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Maraviroc (MVC) inhibits the entry of human immunodeficiency virus type 1 (HIV-1) by binding to and
modifying the conformation of the CCR5 extracellular loops (ECLs). Resistance to MVC results from alterations in
the HIV-1 gp120 envelope glycoproteins (Env) enabling recognition of the drug-bound conformation of CCR5. To
better understand the mechanisms underlying MVC resistance, we characterized the virus-cell interactions of gp120
from in vitro-generated MVC-resistant HIV-1 (MVC-Res Env), comparing them with those of gp120 from the
sensitive parental virus (MVC-Sens Env). In the absence of the drug, MVC-Res Env maintains a highly efficient
interaction with CCR5, similar to that of MVC-Sens Env, and displays a relatively modest increase in dependence
on the CCR5 N terminus. However, in the presence of the drug, MVC-Res Env interacts much less efficiently with
CCR5 and becomes critically dependent on the CCR5 N terminus and on positively charged elements of the
drug-modified CCR5 ECL1 and ECL2 regions (His88 and His181, respectively). Structural analysis suggests that
the Val323 resistance mutation in the gp120 V3 loop alters the secondary structure of the V3 loop and the buried
surface area of the V3 loop–CCR5 N terminus interface. This altered mechanism of gp120-CCR5 engagement
dramatically attenuates the entry of HIV-1 into monocyte-derived macrophages (MDM), cell-cell fusion activity in
MDM, and viral replication capacity in MDM. In addition to confirming that HIV-1 escapes MVC by becoming
heavily dependent on the CCR5 N terminus, our results reveal novel interactions with the drug-modified ECLs that
are critical for the utilization of CCR5 by MVC-Res Env and provide additional insights into virus-cell interactions
that modulate macrophage tropism.

The entry of human immunodeficiency virus type 1 (HIV-1)
is initiated by the interaction between the gp120 glycoproteins
of the HIV-1 envelope (Env) and CD4 expressed on the target
cell surface (reviewed in references 20 and 70). CD4 binding
occurs with high affinity and triggers a conformational change
in gp120 that exposes the binding site for a cellular coreceptor,
either CCR5 or CXCR4 (reviewed in reference 70). Current
models of gp120 binding to coreceptor suggest that the crown
of the gp120 V3 loop interacts principally with the second
extracellular loop (ECL2) region of the coreceptor, while the
gp120 bridging sheet, which is formed between the C1, C2, and
C4 domains of gp120 after CD4 binding, and the stem of the
V3 loop interacts with the N terminus of the coreceptor (5, 7,
17, 29). While the coreceptor N terminus and ECL2 region
appear to be important for gp120-coreceptor binding, the
ECL1 and ECL3 regions may also influence coreceptor
function (8, 9, 16). The interaction of CD4-bound gp120

with the coreceptor induces additional conformational
changes in gp120, which lead to a structural rearrangement
in gp41 that enables fusion and virus entry (reviewed in
reference 70).

Maraviroc (MVC) is an inhibitor of HIV-1 entry that binds
to a hydrophobic pocket in the transmembrane helices of
CCR5, altering the conformation of the CCR5 extracellular
loops (ECLs) such that they are no longer recognized by gp120
(reviewed in references 22 and 70). Thus, MVC and other
CCR5 antagonists, such as vicriviroc (VVC) and aplaviroc
(APL), are allosteric inhibitors of HIV-1 entry (10, 44, 45, 59,
72). MVC has been approved for use as an HIV-1 antiretro-
viral therapy (ART) for treatment-experienced and ART-na-
ïve adults who have no evidence of CXCR4-using virus in
plasma (22). As with other antiretrovirals, treatment with
CCR5 antagonists can result in drug resistance, leading to
virological rebound. Although treatment failure can arise from
the emergence of CXCR4-using HIV-1 strains that were pres-
ent at very low levels prior to the initiation of therapy (27, 38,
75), genuine resistance to CCR5 antagonists results from adap-
tive alterations in gp120 enabling recognition of the drug-
bound conformation of CCR5 (3, 36, 49, 51, 55, 56, 69, 71).

Since CCR5 antagonists are allosteric inhibitors of virus
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entry, resistance to these drugs is evidenced by plateaus in virus
inhibition curves that do not reach 100% inhibition rather than
by increases in the concentration of the drug necessary to
achieve complete inhibition (76). The magnitude of the reduc-
tion in the plateau height can be quantified as the maximal
percentage of inhibition (MPI), which can differ from subject
to subject (47). For example, for subjects who fail MVC ther-
apy as a result of genuine resistance, the MPI can be high
(�80%), signifying a relatively inefficient ability of gp120 to
utilize the drug-bound conformation of CCR5, or low (�20%),
signifying highly efficient utilization of drug-bound CCR5. Al-
though MPIs can be influenced by differences in the level of
CCR5 expression on the target cell populations (51, 56, 71),
the results from the MOTIVATE clinical trials of MVC
showed that the MPIs of most MVC-resistant viruses in sub-
jects failing therapy fall within the range of 80 to 95% by the
PhenoSense assay (47, 52).

Previous studies of HIV-1 resistance to CCR5 antagonists
have underscored the remarkable flexibility of the interaction
between gp120 and different functional domains of CCR5 (re-
viewed in reference 20). While viruses sensitive to CCR5 an-
tagonists rely on interactions with both the N terminus and the
ECL2 region of CCR5, studies using CCR5 mutants have
shown that viruses engineered to have resistance to CCR5
antagonists and those that arise in patients failing therapy have
an increased reliance on the N-terminal region (3, 48, 49, 51,
71). Furthermore, resistant viruses that show a predominant
interaction with the CCR5 N terminus may have broad cross-
resistance to different CCR5 antagonists, whereas those that
exhibit increased dependence on the CCR5 N terminus but
retain dependence on the drug-modified ECLs have a nar-
rower cross-resistance profile (71). Sequence analysis has re-
vealed that alterations in the V3 region of gp120 are predom-
inantly responsible for the ability of CCR5 antagonist-resistant
viruses to use the drug-bound receptor, although one study
identified sequence alterations in gp41 that resulted in resis-
tance to AD101, a preclinical precursor to VVC (2). Consid-
ering the broad range of MPIs that can be achieved by different
HIV-1 strains with CCR5 antagonists resistance, these studies,
taken together, suggest that in most instances, resistance arises
from HIV-1 becoming able to use CCR5 differently, but not
always more efficiently.

The consequences of altered coreceptor engagement by
CCR5 antagonist-resistant viruses for HIV-1 pathogenesis
have yet to be determined. Interestingly, a recent study
showed that a viral variant with resistance to APL, which
displayed relatively inefficient usage of drug-bound CCR5,
had altered tropism on primary CD4� T cells with relative
sparing of the central memory CD4� T-cell population (51),
providing evidence that continued use of CCR5 antagonists
even after the development of resistance could potentially
be beneficial for some subjects. In addition to CD4� T cells,
tissue macrophages are a significant HIV-1 reservoir (30,
31). Furthermore, macrophage tropism (M tropism) is an
important pathophysiological phenotype of CCR5-using
(R5) viruses (11, 26, 42) and is essential for HIV-1 neurot-
ropism and for the development of HIV-1-associated neu-
rocognitive impairment (12–14, 21, 23, 50). However, not all
R5 viruses are M tropic (reviewed in reference 20). Previous
studies have shown that M tropism is associated with par-

ticular R5 viruses that have enhanced Env-mediated fusion
activity (50, 64, 68) and altered recognition of CCR5, char-
acterized by increased dependence on the CCR5 ECLs and
reduced dependence on the CCR5 N terminus (66). Thus,
diminishing the M-tropic and fusogenic properties of R5
HIV-1 strains could potentially attenuate HIV-1 pathoge-
nicity.

Only one previous study has characterized the mechanism of
CCR5 engagement of an MVC-resistant strain of HIV-1 (71),
which exhibited unusually efficient utilization of drug-bound
CCR5 compared to most MVC-resistant viruses from patients
failing therapy (47, 52). Here we characterized the mechanisms
underlying the resistance of an MVC-resistant HIV-1 strain
that displayed relatively inefficient utilization of the drug-
bound conformation of CCR5, which is more typical of the
majority of MVC-resistant viruses arising in patients (47, 52),
with a view to better understanding of how MVC resistance
may alter HIV-1 tropism. We demonstrate an increased de-
pendence on the CCR5 N terminus and an altered recognition
of the drug-modified ECLs that is associated with escape from
MVC and that dramatically attenuate M tropism. Structural
analysis suggests that the Val323 resistance mutation in the
gp120 V3 loop alters the secondary structure of the V3 loop
and the buried surface area of the V3 loop–CCR5 N terminus
interface, which may facilitate escape from MVC. In addition
to illustrating novel virus-cell interactions associated with
MVC resistance, our results provide further evidence that con-
tinued use of MVC even after resistance develops could po-
tentially be beneficial in certain cases (for example, those vi-
ruses that exhibit resistance profiles with relatively high MPIs
in CCR5-expressing cell lines) by promoting virus attenuation.

MATERIALS AND METHODS

Cells. 293T cells, JC53 cells (53), TZM-bl cells (74) and NP2-CD4/CCR5 cells
(60) were cultured in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 10% (vol/vol) fetal calf serum (FCS) and 100 �g of penicillin and
streptomycin per ml. U87-CD4 cells (4) were cultured in DMEM supplemented
with 15% (vol/vol) FCS, 100 �g of penicillin and streptomycin per ml, and 0.5 mg
of G418 per ml. The dually inducible 293-Affinofile cell line (32), in which
expression of CD4 and CCR5 can be induced and regulated by the addition of
minocycline or ponasterone A (ponA), respectively, was maintained in DMEM
supplemented with 10% (vol/vol) FCS, 100 �g of penicillin and streptomycin per
ml, 50 �g blasticidin per ml, and 200 �g G418 per ml. Peripheral blood mono-
nuclear cells (PBMC) were purified from the blood of healthy HIV-1-negative
donors by density gradient centrifugation. Monocytes were purified from PBMC
by plastic adherence and were allowed to differentiate into monocyte-derived
macrophages (MDM) by culturing for 5 days in Iscove modified Eagle medium
(IMEM) supplemented with 10% (vol/vol) pooled AB� human sera, 100 �g of
penicillin and streptomycin per ml, and 12.5 ng of macrophage colony-stimulat-
ing factor per ml.

Env cloning and sequencing. Infectious recombinant viruses containing the
env gene of HIV-1 that had acquired resistance to MVC by serial passage in
PBMC through increasing concentrations of MVC (termed MVC-Res), or
containing the env gene from the parental HIV-1 strain similarly passaged
without the drug (termed MVC-Sens), have been described previously (76).
To characterize the the env genes from these recombinant viruses in isolation,
the 2.1-kb KpnI-to-BamHI env fragment, corresponding to nucleotide posi-
tions 6348 to 8478 in HXB2, was amplified from the viral supernatants using
reverse transcription-PCR and was cloned into the pSVIII-Env expression
plasmid (18), as described previously (24, 25, 64). The MVC-Res and MVC-
Sens Env clones were shown to be functional and to be able to support HIV-1
entry into JC53 cells when the Env clones were pseudotyped onto an Env-
deficient luciferase reporter virus (data not shown). Envs were sequenced by
BigDye Terminator sequencing and were analyzed using a model 3130 Ge-
netic Analyzer (Applied Biosystems).
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Production and quantitation of Env-pseudotyped luciferase reporter viruses.
Env-pseudotyped luciferase reporter viruses were produced by transfection of
293T cells with plasmids pCMV�P1�envpA, pHIV-1Luc, and pSVIII-Env or
pcDNA3-Env using Lipofectamine 2000 (Invitrogen) at a ratio of 1:3:1, as de-
scribed previously (24, 64, 79). Supernatants were harvested 48 h later, filtered
through 0.45-�m-pore-size filters, and stored at �80°C. The 50% tissue culture
infective doses (TCID50) of virus stocks were determined by titration in JC53
cells (53), as described previously (25, 64).

Production and quantitation of full-length, replication-competent NL4-3
HIV-1 variants carrying different env genes. Full-length chimeric proviral HIV-1
plasmids were constructed by replacing the XhoI-to-EcoRI fragment of pNL4-3
(corresponding to amino acids 5743 to 8887 of pNL4-3), which encodes the NL4-3
HIV-1 provirus (1), with the corresponding fragments from the MVC-Res and
MVC-Sens viruses that have been described previously (76). Viral stocks were
produced by transfection of 293T cells with 5 �g of a chimeric HIV-1 plasmid by
using the polyethyleneimine (PEI) transfection reagent (Polysciences Inc., War-
rington, PA). Supernatants were collected 48 h posttransfection, filtered through
0.45-�m-pore-size filters, and stored at �80°C. The TCID50 of virus stocks were
determined by titration in TZM-bl cells as described previously (74, 80).

Single-round HIV-1 entry assays. For single-round entry assays using JC53
cells, NP2-CD4/CCR5 cells, U87-CD4 cells expressing wild-type (WT) or mutant
CCR5 coreceptors, or 293-Affinofile cell populations, 2 � 104 cells cultured in
96-well plates were inoculated with 200 TCID50 of Env-pseudotyped luciferase
reporter virus (corresponding to a multiplicity of infection [MOI] of 0.01) in a
volume of 100 �l for 12 h at 37°C. The cells were washed twice with culture
medium to remove the residual inoculum and were incubated for a further 60 h
at 37°C. For single-round entry assays using MDM, cell monolayers that were
approximately 90% confluent in 48-well tissue culture plates were inoculated
with 1,500 TCID50 of Env-pseudotyped luciferase reporter virus in a volume of
300 �l for 12 h at 37°C. The MDM were then washed twice with culture medium
to remove the residual inoculum and were incubated for a further 96 h at 37°C.
For single-round entry assays in PBMC, 2 � 105 cells were inoculated with 2,000
TCID50 of Env-pseudotyped luciferase reporter virus in a volume of 100 �l for
12 h at 37°C. The cells were then washed twice with culture medium to remove
the residual inoculum and were incubated for a further 72 h at 37°C. For all cell
types, the level of HIV-1 entry was measured by luciferase activity in cell lysates
(Promega) according to the manufacturer’s protocol. Luminescence was mea-
sured using a FLUOStar microplate reader (BMG Labtech, GmbH, Germany).
Negative controls included mock-infected cells that were incubated with culture
medium instead of virus, as well as cells inoculated with a luciferase reporter
virus pseudotyped with the nonfunctional �KS Env (15).

Drug sensitivity assays. In experiments measuring the inhibition of HIV-1
entry by MVC, VVC, or T-20, target cells either were left untreated or were
preincubated with dilutions of the drug (5-fold dilutions for MVC and T-20;
10-fold dilutions for VVC) for 30 min at 37°C prior to inoculation with an
Env-pseudotyped luciferase reporter virus as described above. Drug concentra-
tions ranged from 0.064 to 5,000 nM for MVC, from 0.01 to 1,000 nM for VVC,
and from 0.032 to 100 �g per ml for T-20. These concentrations were maintained
during virus inoculation and the subsequent 60-h culture period. The level of
HIV-1 entry was measured as described above. After the background activity was
subtracted, the amount of luciferase activity in cells treated with an inhibitor was
expressed as a percentage of that in untreated cells. The percentage of inhibi-
tion was calculated by subtracting this number from 100. The data were fitted
with a nonlinear function, and alterations in drug sensitivity were assessed by
reductions in the MPI as described previously (76), or by changes in 50%
inhibitory concentrations that were calculated by least squares regression
analysis using Prism, version 4.0c (GraphPad Software, San Diego, CA) as
described previously (64, 66).

Affinofile cell assays and quantitative vector analysis. 293-Affinofile cells were
infected with Env-pseudotyped luciferase reporter viruses as described previ-
ously (32). Briefly, 48 populations of cells expressing different combinations of
CD4 and CCR5 levels were generated by inducing the cells with 2-fold serial
dilutions of minocycline (0.156 to 5.0 ng per ml, resulting in 6 induction levels of
CD4 increasing linearly from approximately 1,500 to 160,000 CD4 molecules per
cell) and ponasterone A (0.0156 to 2.0 �M, resulting in 8 induction levels of
CCR5 increasing linearly from approximately 5,000 to 140,000 CCR5 molecules
per cell). CD4 and CCR5 concentrations were determined by quantitative flow
cytometry (qFACS) as described previously (32, 41). The induced cell popula-
tions were then either left untreated or treated with 10 �M MVC for 30 min at
37°C, after which they were inoculated with equivalent amounts of Env-pseu-
dotyped reporter virus and were analyzed for levels of HIV-1 entry as described
above. In experiments using MVC-treated cells, the MVC concentration was
maintained during virus inoculation and the subsequent culture period. The

relative level of virus entry achieved by each Env tested was expressed as a
percentage of that achieved in 293-Affinofile cells expressing the highest con-
centrations of CD4 and CCR5. The relative dependence of Env-pseudotyped
reporter viruses on CD4 and CCR5 expression levels was mathematically mod-
eled using the VERSA computational platform (http://versa.biomath.ucla.edu),
as described previously (32, 51). With this model, viral infectivity is quantified
using a single vector. The vector magnitude reflects the efficiency of virus entry,
and the vector angle represents the relative dependence on CD4 or CCR5. In
theoretical extremes, viruses that have the greatest possible sensitivity to alter-
ations in CD4 expression but are not affected by alterations in CCR5 expression
have a vector angle of 0°, and conversely, viruses that have the greatest possible
sensitivity to alterations in CCR5 expression but are not affected by alterations
in CD4 expression have a vector angle of 90°.

HIV-1 replication kinetics in monocyte-derived macrophages. MDM cultures
that were approximately 90% confluent in 24-well tissue culture plates were
either left untreated or treated with 1 �M MVC for 30 min at 37°C prior to
inoculation with 3 � 104 TCID50 of chimeric NL4-3 virus or HIV-1 AD8 (67) in
a volume of 500 �l for 16 h at 37°C. The virus inoculum was then removed; the
cells were washed 3 times with phosphate-buffered saline (PBS); and then 1 ml
fresh culture medium was added to the cells. Cells were cultured for 14 days at
37°C, with 50% medium changes and supernatant samples collected for assess-
ment of virus production on days 1, 4, 7, 10, and 14 postinfection. For MVC-
treated cells, drug concentrations were maintained during virus inoculation and
the subsequent culture period. Virus production was assessed by measuring
HIV-1 reverse transcriptase activity in supernatant samples as described previ-
ously (19). These infections were conducted in duplicate using MDM purified
from 4 independent donors.

Macrophage fusion assays. 293T effector cells seeded in 6-well tissue culture
plates were cotransfected with 3.4 �g of an Env-expressing plasmid and 0.6 �g
pSVL-Tat by using Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s protocol. At 48 h posttransfection, 3 � 104 293T effector cells were added
to 90% confluent monolayers of MDM cultured in 48-well tissue culture plates,
and the cocultures were incubated at 37°C for 12 h in 300 �l of culture medium.
The cocultures were then washed 3 times with PBS to remove all unfused 293T
cells, after which the cells were fixed in 4% (wt/vol) paraformaldehyde, and
syncytium formation was scored by light microscopy. The fusion activity medi-
ated by MVC-Res and MVC-Sens Envs (i.e., syncytium formation) was com-
pared to the levels attained in control fusion assays using the poorly fusogenic/
poorly M tropic JRCSF and highly fusogenic/highly M tropic YU2 Envs. Fusion
activity was scored accordingly as absent (�), scant (�/�), low (�), moderate
(��), or high (���).

gp120 structural modeling. Three-dimensional protein structures of the MVC-
Sens and MVC-Res gp120 sequences were prepared using the Discovery Studio
suite, version 2.5 (Accelrys, San Diego, CA), as we have described recently (65, 66).
The crystal structure of CD4-bound YU2 gp120 containing the V3 variable loop and
docked with the nuclear magnetic resonance (NMR) structure of an N-terminal
peptide of CCR5 (residues 2 to 15) (kindly provided by P. D. Kwong [28]) was used
as a template to introduce the V3 loop sequences of the MVC-Sens and MVC-Res
Envs by using the Mutate Protein protocol. Harmonic constraints were applied prior
to optimization using the Steepest Descent protocol, which incorporates iterative
cycles of conjugate-gradient energy minimization against a probability density func-
tion that includes spatial restraints derived from the template and residue specific
properties (58). Similarities in 3-dimensional structure were measured by the root
mean square deviation (RMSD) of the distances between main-chain atoms (N, Ca,
C, and O atoms) from crystal and model structures after rigid body superposition,
where an RMSD of �1 Å signifies a high level of homology of 3-dimensional
structure between overlaid proteins. The overall quality of the geometry of gp120
models generated was verified using PROCHECK (39). Secondary structure was
predicted by the method of Kabsch and Sander (33) using the Discovery Studio suite,
version 2.5 (Accelrys). The interface between gp120 and the CCR52–15 sulfopeptide
was mapped to atoms predicted to be within 4 Å of the ligand. The buried surface
areas (BSA) of individual residues within the V3 loop and the CCR52–15 sulfopep-
tide were determined using the PISA (Protein Interfaces, Surfaces, and Assemblies)
computational platform (37), and the change in BSA (�BSA) was calculated by
subtracting the MVC-Res BSA from the MVC-Sens BSA at individual residues.

RESULTS

CCR5 antagonist resistance profiles of MVC-Res Env. Our
previous studies showed that recombinant HIV-1 carrying the
MVC-Res env gene is capable of utilizing drug-bound CCR5
for entry (76). In order to more precisely dissect the virus-cell
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interactions contributing to escape from MVC, the MVC-Res
Env, as well as the MVC-Sens Env isolated from the parental
MVC-sensitive virus, was cloned into the pSVIII-Env expres-
sion vector (18). The CCR5 antagonist resistance profiles of
luciferase reporter viruses pseudotyped with MVC-Res or
MVC-Sens Env in JC53 cells, or with the R5 ADA, YU-2,
JRCSF, or JRFL control Envs, are shown in Fig. 1. MVC
completely inhibited the entry of R5 control Envs that exhib-
ited differences in baseline sensitivity to MVC (Fig. 1A) and
completely inhibited the entry of MVC-Sens Env (Fig. 1B).
However, MVC-Res Env exhibited a plateau of incomplete
inhibition at saturating drug concentrations, with MPIs of
88% � 1.3%, suggesting relatively inefficient usage of drug-
bound CCR5 for HIV-1 entry (Fig. 1B). The MPIs of MVC-
Res Env were similar in TZM-bl cells (83% � 3.4%) but
considerably lower in NP2-CD4/CCR5 cells (55.3% � 2.7%)
(data not shown). Despite resistance to MVC, MVC-Res Env
remained sensitive to VVC (Fig. 1C). As expected, the MVC-
Res and MVC-Sens Envs remained equally sensitive to the
fusion inhibitor T-20 (Fig. 1D). These results confirm that
MVC resistance is associated with relatively inefficient utiliza-
tion of drug-bound CCR5 by MVC-Res Env, which is typical of
most MVC-resistant viruses in patients failing therapy (47, 52),
and suggest a narrow profile of cross-resistance to other CCR5
antagonists, which has been reported recently (71).

An increased and critical dependence on the CCR5 N ter-
minus facilitates escape from MVC by MVC-Res Env. To elu-
cidate alterations in the mechanism of CCR5 engagement as-
sociated with HIV-1 escape from MVC, single-round entry
assays were conducted in U87-CD4 cells expressing either
wild-type (WT) CCR5 or CCR5 containing various mutations
in the N-terminal domain by using luciferase reporter viruses
pseudotyped with MVC-Res or MVC-Sens Envs (Fig. 2). The
levels of virus entry in cells expressing CCR5 mutants were

expressed as percentages of that attained in cells expressing
equivalent levels of WT CCR5, which was verified by flow
cytometry as described previously (66) (data not shown). In the
absence of drug, MVC-Res Env displays a relatively modest
alteration in CCR5 engagement compared to that of MVC-
Sens Env, characterized by increased reliance on Tyr14, Tyr15,
and Glu18 in the CCR5 N terminus (Fig. 2A and B). However,
in the presence of the drug, MVC-Res Env became critically
reliant on these residues, as well as on Tyr3, Tyr10, and Asp11,
in the CCR5 N terminus (Fig. 2C). These results indicate a
critical reliance on the CCR5 N terminus for recognition of the
drug-bound CCR5 complex by MVC-Res Env.

Altered recognition of the drug-modified ECLs is critical for
escape from MVC by MVC-Res Env. MVC-resistant HIV-1
with narrow cross-resistance to other CCR5 antagonists has
been shown to remain dependent on the drug-modified ECLs
for entry (71). To elucidate alterations in the way MVC-Res
Env may recognize the drug-modified CCR5 ECLs, single-
round entry assays were conducted in U87-CD4 cells express-
ing either WT CCR5 or CCR5 containing various mutations in
the ECL1, ECL2, or ECL3 region by using luciferase reporter
viruses pseudotyped with MVC-Res or MVC-Sens Envs (Fig.
3). HIV-1 entry levels were measured and expressed as de-
scribed above. In the absence of the drug, MVC-Sens and
MVC-Res Envs displayed similar profiles of dependence on
these regions, at least with the CCR5 mutants tested. However,
in the presence of the drug, MVC-Res Env became critically
reliant on His88 and His181 in the CCR5 ECL1 and ECL2
regions, respectively. These results reveal novel interactions
with charged elements of the CCR5 ECL1 and ECL2 regions
that are critical for the recognition of drug-bound CCR5 by
MVC-Res Env.

Escape from MVC by MVC-Res Env imparts a less-efficient
interaction between gp120 and CCR5. The results of the stud-

FIG. 1. Profiles of resistance to CCR5 inhibitors. Env-pseudotyped luciferase reporter viruses were used to infect JC53 cells in the presence
of increasing concentrations of MVC (A and B), VVC (C), or T-20 (D) as described in Materials and Methods. Virus inhibition curves were
constructed using Prism, version 4.0c (GraphPad Software), as described in Materials and Methods. The data shown are means of triplicates (error
bars represent standard deviations) and are representative of 3 (A, C, and D) or 5 (B) independent experiments.
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ies discussed above reveal a highly atypical interaction between
gp120 and the N terminus and ECLs of CCR5 that allows
MVC-Res Env to escape MVC. Moreover, the relatively high
MPIs of MVC-Res Env (Fig. 1B), together with the observa-
tion that MVC-Res Env has only a modest alteration in de-

FIG. 2. Increased dependence on the CCR5 N terminus by MVC-Res
Env. Luciferase reporter viruses pseudotyped with MVC-Sens Env (A) or
with MVC-Res Env (B and C) were used to infect U87-CD4 cells expressing
equivalent levels of WT CCR5 or CCR5 with alternative mutations in the N
terminus, as described in Materials and Methods, in the absence (A and B)
or presence (C) of MVC. The CCR5-expressing cell populations were gen-
erated and characterized with regard to their CCR5 expression levels as
described previously (66). The level of virus entry into cells expressing a
particular CCR5 mutant was expressed as a percentage of entry into cells
expressing WT CCR5. The data shown are means and standard errors from
a compilation of 4 independent experiments. Asterisks indicate the signifi-
cance (P � 0.05) of the increase in dependence on a particular residue over
that of MVC-Sens Env (*) or over that of MVC-Res Env in the absence of
the drug (**) (determined by an unpaired t test).

FIG. 3. Altered recognition of the drug-modified ECLs by MVC-Res
Env. Luciferase reporter viruses pseudotyped with MVC-Sens Env (A) or
with MVC-Res Env (B and C) were used to infect U87-CD4 cells expressing
equivalent levels of WT CCR5 or CCR5 with alternative mutations in the
ECL1, ECL2, or ECL3 region, as described in Materials and Methods, in the
absence (A and B) or presence (C) of MVC. The CCR5-expressing cell
populations were generated and characterized with regard to their CCR5
expression levels as described previously (66). The level of virus entry into
cells expressing a particular CCR5 mutant was expressed as a percentage of
entry into cells expressing WT CCR5. The data shown are means and stan-
dard errors from a compilation of 3 independent experiments. Double aster-
isks indicate that the increase in dependence on a particular residue over that
of MVC-Res Env in the absence of the drug is significant (P, �0.05 by an
unpaired t test).
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pendence on the CCR5 N terminus in the absence of drug (Fig.
2B), implies a fitness cost associated with escape from MVC.
Therefore, we next used the 293-Affinofile affinity-profiling
system (32) to better understand the consequences of altered
coreceptor engagement for gp120–CD4/CCR5 interactions. In
this system, CD4 and CCR5 expression is controlled by sepa-
rate inducible promoters, permitting independent variation of
CD4 and CCR5 expression over a physiological concentration
range (32). When 48 differentially induced cell populations are
subjected to single-round entry assays with Env-pseudotyped
luciferase reporter viruses, and data sets are analyzed quanti-
tatively by mathematical modeling using the VERSA compu-
tational platform (32), vector metrics are generated; the vector
angles measure the degrees of CD4 and CCR5 dependence,

and the vector magnitude measures the efficiency of virus en-
try. These quantitative data can be used to dissect gp120–CD4/
CCR5 interactions. For example, viruses displaying relatively
low vector angles and relatively high vector magnitudes are
typical of those that have a more efficient interaction with
CCR5 (51, 69).

The results of single-round entry assays showed that in the
absence of MVC, both MVC-Res and MVC-Sens Envs were
highly sensitive to alterations in CD4 levels but much less
sensitive to alterations in CCR5 levels (Fig. 4A and B). In fact,
at the lowest level of CCR5 expression on the cell surface,
these Envs achieved 50 to 60% of maximal entry when mod-
erate to high levels of CD4 were present. In contrast, in the
presence of the drug, MVC-Res Env was highly sensitive to

FIG. 4. Increased CCR5 dependence of MVC-Res Env in the presence of MVC. (A to C) 293-Affinofile cells were treated with increasing
concentrations of minocycline and ponasterone A to induce 48 cell populations expressing different combinations of cell surface CD4 and CCR5
levels, as described in Materials and Methods, and were inoculated with equivalent infectious units of a luciferase reporter virus pseudotyped with
MVC-Sens (A) or MVC-Res (B and C) Envs in the absence (A and B) or presence (C) of MVC. In the absence of the drug (A and B), virus entry
levels were normalized against that in cells expressing the highest levels of both CD4 and CCR5. In the presence of the drug (C), levels of entry
by viruses with MVC-Res Env were expressed as percentages of that attained when no drug was present. The results shown are means from 4
independent experiments, each performed in duplicate. Shaded wedges along each axis represent increasing concentrations of CD4 or CCR5, as
described in Materials and Methods. (D) Graphical representation of the VERSA vectors showing the efficiency of entry (vector magnitude) and
relative dependence on CD4 and CCR5 levels (vector angle). The shaded wedges represent the standard errors of the means of the vector angles,
and the boxes represent the standard errors of the means of the vector magnitudes. The difference between the vector angles shown was statistically
significant (P, 0.0018 by an unpaired t test).
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alterations in both CD4 and CCR5 levels, requiring high levels
of both receptors to achieve maximal levels of HIV-1 entry
(Fig. 4C). In these cell populations, MVC completely inhibited
the entry of MVC-sensitive Envs, including those shown pre-
viously to have highly efficient CCR5 usage, such as ADA,
YU2, NB6-C3, and NB8-C2 Envs (64, 66) (data not shown).
These results show that utilization of drug-bound CCR5 by
MVC-Res Env increases CCR5 dependence, suggesting a re-
duction in the ability of gp120 to interact with and scavenge
low levels of CCR5.

These results are reflected quantitatively by the VERSA
vector metrics. In the absence of the drug, MVC-Sens and
MVC-Res Envs had remarkably similar vector angles of 10.4 �
2.0° and 10.5 � 2.1°, respectively. These vector angles were
well below the range of what we normally observe among
subtype B HIV-1 Envs using this system (30 to 60° [32]), sig-
nifying highly efficient interactions with CCR5. In contrast,
MVC-Res Env had significantly higher vector angles of 22.6 �
2.7° for recognition of drug-bound CCR5 (P, 0.0018 by an
unpaired t test) and a nonsignificant trend toward vector mag-
nitudes lower than those in the absence of MVC (1.05 � 106 �
0.45 � 106 compared to 1.56 � 106 � 0.45 � 106; P, 0.16 by an
unpaired t test) (Fig. 4D), confirming a less efficient interaction
with CCR5. Thus, escape from MVC by MVC-Res Env com-
promises the efficiency of the interaction between gp120 and
CCR5.

Potential structural basis for altered CCR5 engagement by
MVC-Res Env. Our previous mutagenesis studies mapped the
resistance mutations in MVC-Res Env to amino acids Thr316
and Val323 in the V3 region of gp120 (76). To identify poten-
tial structural changes associated with these mutations, we
constructed molecular models of gp120 based on the crystal
structure of CD4-bound YU2 gp120 (28). This structure is
particularly useful because it is docked to a CCR5 N-terminal
peptide (CCR52–15) and thus permits the investigation of the
molecular interactions between the stem of the V3 loop and
the CCR5 N terminus. The positions of the resistance muta-
tions and their predicted effects on V3 loop structure are
shown in Fig. 5. The Thr316 resistance mutation is near the tip
of the V3 loop and presumably plays a role in binding to the
ECLs, while the Val323 resistance mutation is at the V3 stem–
CCR5 N terminus interface (Fig. 5B). The relative positions of
these resistance mutations suggests that they may act sepa-
rately yet in concert to permit recognition of the drug-modified
CCR5, consistent with the mutagenesis studies which showed
that both changes are necessary for complete resistance but
that either change by itself confers partial resistance (76).
Analysis of predicted secondary structures shows the loss of
beta sheets in the MVC-Res V3 loop stem, resulting in a more
disordered stem structure (Fig. 5A and B). Mapping of the
predicted beta sheets on the amino acid sequence alignment of
the MVC-Sens and MVC-Res V3 loops showed that this dis-
ruption in secondary structure overlaps with Val323 (Fig. 5C).

In addition to the possible effects of the Val323 resistance
mutation on the secondary structure of the V3 loop, the dif-
ference between the space occupied by the bulky Ile side chain
in the MVC-Sens V3 loop and the space occupied by the
smaller Val side chain in the MVC-Res V3 loop may also affect
the interactions between the V3 loop and the CCR5 N termi-
nus (Fig. 6A and B). The smaller Val side chain may reduce

steric interference and thus permit a closer interaction with
residues of the N terminus of CCR5. To investigate this pos-
sibility further, the V3 stem-CCR52–15 interface was mapped
for the MVC-Sens and MVC-Res V3 loops (Fig. 6C to F). The
interface areas of both the V3 loop and CCR52–15 are reduced
in the MVC-Res model (Fig. 6D and F), suggesting a more
restricted binding surface that is more easily disrupted by mu-
tations in CCR5. Furthermore, when the BSA was calculated
for both the MVC-Sens and MVC-Res V3 models, the Val323
resistance mutation caused a decrease in the BSA at this po-
sition (as shown by a positive difference from the BSA for
Ile323) and was associated with localized rearrangements in
the BSA in the ascending and descending strands of the V3
loop stem (Fig. 6G). These areas of rearrangement over-
lapped, or were immediately adjacent to, disrupted beta sheet
structures (see Fig. 5C).

Together, these structural predictions suggest that the
Val323 resistance mutation in the MVC-Res V3 stem may lead
to a more disordered or less rigid V3 loop structure with a
modified CCR5 binding cavity, which may permit altered in-
teractions between V3 and the N terminus of drug-bound
CCR5.

Maraviroc abolishes the entry and replication capacity of
HIV-1 carrying MVC-Res Env in monocyte-derived macro-
phages. Efficient HIV-1 entry into MDM is associated with R5
Envs that have reduced dependence on the CCR5 N terminus
(66). Since escape from MVC by MVC-Res Env results in
increased dependence on the CCR5 N terminus (Fig. 2), we

FIG. 5. Structural analysis of MVC resistance mutations in the V3
loop. (A and B) Ribbon representations of the V3 loop regions of the
MVC-Sens (A) and MVC-Res (B) gp120 proteins docked to the CCR5
N-terminal sulfopeptide. Secondary structure was predicted using the
method of Kabsch and Sander (33) and was color coded as follows:
blue, beta sheets; red, helices; green, coils; gray, disordered regions.
Residues at positions 316 and 323 (HIVHXB2 numbering), shown by
mutagenesis studies to confer MVC resistance on MVC-Res Env (76),
are colored according to polarity (orange, nonpolar; green, polar), with
their molecular surfaces shown in gray. (C) The predicted beta sheet
structures are annotated by blue rectangles on the amino acid se-
quence alignment of the MVC-Sens and MVC-Res V3 loops.
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next reasoned that escape from MVC may attenuate M tro-
pism. Single-round entry assays using luciferase reporter vi-
ruses pseudotyped with MVC-Sens or MVC-Res Env, or with
the nonfunctional �KS Env as a control, were conducted in
MDM in the presence or absence of MVC (Fig. 7A). Similar

levels of HIV-1 entry into MDM were obtained with MVC-
Sens and MVC-Res Envs in the absence of drug, consistent
with the similar CD4/CCR5 dependence profiles in the differ-
entially induced 293-Affinofile cells in the absence of MVC
(Fig. 4A and B). Maraviroc completely inhibited the entry of

FIG. 6. Analysis of MVC resistance mutations in the context of the V3-CCR52–15 sulfopeptide protein interface. (A and B) Close-up views of
the V3-CCR52–15 binding sites of the MVC-Sens (A) and MVC-Res (B) Envs, with V3 loops (light gray) and the CCR52–15 sulfopeptide (dark gray)
shown as stick models. Ile323 of MVC-Sens V3 and Val323 of MVC-Res V3 are shown as orange stick models with molecular surfaces in gray.
(C) The molecular surface of MVC-Sens V3 (left) in complex with the CCR52–15 sulfopeptide (red stick model) and the molecular surface of the
CCR52–15 peptide (right) in complex with the V3 loop (blue stick model) are shown in white, with the interface area in gray. The molecular surfaces
of buried residues (less than 10.00% solvent-accessible surface) are shaded black. (D) The molecular surfaces of MVC-Res V3 (left) and the
CCR52–15 sulfopeptide (right) are colored as in panel C. Ile323 and Val323 in the stick models of the MVC-Sens and MVC-Res V3 loops are
colored orange. (E and F) Close-up views of panels C and D, respectively, without the stick models. (G) The change in the buried surface area
(�BSA, expressed in Å2) between the MVC-Sens and MVC-Res Envs at individual residue positions in the V3 loop was calculated as described
in Materials and Methods and was plotted using Prism, version 5.0a (GraphPad Software). Residues corresponding to the V3 loop base, stem, and
tip were identified according to the work of Xiang et al. (78).
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MVC-Sens Env into MDM and inhibited the entry of MVC-
Res Env by �95%. In contrast, MVC-Res Env remained
strongly resistant to MVC in PBMC. Thus, MVC potently
inhibits the entry of MVC-Res Env into MDM but not into
PBMC.

To further investigate the impact of MVC on the tropism of
MVC-Res Env in macrophages, MDM were inoculated with
equivalent infectious units of replication-competent HIV-1
carrying either MVC-Sens or MVC-Res env genes in the pres-
ence or absence of MVC, and the levels of virus replication

were measured over 14 days (Fig. 7B). In the absence of the
drug, MVC-Sens virus replicated to levels similar to those of
the control HIV-1 M-tropic R5 strain AD8, and with similar
kinetics, but in the presence of the drug, replication was com-
pletely inhibited. MVC-Res virus replicated to comparatively
lower levels in the absence of MVC, and replication was almost
completely inhibited in the presence of the drug, consistent
with the very low levels of HIV-1 entry observed when MVC
was present (Fig. 7A). Interestingly, MVC-Res virus replicated
to significantly lower levels than MVC-Sens virus in MDM in
the absence of the drug, despite similar levels of HIV-1 entry
(Fig. 7A). Taking the virus entry and replication data together,
the major conclusion is that MVC dramatically attenuates the
M tropism of MVC-Res Env.

Reduced fusogenicity of MVC-Res Env is associated with the
postentry restriction of HIV-1 replication in MDM. HIV-1
replication in MDM requires efficient cell-cell spread of virus,
in addition to efficient entry of the virus into the cell. We
therefore hypothesized that the discrepant levels of replication
in MDM between viruses carrying MVC-Res and MVC-Sens
Envs in the absence of drug, despite equivalent entry, may be
due to reduced Env-mediated cell-cell fusion activity. We con-
ducted cell-cell fusion assays using 293T cells expressing Env as
effector cells and MDM as target cells (Fig. 8). Effector cells
expressing the poorly fusogenic/poorly M tropic JRCSF Env or
the highly fusogenic/highly M tropic YU-2 Env were included
as controls for comparison (Fig. 8A). Compared to the con-
trols, MVC-Sens Env induced moderately high levels of cell-
cell fusion in the absence of MVC, as demonstrated by mod-
erately high levels of syncytium formation (Fig. 8B), which was
completely inhibited by MVC (data not shown). In contrast,
MVC-Res Env induced comparatively low levels of cell-cell
fusion, which was almost completely inhibited by MVC. Simi-
lar levels of JRCSF, YU-2, MVC-Sens, and MVC-Res Envs
were detected on the surfaces of effector cells by flow cytom-
etry (data not shown), which was conducted as described pre-
viously (64). These results suggest that the reduced cell-cell
fusion activity of MVC-Res Env in MDM in the absence of
drug, likely the result of the relatively modest increase in the
dependence of this Env on the CCR5 N terminus in the ab-
sence of drug (Fig. 2B), may contribute to the observed posten-
try restriction of replication capacity in macrophages.

DISCUSSION

Although treatment failure associated with the use of
CCR5 antagonists can result from the outgrowth of preex-
isting CXCR4-using HIV-1 strains (27, 38, 75), genuine
resistance to the CCR5 antagonists MVC, APL, VVC,
AD101, and SCH-D occurs through adaptive alterations in
gp120 that enable the utilization of the drug-bound form of
CCR5 (3, 36, 49, 51, 55, 56, 69, 71). Maraviroc is the only
CCR5 antagonist approved for the treatment of HIV-1 in-
fection. Furthermore, the clinical use of MVC is predicted
to escalate due to its recent approval for use in ART-naïve
subjects in the United States (22) and the impending avail-
ability of alternatives to the Trofile assay that will offer
more-rapid and -accessible HIV-1 tropism testing (57, 77),
such as the Geno2Pheno tropism assay (46). A thorough
knowledge of the mechanisms underlying HIV-1 resistance

FIG. 7. MVC attenuates the entry and replication of MVC-Res
Env in MDM. (A) Luciferase reporter viruses pseudotyped with MVC-
Res or MVC-Sens Envs, or with the nonfunctional �KS Env, were
used to infect cultures of MDM or PBMC in the presence or absence
of 5 �M MVC as described in Materials and Methods. The level of
entry is shown by luciferase activity in cell lysates. (B) Replication-
competent HIV-1 strains carrying the MVC-Sens or MVC-Res env
genes were constructed, titrated, and used to infect MDM cultures in
the presence or absence of 1 �M MVC, as described in Materials and
Methods. The replication of these viruses and the M-tropic R5 HIV-1
strain AD8 was monitored by measuring reverse transcriptase (RT)
activity in culture supernatants. The data shown are means and stan-
dard deviations of duplicate (MDM) or triplicate (PBMC) cultures and
are representative of 4 independent experiments conducted with cells
obtained from different donors.
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to MVC and its clinical consequences will be important for
detecting, interpreting, and managing resistance given the
likelihood of an increase in the use of MVC.

Only one study, by Tilton et al. (71), has characterized mech-
anisms contributing to the altered recognition of drug-bound
CCR5 by an MVC-resistant HIV-1 strain. This study demon-
strated very efficient usage of drug-bound CCR5 in a subject
failing therapy, characterized by increased dependence on the
CCR5 N terminus as well as retention of dependence on the
drug-modified ECLs. In our study, we demonstrate a similar
yet distinct mechanism of escape from MVC by MVC-Res
Env, which has comparatively less efficient usage of drug-
bound CCR5. Resistance to MVC may potentially be quanti-
fied by the MPI of virus inhibition curves in CCR5-expressing
cell lines (47). Among subjects from the MOTIVATE clinical
trials who developed MVC resistance, 9/15 (60%) had MPIs of
80 to 95%, 5/15 (33%) had MPIs of 20 to 80%, and 1/15 (7%)
had an MPI of �20%, when their viruses were tested in U87-
CD4/CCR5 cells (47). By comparison, the MVC-Res Env stud-
ied here had MPIs of 83 to 88% in JC53 and TZM-bl cells (Fig.

1 and data not shown). Not unexpectedly, the MPI of MVC-
Res Env was substantially lower in NP2-CD4/CCR5 cells (ap-
proximately 55%), which express substantially higher levels of
CCR5 (60, 61). These results suggest that MVC-Res Env has a
lower level of MVC resistance than the MVC-resistant virus
studied by Tilton et al. (71), which had MPIs as low as �25%
in NP2-CD4/CCR5 cells. Thus, the MVC-resistant Envs char-
acterized by Tilton et al. (71) probably represent unusually
high level MVC resistance, whereas the MVC-Res Env studied
here appears to be more representative of resistant strains that
arise in most subjects with MVC resistance, at least in terms of
the comparable MPIs. We acknowledge, however, that MVC-
Res Env was generated in vitro and that further studies on
primary MVC-resistant viruses with different MPIs are re-
quired to confirm the biological relevance of our results. None-
theless, the characterization of MVC resistance by our study
and that of Tilton et al. (71) synergizes the understanding of
the molecular basis of this process and has the potential to
identify conserved as well as Env-specific mechanistic insights
into MVC resistance.

FIG. 8. Env-mediated fusion activity influences the replication of MVC-Res Env in MDM. Cell-cell fusion assays using 293T effector cells
expressing equivalent levels of JRCSF or YU2 Env (A) or MVC-Sens or MVC-Res Env (B) and MDM as target cells were conducted as described
in Materials and Methods. Mock cultures were transfected with the nonfunctional �KS Env (A). Fusion levels were scored as described in
Materials and Methods. Arrows point to representative fusion events. The experiments were conducted in duplicate, and the results shown are
representative of 4 independent experiments conducted with MDM obtained from different donors.
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The relatively modest increase in the dependence of MVC-
Res Env on the CCR5 N terminus in the absence of drug, but
its critical dependence on this region for the recognition of
drug-bound CCR5 (Fig. 2), implies that heavy reliance on the
CCR5 N terminus may impart a replication disadvantage. In
support of this view, we showed, using the 293-Affinofile assay
(32), that while both MVC-Res and MVC-Sens Envs have
highly efficient interactions with CCR5 in the absence of drug,
escape from MVC results in significantly higher sensitivity of
MVC-Res Env to alterations in CCR5 expression (Fig. 4). In
support of our data, a recent study using the same MVC-Sens
and MVC-Res Envs showed, using time-of-addition experi-
ments with T-20, that MVC-Res Env has delayed kinetics of
HIV-1 entry in the presence of MVC but not in the absence
of MVC (40). Together, these data indicate that utilization
of drug-bound CCR5 by MVC-Res Env is significantly less
efficient than utilization of unmodified CCR5, a conclusion
consistent with the results of a recent study of APL-resistant
HIV-1 (51). In contrast, the MVC-resistant strain studied by
Tilton et al. (71) maintained a highly efficient interaction with
CCR5 even in the presence of the drug, which probably reflects
the very high level of MVC resistance exhibited by this partic-
ular virus.

Further support for the view that altered interaction with
drug-bound CCR5 by MVC-Res Env impairs replication is
provided by its entry and replication in MDM (Fig. 7). We
showed that while MVC-Res Env can enter MDM as efficiently
as MVC-Sens Env in the absence of the drug, MVC almost
completely inhibited entry. Furthermore, MVC almost com-
pletely inhibited the replication capacity of a full-length virus
carrying the MVC-Res env gene and almost completely inhib-
ited the fusion activity of MVC-Res Env in MDM (Fig. 8).
Thus, MVC ostensibly abolishes the M-tropic and fusogenic
properties of MVC-Res Env. Given the heavy reliance of
MVC-Res Env on the CCR5 N terminus and the weaker in-
teraction with drug-bound CCR5 imposed by MVC (Fig. 2 and
4), these results are consistent with those of our recent studies
showing that M-tropic R5 Envs typically have reduced depen-
dence on the CCR5 N terminus, increased dependence on the
CCR5 ECL2 region, and an increased ability to scavenge low
levels of CCR5 on the macrophage surface (66).

M tropism and fusogenicity are important viral phenotypes
that contribute to HIV-1 pathogenicity. For example, en-
hanced fusogenicity and M tropism contribute to CD4� T-cell
apoptosis in vitro and CD4� T-cell decline in subjects with R5
HIV-1 (26, 42, 64, 73), and M tropism is essential for HIV-1
neurotropism (12–14, 21, 23, 50). Furthermore, increased Env-
mediated fusogenicity contributes to the pathogenicity of chi-
meric simian-HIV strains in vivo (6, 34, 35, 43, 62, 63) and is
evident in humans as multinucleated giant cells in autopsied
brain tissues of subjects with HIV-1 encephalitis (54). Finally,
tissue macrophages are an important viral reservoir (30, 31). It
is possible, then, that the continued presence of MVC may
attenuate the M-tropic and fusogenic properties of viruses that
have acquired a relatively low level of MVC resistance. The
observation that MVC attenuates these pathophysiological
phenotypes of MVC-Res Env is consistent with a recent study
by Pfaff et al. (51), which showed that the presence of APL
resulted in a degree of sparing of the central memory CD4�

T-cell subset by an HIV-1 variant that acquired relatively low

level APL resistance. Our results raise the possibility that the
continued use of MVC for some patients (for example, those
for whom clinical testing confirms a relatively high MPI) could
lead to virus attenuation, which may potentially have some
clinical benefit. However, we cannot exclude the possibility
that continuance of therapy may also lead to further lowering
of the MPI and, therefore, to increased levels of resistance.

Not only does MVC-Res Env become heavily reliant on the
CCR5 N terminus to escape MVC, it remains critically depen-
dent on the drug-modified ECLs, in particular His88 and
His181 in the ECL1 and ECL2 regions, respectively. This pro-
vides a likely explanation for the lack of cross-resistance to
VVC, consistent with the results of recent studies (71). Alter-
ation of either of these residues almost completely inhibited
the ability of MVC-Res Env to recognize drug-bound CCR5.
In contrast, these residues had only a moderate influence on
the MVC-resistant virus characterized by Tilton et al. (71).
His88 and His181 can affect the coreceptor activity of CCR5
(8, 16, 25, 66), but they do not normally exert such a potent
influence on coreceptor function. These results suggest that
the altered recognition of the CCR5 N terminus by MVC-Res
Env is dependent on a highly atypical interaction between the
gp120 V3 loop and charged elements within the drug-modified
ECLs.

The molecular interactions associated with altered recogni-
tion of drug-bound CCR5 may be strain specific and may
reflect the level of resistance to CCR5 antagonists. By model-
ing the gp120 V3 loop when docked to an N-terminal peptide
of CCR5 (28), a previous study showed the potential for ad-
ditional hydrogen bonding between Asn320 in the V3 loop and
Asp11 in the CCR5 N terminus, associated with very high level
of VVC resistance (49). Our results obtained with a similar
modeling approach suggest that replacement of Ile323 with
Val323 in the V3 stem of MVC-Res Env may contribute to a
more specific interaction between V3 and the CCR5 N termi-
nus that is highly sensitive to changes within the N terminus.
This appears to occur by altering the secondary structure and
the buried surface area of the CCR5 interaction domain of the
V3 loop stem, potentially increasing the exposure of this do-
main. Since no structural information is available on the
interaction between the V3 loop and the CCR5 ECLs, the
molecular basis for the altered interaction between MVC-
Res Env and the drug-modified CCR5 ECLs is unclear.
However, replacement of the nonpolar Ala316 with the po-
lar Thr316 at the V3 loop tip in MVC-Res Env could po-
tentiate additional hydrogen bonding with His88 and His181
due to the hydroxyl group on the Thr side chain. Further
studies are required in order to better understand the role
of His88 and His181 in the CCR5 ECLs in facilitating es-
cape from MVC by MVC-Res Env.

In conclusion, we show that altered recognition of CCR5 by
an MVC-resistant variant that exhibits relatively low level re-
sistance, characterized by critical reliance on the CCR5 N
terminus and on charged elements of the drug-modified CCR5
ECLs, dramatically attenuates M tropism. These results add
further support for the view, proposed initially by Pfaff et al.
(51), that continuing therapy with coreceptor antagonists even
after the development of resistance could potentially be ben-
eficial in some cases. Our results suggest that these cases may
be those that exhibit resistance profiles with relatively high
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MPIs in CCR5-expressing cell lines, whereby continuance of
therapy may promote virus attenuation. Hence, our results
highlight the need for further studies investigating the func-
tional consequences of MVC-resistant viruses arising in pa-
tients that have various MPIs and underscore the potential
utility of the MPI as a clinical tool for the management of
patients receiving CCR5 antagonists.
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