence of VCV resistance in HIV-1
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from a subtype C-infected individual and determined that resis-
tance was conferred by a set of V3 mutations (59). The V3 changes
accumulated during 28 weeks of therapy and resulted in more
rapid entry rates in the presence of drug (45). The majority of
these mutations were required for resistance (17). VCV was dis-
continued at study week 28, and the regimen was reoptimized
with the addition of enfuvirtide. We now describe the decay of
these VCV resistance-associated V3 mutations from the plasma
viral population and characterize env evolution and viral fitness
under the unique clinical circumstances of sequential drug selec-
tion pressures that act on different subunits of the envelope glyco-
protein.

MATERIALS AND METHODS

Subject samples. We identified one participant enrolled in ACTG 5211
(A5211; clinicaltrials.gov identifier NCT00082498), a phase IIb clinical
trial of vicriviroc (VCV), an investigational CCR5 antagonist, who expe-
rienced protocol-defined virologic failure (VF) and developed VCV resis-
tance (15, 59). Five time points were analyzed: study entry (study week 0;
baseline), week 28 (maximal VCV resistance and drug discontinued), and
three time points after VCV discontinuation (study weeks 30, 42, and 48).
Per A5211 protocol, following virologic failure patients could reoptimize
their ART regimens at the discretion of their local treating physician.

Calculation of maximal percent inhibition. Subjects enrolled in
A5211 had VCV susceptibility testing performed by Monogram Biosci-
ences using the PhenoSense entry inhibitor assay (61).

Standard clonal analysis. HIV-1 RNA was extracted from plasma,
and full-length env was amplified. To minimize any potential founder
effect, four independent reverse transcription (RT) reactions and PCR
amplifications were performed and combined for each time point. These
purified amplicons were then ligated into a TOPO-TA vector (Invitrogen)
and electroporated into TOP10 cells. Subclones were isolated and se-
quenced by conventional (Sanger) methods as described previously (59).
Between 12 and 28 clones were sequenced per time point.

Deep sequencing. V3 amplicons were submitted in a blinded fash-
ion to the Broad Institute for deep sequencing (454 Life Sciences,
Roche) (33, 58).

Fitness determinations by mutation decay. The relative fitness, 1 + s,
was calculated using a two-time-point and a multiple-time-point mea-
surement, where s is the selection coefficient (http://bis.urmc.rochester.
edu/vFitness/FitnessTwo.aspx and http://bis.urmc.rochester.edu/vFitness
[FitnessMulti.aspx) (32, 63). The time points available for analysis were
designated days 1 (week 28), 12 (week 30), 91 (week 42), and 130 (week
48). Day 1 was defined as the first day after VCV was discontinued.

SDM. Full-length envelopes from plasma virus obtained at the week 48
visit were cloned into a pCR4-TOPO TA vector (Invitrogen, Carlsbad, CA).
Back mutations at gp41 codons 36 (D—G) and 43 (D—N) were introduced
into pTOPO-env using the QuickChange IIE site-directed mutagenesis
(SDM) protocol (Stratagene, La Jolla, CA). The bidirectional full-length env
sequencing of recombinant clones was performed to verify the presence of the
desired substitutions and the absence of adventitious mutations. Recombi-
nant marker vectors carrying hisD or PLAP fragments as sequence tags in nef
were used, and recombinant viruses that incorporated participant-derived
env genes were generated as previously described (30). env chimeras were
constructed in an overlap PCR that combined the week 48 gp120 amplicon of
p07Jenv48-1, p07Jenv48-3, or p07Jenv48-8 with the gp4l amplicon of
p07Jenv0. The primer set used for gp120 amplification was 5'-AAGAAAGA
TAGACAGGTTAATTGATA-3' (GC-env2A; forward primer) and 5'-TC
TTTTTTCTCTCTCCACCACTC-3" (gpl20R; reverse primer). The
primer set for gp41 amplification was 5'-CAGCAAAAAGGAGAGTGGT
GG-3' (gp41F; forward primer) and 5'-GGCCATCCAACTATACTACT
TTTGGA-3" (GC-env2B; reverse primer). Primers GC-env2A and GC-
env2B were used for overlap PCR amplifications. The use of primer GC-
env2B results in the amplification of approximately 40 nucleotides of the
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proximal portion of nef. Bidirectional full-length env sequencing was per-
formed to confirm that chimeric env genes did not contain adventitious
mutations, frameshifts, or deletions at the gp120-gp41 junction.

Enfuvirtide susceptibility assays. Recombinant virus that incorpo-
rated HIV-1 envelopes were constructed by a modification of a previously
described method (21, 28). Briefly, the cytomegalovirus (CMV) promoter
was amplified and attached to a 265-bp segment of rev from pNL43 using
overlap PCR. A second overlap PCR was then performed to link CMV-rev
to the cloned or uncloned env amplicon of interest. These CMV-rev-env
amplicons were then cotransfected into 293T cells with an NL4-3 enve-
lope-deleted vector (30). Clonal susceptibility testing was performed as
described previously (17, 59).

Viral replication kinetics assays. Viral replication capacity was quan-
tified by measuring HIV-1 p24 antigen production in U87-R5 cell-free
culture supernatants in the absence of drug. Recombinant viruses carry-
ing the specific env gene of interest were inoculated onto 12-well plates
that contained 8 X 10* U87-R5 cells per well in 300 wl of Dulbecco’s
modified Eagle medium (DMEM) to yield a multiplicity of infection
(MOI) of 0.001; each sample was tested in triplicate. After a 2-h incuba-
tion at 37°C, cells were washed twice with phosphate-buffered saline
(PBS) and 1.0 ml of fresh medium was added. On days 2,4, 6,8, 10, and 12,
100 pl of supernatant was removed from each well for p24 antigen assay
testing and replaced with 200 pl of fresh medium. Replication kinetics
were determined twice, once with recombinants carrying the hisD marker
and once with the PLAP marker, and the results were averaged. Replica-
tion rates were determined by plotting the change (increase) in p24 anti-
gen over time.

HIV-1 entry kinetics assays. We used a well-validated BlaM activity
assay to quantify virus-cell fusion in real time as described previously (6,
37, 45). Fusion kinetics at 37°C were determined by real-time fluorimetry
and monitored at 5-min intervals for 90 min. To normalize the data, the
maximum entry of each recombinant virus was determined by the time
point at which the maximum blue-to-green ratio occurred and was main-
tained (plateau). The correlation between time and percentage of fusion
was calculated and curve fitted using GraphPad Prism 5 (GraphPad, La
Jolla, CA).

Growth competition assays. Pairwise growth competition assays were
performed as described previously (29, 30). Briefly, recombinant marker
viruses of interest carrying the hisD or PLAP sequence tags were mixed at
ratios of 50:50 and inoculated into triplicate wells of a 12-well plate con-
taining 8 X 10* U87-R5 cells per well in 300 wl of DMEM to yield an MOI
of 0.001. After incubation at 37°C for 2 h, cells were washed twice with
PBS, resuspended in 1 ml of DMEM, seeded into 12-well plates, and re-
incubated. The proportion of the two competing viral variants was esti-
mated by quantifying PLAP and hisD sequences present in culture super-
natantsondays 1, 4, 7, 11, and 14 using real-time PCR with an ABI PRISM
7000 sequence detection system (Applied Biosystems, Inc.). Viral RNA
was extracted from culture supernatants using the Qiagen kit and treated
with RNase-free DNase (Qiagen, CA). Parameters for the real-time PCR
were as described previously, except that the initial reverse transcription
reaction was performed at 50°C for 30 min (30). Quantitative real-time
reverse transcription-PCR was performed in triplicate for each sample.
Experiments were performed twice and the results averaged.

Phylogenetic analyses. Full-length gp160 sequences isolated during
48 weeks of observation were included in a phylogenetic analysis of gp120
and gp41 evolution. Nucleotide sequences were aligned by a Geneious
alignment (cost matrix, 93%; gap open penalty, 12; gap extension penalty,
3; Geneious version 5.1.7) and separated into gp120 and gp41 coding
region. A FindModel analysis (www.hiv.lanl.gov/content/sequence
/findmodel/findmodel.html) demonstrated the near equivalence of the
nucleotide substitution models Hasegawa-Kishino-Yano (HKY) plus
gamma and general time reversible plus gamma (GTR). Bayesian phylog-
enies that used an HKY85-plus-gamma substitution model and consensus
C env as an outgroup were constructed separately for gp120 and gp41
sequences using the MrBayes plugin of Geneious (18). The Monte Carlo

jviasm.org 6417


http://jvi.asm.org

Tsibris et al.

vev I
ENF |
-21100
ol bl
3 .
2 <]
& 2
2 S
g {50 &
o
1 5
‘Zt )
x S
\3 @
> —QO— Mutant Proportion =
T —@— Plasma Viral Load K
e — 0
0 10 20 30 40 50
Time (weeks)
= dat
= 3TC
[ LPV
' ] sQv
! ] RTV
' ] ddl
' ] TDF

/1 TPV

FIG 1 Vicriviroc resistance decay. Viral load is plotted along the left y axis and
delineated by the black line. The proportion of VCV-resistant clones is plotted
on the right y axis and shown in open circles. Treatment with VCV is shown
above the graph. Additional antiretrovirals and their treatment durations are
shown below the figure. d4T, stavudine; 3TC, lamivudine; LPV, lopinavir; ddI,
didanosine; TDF, tenofovir; SQV, saquinavir; RTV, ritonavir (low-dose);
ENF, enfuvirtide; TPV, tipranavir.

Markov chain (MCMC) length was set to 1,100,000 iterations with trees
sampled every 200th generation.

Nucleotide sequence accession numbers. The nucleotide sequences
from this study have been deposited under GenBank accession num-
bers EU663615 (p07]Jenv0), EU663618 (p07Jenv28), and JQ855935 to
JQ856014.

RESULTS

Clonal envelope analysis during sequential vicriviroc and enfu-
virtide therapy. We identified an individual enrolled in ACTG5211

who developed VCV resistance (59). The HIV-1 RNA load at study
entry was 5.79 log,, copies/ml (Fig. 1). The genotypic susceptibility
score (GSS) and phenotypic susceptibility score (PSS) of the back-
ground antiretroviral regimen after optimization at week 2 were 0.37
and 1.17, respectively (2, 55). VCV was discontinued due to a lack of
virologic response 2 days after the week 28 blood draw (defined as 28
weeks from the start of VCV therapy), a time point notable for max-
imal VCV resistance and a maximal percent inhibition (MPI) of 0%.
Antiretroviral therapy was reoptimized at week 30 by the addition of
enfuvirtide and tipranavir to the regimen, but plasma HIV-1 RNA
levels remained essentially unchanged. Plasma HIV-1 RNA measure-
ments were not performed between week 30 and week 42, the first
time point that enfuvirtide resistance mutations were detected.

We isolated HIV-1 RNA from plasma samples obtained at
weeks 30, 42, and 48, generated full-length env amplicons, and
performed a clonal sequence analysis (Table 1). V3 sequences
from the week 0 and 28 plasma samples have been previously
reported and are shown for comparison; VCV treatment selected
for the K305R, S306P, T3071, F3181, T320R, and G321E mutations
(numbering according to the HXB2 reference) (59). For week 30
and 42 sequences, a V3 loop was classified as VCV resistant or
VCYV sensitive by the presence or absence, respectively, of the full
complement of these VCV resistance mutations. At week 30, 24 of
24 (100%) clonal V3 loop sequences carried VCV resistance-asso-
ciated mutations (17, 59). These resistant forms constituted 15 of
25 (60%) sequences at week 42 and 0 of 25 sequences (0%) at week
48. VCV-sensitive V3 loop forms were detected in 10 of 25 (40%)
and 28 of 28 (100%) sequences at weeks 42 and 48, respectively.
The VCV-sensitive sequences emerging at weeks 42 and 48 dif-
fered from the dominant week 0 V3 loop sequence by a K305R
substitution. The targeted deep sequencing of V3 amplicons from
week 0 plasma to a depth 0f 112,818 X coverage demonstrated that
a V3 loop form with the single K305R substitution was present at
0.2% (239 of 112,818 filtered, aligned V3 loop sequences) of the
week 0 plasma sample (58).

An analysis of gp41 sequences showed no consistent changes
during the initial 28-week period of vicriviroc therapy (data not
shown). HR-1 sequences remained wild type at week 30 (Table 1).

TABLE 1 Clonal changes in V3 loop and HR-1 sequences during sequential vicriviroc and enfuvirtide therapy®

Changes in:
V3 loop HR-1 gp41
Study No. of VCV No. of ENF
wk MPI clones Sequence susceptibility clones Sequence susceptibility
0 97 17 CTRPGNNTRKSTRIGPGQTFFATGDIIGDIRQAHC S 19 GIVQQOSN S
2 o T Rommmmmm oo - S
28 0 12 e RPI-——————- T-RE-----———- v- R ) J S —— S
30 NP 17 - RPI-———-——- I-RE---———-—- Y- R 24 e S
5 0 - RPI-——————- I-RE--————————~ R
2 e RPI--———————- RE--———-——- Y- R
42 NP 12 - RPI-———-——- I-RE---———-—- Y- R 15 D-—————- R
1T R mm oo mmmmmmmmmm oo S I D R
2 e RPI-—-————— I-RE-—————————— R 1 D-————— D R
R---T---——- I-RE---———-—- Y- R
48 90 /2 R mm oo mmmmmmmmmm oo S T —— D R
1 S, Remm oo S 12 D-———m - R
1 --A----D R

% MPI, maximal percent inhibition in the Monogram PhenoSense entry inhibitor assay, which was performed on plasma samples; ENF, enfuvirtide; S, sensitive; R, resistant; NP, not

performed.
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At week 42, all clones contained the enfuvirtide resistance muta-
tion G36D or N43D in HR-1; one G36D/N43D double mutant
was also detected. By week 48, N43D became the dominant enfu-
virtide resistance mutation (16 of 28 clones [57%] versus 12 of 28
clones [43%] for G36D); an N43D-containing mutant also carried
a V38A mutation. Week 48 G36D- or N43D-containing env dem-
onstrated enfuvirtide 50% inhibitory concentrations (ICs,s) of 8.5
.M (95% confidence intervals [CI], 4.4 to 16.7 M) and 15.5 p.M
(1.8 to 134.3 pM), respectively, compared to the previously ob-
served week 0 and week 28 env ICs,s of 116 nM (86 to 157 nM) and
741nM (57 to 96 nM), respectively (59). Mutations in HR-2 at gp41
positions 125 and 138 have been described in some enfuvirtide-
resistant viruses but were not detected in plasma samples at any
time point (48, 64). We observed HR-2 changes at position 128
(T-to-S substitution) in week 28 and week 48 envelopes and at
position 145 (N-to-S substitution) in some week 48 envelopes (see
Fig. S1 in the supplemental material). The G36D and N43D mu-
tations were found in week 42 and 48 full-length envelopes in
association with VCV-resistant and VCV-sensitive V3 loop forms;
no consistent pattern of gp41 and V3 loop gp120 mutation segre-
gation was evident.

Relative fitness calculations of VCV-resistant virus. We next
used two web-based fitness calculators to determine the relative
fitness of viruses containing VCV resistance mutations in the ab-
sence of drug (32, 63). A calculation using viral proportions at
only two time points, weeks 28 and 48, resulted in a fitness (1 + s)
estimate of 89% for VCV-resistant virus relative to wild-type vi-
rus. That is, VCV-resistant virus demonstrated an 11% fitness
disadvantage, relative to VCV-sensitive viruses, in the absence of
VCV. A multipoint estimator based on the method of least squares
that considered all viral proportion measurements from weeks 28,
30, 42, and 48 produced a similar result with a relative fitness
estimate of 89% for VCV-resistant viruses or a fitness disadvan-
tage of 11%.

Replication kinetics of HIV-1 recombinants incorporating
env genes isolated during VCV and ENF therapy. Emerging en-
fuvirtide resistance during the period of VCV resistance mutation
decay could confound relative fitness calculations for VCV-resis-
tant virus. To empirically determine the replication kinetics of
viruses that contain VCV resistance mutations, we generated re-
combinant viruses that incorporated participant-derived enve-
lopes isolated at week 0 (baseline), week 28 (maximal VCV resis-
tance), and week 48 (20 weeks off VCV therapy, 18 weeks on
enfuvirtide therapy) into an NL4-3 backbone (Fig. 2). A sequence
comparison demonstrated numerous amino acid substitutions
across the length of gp120 in these isolates (see Fig. S1 in the
supplemental material). Full-length envelope clones were chosen
that contained the dominant gp120 sequence for each time point;
viral replication kinetics were studied for 10 to 16 days (59). VCV-
sensitive week 0 viruses demonstrated greater p24 antigen yields
than VCV-resistant week 28 viruses in replicate experiments (Fig.
3). The replication kinetics of recombinant viruses that incorpo-
rated either of two different week 48 envelopes, p07Jenv48-3 and
p07Jenv48-8, demonstrated very poor p24 yield. This may be due
to the presence of the HR-1 mutation G36D or N43D, respec-
tively, in these clones.

To evaluate the contribution of sequence changes in gp41 to
the observed replication kinetics of week 48 viruses, we con-
structed chimeric envelopes that combined week 48 gp120 with
week 0 gp41 and, additionally, corrected the G36D ENF resistance
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FIG 2 env construct schematic. The dominant week 0 and week 48 subject-
derived full-length env constructs were used to construct chimeric envelopes
and generate site-directed mutants at gp41 positions 36 and 43. Amino acid
numbering is based on the HXB2 reference sequence. Plasmids are named after
the subject identifier (07]) and the treatment week from which each env was
isolated. Chimeric env genes are denoted by the Greek character x; env genes
with site-directed reversion mutations are denoted by the abbreviation SDM
followed by the gp41 amino acid position of the reversion. Arrows denote the
location of site-directed reversion mutations.

mutation by site-directed mutagenesis while maintaining an in-
tact full-length week 48 env. Two G36D-containing week 48 en-
velopes were used as backbones for domain swapping, clone 748-1
(p07Jenv48-1) with an MPI for VCV of 100% and clone 748-3
(p07Jenv48-3) with an MPI of 90%. We further cloned a full-
length env that contained an N43D HR-1 mutation and used site-
directed mutagenesis to revert position 43 to the wild-type aspar-
agine. The removal of the G36D mutation by either SDM or
chimeric domain swapping in the 748-1 and 748-3 backbones
improved p24 antigen yield, but not to the levels seen with week 0
virus. Recombinant viruses with full-length week 48 env corrected
by SDM at position 36 showed more p24 antigen production than
viruses that expressed the chimeric week 48 gp120/week 0 gp41
env but less than week 28 viruses. In contrast, the correction of the
N43D mutation in week 48 env by SDM or domain swapping
resulted in greater p24 production than did week 28 virus; the
replication of the chimeric env p07J0x48-8 approached that of
week 0 virus.

Relative replicative fitness of HIV-1 recombinants carrying
VCV resistance mutations selected in vivo. The replicative fit-
ness of recombinant viruses carrying envelopes isolated during
VCV and ENF therapy were tested in a series of growth competi-
tion assays. Viruses that incorporated the full-length env of the
dominant week 28 virus carrying VCV but not ENF resistance
mutations were less fit than the week 0 viruses lacking VCV or
ENF resistance mutations in the absence of VCV (Fig. 4A). We
were unable to use native week 48 env-containing virus carrying
ENF but not VCV resistance mutations for fitness experiments
due to their poor replication (as described above). To circumvent
this problem, we tested our previously constructed chimeric week
48 env and native week 48 env with site-directed corrections at
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FIG 3 Replication kinetics. Recombinant viruses that incorporated patient-derived env constructs were grown in U87-R5 cell cultures during approximately 2
weeks. (A) Native week 0, 28, and 48 dominant envelopes. (B) Native week 0 and 28 envelopes with G36D-corrected week 48 chimeras. (C) Native week 0 and
28 envelopes with week 48 envelopes that had G36D corrected by chimeric domain swapping or site-directed mutagenesis. (D) Week 0 and 28 envelopes with an
N43D-corrected week 48 env. The data for p07Jenv0 and p07Jenv28 replication kinetics shown in each of the four panels were generated independently for each

experiment.

gp41 position G36 or N43 in growth competition assays. Virus
that contained a chimeric week 48 gp120/week 0 gp41 env (no
VCV or ENF resistance mutations) were less fit than week 0 and
week 28 viruses, respectively (Fig. 4B to F). Recombinant viruses
that incorporated a native week 48 env with the correction of the
36G mutation were more fit than the chimeric week 48 construct,
but a fitness deficit relative to week 28 virus persisted. To demon-
strate the generalizability of these findings, we repeated this series
of growth competition assays using N43D-corrected week 48 en-
velopes (Fig. 5). The correction of N43D by domain swapping
(p07Jenv0x48-8) resulted in a virus that was less fit than week 0
virus (Fig. 5A) but more fit than week 28 virus (Fig. 5B), whereas
the SDM correction of the point mutant (p07Jenv48SDM43) re-
sulted in a virus that had essentially the same fitness as week 0 virus
(Fig. 5C) and was more fit than week 28 virus (Fig. 5D). The
SDM-corrected virus p07Jenv48SDM43 likewise demonstrated
greater fitness than the gp41 domain-swapped p07JenvOx48-8
(Fig. 5E).

Entry rates of virus constructs. To investigate the mechanisms
responsible for these fitness differences, we assessed the entry ki-
netics of native and laboratory-generated week 48 env-containing
viruses (Fig. 6). When tested on TZM-bl cells, the G36D-contain-
ing p07Jenv48-1 and the N43D-containing p07Jenv48-8 demon-
strated longer times to half-maximal fusion than p07Jenv0;
p07Jenv48-8 did not reach maximal fusion even after 90 min of
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observation (Table 2). Statistically significant differences in fusion
rates between native week 0 and week 48 envelopes and between
p07Jenv48-1 and p07Jenv48-8 were observed (nonoverlapping
95% confidence intervals). The addition of 1 wM enfuvirtide im-
proved the fusion rates of p07Jenv48-1 and p07Jenv48-8 to a half-
maximal fusion that was not statistically different from that of
p07Jenv0 in the absence of drug (Fig. 6A). Entry rates of the week 48
constructs p07Jenv48SDM36, p07Jenv48SDM43, p07JenvOx48-1,
and p07Jenv0x48-8 were all slower than that of week 0 virus, but due
to wide confidence intervals they could not be distinguished from the
entry rates of virus that incorporated native week 48 env genes or
from each other (Fig. 6B).

Evolutionary effect of VCV- and ENF-containing antiretro-
viral therapy. Our growth competition data demonstrated that
the pairing of gp120 and gp41 env domains can affect viral fitness.
To determine the evolutionary relationship between env segments
during the 48-week period of observation, we used Bayesian phy-
logenetic inference with gp120 sequences and the isolated gp41
domain (Fig. 7). Only clones with complete full-length sequences
were included in this analysis; all VCV- and enfuvirtide-sensitive
and -resistant env forms are represented. Preresistant week 16
(containing K305R, T3071, T320R, and G321E mutations) and
week 19 (week 16 V3 changes plus F3181) gp120 sequences that
contained some, but not all, V3 VCV mutations and the majority
of VCV-resistant week 28 gp120 sequences were intermingled
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with a week 0 subpopulation (59) (Fig. 7A). VCV-resistant gp120
forms persisted at weeks 30 and 42 and continued to explore se-
quence space around the week 28 sequences, even after losing
VCV mutations. These populations, however, were lost by week

A.

B.

48 and replaced by gp120 sequences most closely related to a clus-
ter that contained week 42 sequences without VCV resistance mu-
tations and the dominant pretreatment week 0 forms. The gp41
tree demonstrated a simpler topology (Fig. 7B); week 16 and 19
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sequences clustered in a subclade that was not found at later time
points. ENF-sensitive gp41 forms from weeks 28 and 30 and ENF-
resistant forms from weeks 42 and 48 were interspersed, as were
pre-VCV and later gp41 sequences. No segregation of G36D- and
N43D-containing sequences was noted.

DISCUSSION

We measured the decay of VCV resistance in an individual in
whom VCV therapy failed and subsequently was discontinued.
The later addition of ENF to the antiretroviral regimen provided a
unique opportunity to study env sequence evolution under se-
quential drug selection pressures. HIV-1 V3 loop sequences that
conferred VCV resistance were lost from the plasma within 20
weeks of VCV discontinuation, a time course similar to that ob-
served for the decay of the M184V reverse transcriptase muta-
tion after lamivudine discontinuation (7). The quantification of
VCV-resistant and -susceptible variants by clonal sequence anal-
ysis of V3 from serial plasma samples showed an estimated fitness
disadvantage of 10 to 11% for VCV-resistant viruses in the ab-
sence of VCV. In comparison, reported fitness disadvantages as-
sociated with enfuvirtide, didanosine, or lamivudine resistance
range from 4 to 65% (9, 29, 31, 40, 54). No decay in VCV resis-
tance mutations was observed in the first 3 weeks after VCV dis-

TABLE 2 Entry rates of HIV-1 constructs”

Construct f,/, max, in min (95% CI) ”

p07Jenv0 15.0 (12.2-19.2) 0.948
p07Jenv48-1 37.3 (27.8-56.3) 0.892
p07Jenv48-8 91.0 (60.0-183.5) 0.943
p07Jenv48-1 + ENF 11.3 (8.8-16.0) 0.921
p07Jenv48-8 + ENF 8.2 (6.2-11.9) 0.969
p07Jenv48SDM36 32.6 (24.4-49.0) 0.968
p07Jenv48SDM43 58.1(39.8-107.8) 0.971
p07JenvOx48-1 55.2(32.3-189.1) 0.893
p07Jenv0x48-8 51.2 (33.0-113.8) 0.909

“ t,,, max, time to half-maximal fusion; 95% CI; 95% confidence intervals; ENF,
enfuvirtide.
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continuation. This plateau phase could not be accounted for in the
two-time-point fitness estimator. The sampling of more time
points during these weeks would have permitted an exact quanti-
fication of the total plateau time, as well as a precise determination
of the start of resistance decay.

The persistence of resistant viruses in plasma for several weeks
after drug discontinuation has been observed in patients infected
with NRTI- and enfuvirtide-resistant viruses (31, 40). The main-
tenance of a less fit viral variant in plasma, followed by the rapid
extinction of this variant, may reflect the time interval between
drug discontinuation and the stochastic activation of a cell or cel-
lular population that harbors the archived wild-type viral variant.
Alternatively, this plateau time period may result from prolonged
drug-receptor occupancy after vicriviroc discontinuation (52).
Although we have demonstrated a fitness disadvantage of VCV
resistance, the effect of resistance on viral population size, or viral
load remains unclear.

We previously reported that viruses incorporating these VCV-
resistant V3 loop forms demonstrate enhanced replication in vitro
in the presence of CCR5 antagonists (59). In this patient, there was
very little change in plasma HIV-1 RNA levels during 48 weeks.
Changes to the background antiretroviral regimen during this
time period make it difficult to correlate changes in viral fitness
with any changes in viral load. It is possible that a transient viral
load reduction accompanied the addition of enfuvirtide and
tipranavir in week 30. HIV-1 RNA loads were similar in weeks 30
and 42 and suggest that enfuvirtide resistance mutations restored
virus fitness in this new fitness landscape.

The V3 loop sequences of VCV-sensitive viruses that emerged
after VCV discontinuation were not identical to pretreatment V3
sequence forms. The relatively rapid decay of HIV-1 VCV resistance
in this individual was most consistent with the reemergence of sensi-
tive virus from a preexisting variant rather than the back mutation of
multiple V3 loop amino acid substitutions (23, 40). Deep sequencing
confirmed that the dominant week 48 V3 loop sequence was present
as a minor variant in the week 0 plasma sample. We previously dem-
onstrated that two V3 sequences differing by a single nucleotide can
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be differentiated with a sensitivity threshold of 0.10 to 0.12% when
sequencing to a depth of approximately 100,000X coverage (58).
Thus, the detection of K305R at baseline is unlikely to represent an
artifact introduced by amplification or sequencing error. We have
previously shown that an isolated K305R mutation in this env back-
bone does not affect CCR5 antagonist susceptibility (17). Additional
investigation is required, however, to elucidate the factors responsible
for the emergence of one V3 form over another.
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Calculating the fitness cost of VCV resistance by observing the
decay of V3 loop mutations in this subject is confounded by the
simultaneous appearance of HR-1 mutations that have their own
effects on viral fitness. The weak activity of this participant’s non-
suppressive background antiretroviral regimen likely explains the
emergence of the dominant N43D and subdominant G36D HR-1
mutations 12 weeks into ENF therapy. For the direct measure-
ment of the fitness effects of VCV resistance and to explore the
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contribution of gp41 sequence changes, we conducted pairwise
growth competition experiments. VCV-sensitive (week 0) virus
was more fit than VCV-resistant (week 28) virus in the absence of
drug, a finding that was suggested by the in vivo loss of these V3
loop forms after drug discontinuation. We surmised that HR-1
mutations were responsible for the poor replication kinetics of
week 48 viral constructs, but our methods of correcting these mu-
tations led to different findings. The back mutation to wild-type
N43 corrected the fitness deficits of this week 48 env and suggests
that the posttreatment appearance of a V3 loop sequence that
incorporated the K305R mutation was permissible due to similar
effects of either V3 form on overall viral fitness.

Different effects of chimeric domain swapping on virus fitness
were observed and depended on the specific env backbone that
was used. The pairing of the majority week 0 gp41 region with a
week 48 gp120 domain originally isolated from a G36D-contain-
ing env did not restore viral fitness and produced viruses that were
less fit than native week 48 env genes with site-directed HR-1 cor-
rections. The pairing of this same week 0 gp41 with a previously
N43D-associated week 48 gp120 domain restored fitness relative
to VCV-resistant virus and the week 48 env with a site-directed
correction at position 43, but it did not restore fitness to wild-type
week 0 levels. Wild-type virus fitness could not be restored to week
0 levels by either molecular technique. Taken together, these find-
ings suggest that gp120 and gp41 segments in this subject co-
evolved to maximize viral fitness, in contrast to a previous report
of ENF resistance decay, and highlight the complexities of enve-
lope subdomain interactions (22). A phylogenetic analysis of
gp120 and gp41 sequences did reveal differences in env domain
evolution at earlier time points during VCV therapy, but by week
48, 18 weeks after ENF therapy began, both gp120 and gp41 forms
most closely resembled pretreatment sequences. Divergent evolu-
tionary pathways were not suggested and corroborate our finding
in growth competition experiments that gp120 and gp41 must
coevolve through drug selection pressures, even when these pres-
sures act mainly on one sequence domain. We speculate that this
coevolution maximizes some key feature of viral entry, most likely
entry kinetics, but also could be more directly related to receptor
or coreceptor affinity.

The fitness of an N43D-containing dominant week 48 env was
restored by reverting this mutation to its wild-type form. It is not
clear why the correction of the G36D mutation by site-directed
mutagenesis or domain exchange only partially restored viral fit-
ness in this subdominant viral population. This poor env fitness
was demonstrated in three different week 48 env backbones and
suggests that this finding was not related to some unique feature of
a particular clone we selected. The N43D-containing env genes
became the majority clones from week 42 to 48, and it seems likely
that regions outside the gp120 V3 loop or the HR-1 gp41 domain
contributed to these observed fitness differences. The presence of
compensatory changes in env has been previously described for
both V3 loop and HR-1 mutations (19, 25, 41, 47, 64).

We used a virus-cell fusion assay to confirm the slower entry
rate of a G36D-containing env mutant and extended this observa-
tion to virus that contained the N43D gp41 HR-1 mutation (49).
The slower entry rates we previously reported for VCV-resistant
isolates correlated with reduced fitness in this study (45). The
association between entry rates and the reduced fitness of week 48
env constructs, however, was less clear. While chimeric and SDM
constructs displayed delayed entry kinetics, they could not be sta-
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tistically differentiated from the entry rates of native week 48 env.
A trend toward intermediate entry rates was noted that could ex-
plain some fitness differences, but an alternate mechanism (e.g.,
changes in binding affinity) may explain changes in viral fitness
for these envelopes. The finding that enfuvirtide increased the
entry rates of enfuvirtide-resistant clonal isolates to wild-type lev-
els is novel and unexpected. Enfuvirtide resistance mutations in
HR-1 reduce enfuvirtide binding while still permitting association
with HR2. A model has been proposed for entry in the presence of
enfuvirtide, although our virus isolates are admittedly not enfu-
virtide dependent for entry (3, 4). In this model, enfuvirtide sta-
bilizes the HR-1-HR-2 interaction and prevents premature pre-
fusion conformational changes that can inactivate virus entry in
the absence of drug. Further work is required to clarify whether
our observation can be generalized to other enfuvirtide-resistant
clinical isolates.

Several limitations of our approach deserve mention. Our
analysis is based on observations from a single subject infected
with subtype C virus and is restricted to the effect of envelope
changes on virus fitness. Selection pressures during the time in-
terval we studied shifted due to the changing optimized back-
ground regimen, and we could not explicitly calculate this contri-
bution to fitness. The interval between time points was variable
and likely affected the slope of the decay curve. We could not
experimentally model the effect of HR-1 mutation emergence on
VCV resistance decay. We therefore consider our measurements
to represent a minimum decay rate, and thus the fitness differ-
ences we observed may represent a minimum fitness difference.
Growth competition and kinetics assays were performed in U87
and TZM cell lines that have greater CD4 and CCR5 expression
levels than resting peripheral blood mononuclear cells and may
not recapitulate the in vivo environment encountered by these
viruses. We have previously noted, however, that while the choice
of cell type affects the absolute rates of virus entry, the relative
differences in virus entry rates are generalizable across a range of
receptor and coreceptor expression levels (45).

The withdrawal of VCV was associated with the rapid decay of
VCV resistance in this highly treatment-experienced individual
with multidrug-resistant HIV-1 and contrasts with a previous in
vitro report that used laboratory-adapted virus (1). We did not
observe an association between VCV resistance, its decay, and
plasma viral load. The limited number of HIV-infected patients in
whom CCR5 antagonist resistance develops and the dearth of
published data on the decay of these mutations make it difficult to
draw general conclusions about the viral fitness costs associated
with this resistance. Fitness measurements in HIV-1 isolates from
additional patients failing and discontinuing CCR5 antagonist
therapy will be needed to assess the generalizability of these results
to the overall estimated fitness costs of CCR5 antagonist resis-
tance-associated mutations.
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