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HIV entry inhibitors include coreceptor antagonists and the fusion
inhibitor T-20. T-20 binds the first helical region (HR1) in the gp41
subunit of the viral envelope (Env) protein and prevents confor-
mational changes required for membrane fusion. HR1 appears to
become accessible to T-20 after Env binds CD4, whereas coreceptor
binding is thought to induce the final conformational changes that
lead to membrane fusion. Thus, T-20 binds to a structural inter-
mediate of the fusion process. Primary viruses exhibit considerable
variability in T-20 sensitivity, and determinants outside of HR1 can
affect sensitivity by unknown mechanisms. We studied chimeric
Env proteins containing different V3 loop sequences and found
that gp120�coreceptor affinity correlated with T-20 and coreceptor
antagonist sensitivity, with greater affinity resulting in increased
resistance to both classes of entry inhibitors. Enhanced affinity
resulted in more rapid fusion kinetics, reducing the time during
which Env is sensitive to T-20. Reduced coreceptor expression
levels also delayed fusion kinetics and enhanced virus sensitivity to
T-20, whereas increased coreceptor levels had the opposite effect.
A single amino acid change (K421D) in the bridging sheet region of
the primary virus strain YU2 reduced affinity for CCR5 and in-
creased T-20 sensitivity by about 30-fold. Thus, mutations in Env
that affect receptor engagement and membrane fusion rates can
alter entry inhibitor sensitivity. Because coreceptor expression
levels are typically limiting in vivo, individuals who express lower
coreceptor levels may respond more favorably to entry inhibitors
such as T-20, whose effectiveness we show depends in part on
fusion kinetics.

HIV enters cells by membrane fusion mediated by the
envelope (Env) glycoprotein (reviewed in ref. 1). Env is a

homotrimer in which each subunit contains surface gp120 and
transmembrane gp41 glycoproteins (2). CD4 binding induces
conformational changes in gp120 that allow binding to a cellular
coreceptor, generally either the CCR5 or CXCR4 chemokine
receptors (3, 4). Coreceptor binding is thought to trigger expo-
sure of the hydrophobic fusion peptide at the amino terminus of
gp41, which inserts into the membrane of the host cell (1). The
fusion peptide and transmembrane domain of each gp41 subunit
are then brought into close proximity by interactions between
two helical regions (HR1 and HR2) in the ectodomain of gp41.
The HR1 domain forms a triple-stranded coiled-coil with the
adjoining HR1 domains in each gp41 subunit, whereas the HR2
domains bind with high affinity to grooves on the outside of the
triple-stranded coiled-coil, resulting in a six-helix bundle in
which the fusion peptides and transmembrane domains are at the
same end of the molecule (5, 6). The change in free energy
associated with formation of the six-helix bundle is thought to
provide the force needed to elicit a fusion pore (7).

Inhibitors that block HIV entry are under clinical develop-
ment, including small molecule antagonists that target CCR5 or
CXCR4 (reviewed in ref. 8) and the fusion inhibitor T-20 that

can reduce viral load by 1–2 logs in vivo (9, 10). T-20 is a peptide
based on the sequence of the HR2 domain in gp41 and inhibits
fusion by binding to the HR1 domain of gp41, preventing
six-helix bundle formation. CD4 binding appears to make Env
sensitive to T-20, whereas coreceptor binding triggers formation
of the six-helix bundle, at which point T-20 can no longer bind
(7, 11). Thus, T-20 targets a structural intermediate of the fusion
process and factors that impact the kinetics of membrane fusion
might affect T-20 sensitivity.

Mutations in the HR1 region of gp41 can affect viral sensitivity
to T-20, presumably by altering the affinity of T-20 for HR1 (12,
13). Changing the V3 loop in otherwise isogenic viruses can also
modulate T-20 sensitivity (14, 15). Furthermore, primary virus
strains exhibit considerable variability in their sensitivity to T-20,
with determinants outside of the HR1 domain being responsible
for these differences in some cases.¶� How changes in gp120
impact T-20 sensitivity is not obvious, nor is it known whether
viral resistance to T-20 in vivo will involve mutations outside of
HR1. To investigate the mechanism by which alterations in
gp120 sequence impact T-20 sensitivity, we studied Env chimeras
bearing different V3-loop sequences as well as the impact of a
mutation in the bridging sheet region of a primary R5 virus Env
that reduces gp120 affinity for CCR5 (14–16). We found that
Envs that bound to coreceptor with high affinity were more
resistant to T-20 than those that bound to coreceptor with
reduced affinities. Coreceptor affinity also correlated with sen-
sitivity of these viruses to the coreceptor antagonist TAK-779.
Mechanistically, we found that increased coreceptor affinity
resulted in faster fusion kinetics. Because fusion is a cooperative
process requiring multiple Env trimers and coreceptor binding
events, we propose that enhanced coreceptor affinity accelerates
formation of the six-helix bundles, reducing the kinetic window
during which Env is sensitive to T-20. Our finding that corecep-
tor expression levels also influenced sensitivity to fusion inhib-
itors and fusion kinetics is consistent with this hypothesis. Thus,
receptor expression levels and Env�receptor affinity are cellular
and viral determinants, respectively, that impact viral sensitivity
to different classes of entry inhibitors. Therefore, mutations that
result in drug resistance may do so directly by altering inhibitor
binding sites or indirectly by affecting the rate of membrane
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fusion. Individuals who express lower levels of CCR5, such as
�32-CCR5 heterozygotes, may consequently respond more fa-
vorably to T-20, and viruses that exhibit enhanced affinity for
coreceptor may respond less well.

Materials and Methods
Cells. QT6, 293T, U87�CD4, U87�CD4�CXCR4, U87�CD4�
CCR5, NP2�CD4, 3T3�CD4�CCR5, and HeLa cell lines were
cultured in DMEM supplemented with 10% FCS, 60 �g�ml
penicillin, 100 �g�ml streptomycin (DMEM�10�PS) and G418
or puromycin where appropriate. T-REx�CCR5 cells, which
allow tetracycline-regulated expression of CCR5, were gener-
ated by transfecting the T-REx cell line (Invitrogen) with the
pcDNA4�TO mammalian expression vector (Invitrogen) encod-
ing CCR5. Cells were maintained in DMEM�10�PS supple-
mented with 200 �g�ml zeocin and 5 �g�ml blasticidin to
maintain ccr5 and Tet-repressor genes, respectively. Variable
levels of CCR5 expression were induced by addition of different
concentrations (0.1–100 ng�ml) of doxycycline (Sigma) to the
culture medium. CCR5 expression levels were determined by
flow cytometric analysis of cells immunostained with a phyco-
erythrin-conjugated CCR5-specific antibody (PharMingen).

Plasmids. Env genes from NLHX, NLHXSF162-V3, and
NLHXADA-V3B proviral clones (16) (provided by L. Ratner,
Washington University School of Medicine, St. Louis) were
excised by SalI�XhoI restriction enzyme digestion and cloned
into the XhoI site of the pSI mammalian expression vector
(Promega) to generate gp160 expression constructs. YU2 Env
was cloned into the pCI expression construct (Promega). Stop
codons were introduced at the gp120�gp41 cleavage junctions
of NLHX, NLHXSF162-V3, and NLHXADA-V3B gp160 expression
constructs by using the Quikchange site-directed mutagenesis
kit to generate gp120 expression constructs. The YU2 K421D
mutant was also generated by using the Quikchange site-
directed mutagenesis kit.

Cell�Cell Fusion and Virus Infection Assays. QT6 ‘‘effector’’ cells,
transfected with Env expression plasmids and infected with a
vaccinia virus encoding T7 polymerase (vTF1.1) (17), were
added to QT6 ‘‘target’’ cells cotransfected with a luciferase
reporter construct under the control of a T7 promotor (T7-luc;
Promega), CD4 and CCR5, CXCR4 or pcDNA3.1 (control)
expression plasmids. Cell�cell fusion, resulting from a functional
interaction between Env-expressing effector cells and receptor-
expressing target cells, was detected by assaying for T7 poly-
merase driven luciferase expression. This assay has been de-
scribed in detail (18). Luciferase reporter pseudotype viruses
bearing NLHX, NLHXSF162-V3, NLHXADA-V3B, and BaL Envs
were generated by cotransfection of 293T cells with gp160 and
pNL-luc expression constructs as described (19, 20). Viruses
were titrated on U87�CD4, U87�CD4�CCR5, and U87�CD4�
CXCR4 cells, which were assayed for luciferase expression 2–3
days postinfection, to determine coreceptor use and virus titer.

Env�Receptor Binding Assays. gp120s were produced from 293T
cells transfected with gp120 expression constructs and infected
with vTF1.1 vaccinia virus encoding T7 polymerase to drive
expression from the T7 promotor. Cell culture supernatants
were harvested 24 h posttransfection�infection, and gp120 con-
centrations were determined by ELISA as described (21) with
the exception that gp120 was detected with an HIV-1 Env-
specific rabbit sera and an horseradish peroxidase-conjugated
anti-rabbit antibody (Amersham Pharmacia Life Science) fol-
lowed by 3,3�,5,5�-tetramethyl-benzidine substrate (Kirkegaard
& Perry Laboratories). Receptor binding efficiencies of gp120s
were determined by using a cell surface binding assay in which
bound protein is detected by Western blot analysis (22). We also

measured gp120�cell surface receptor binding by immunostain-
ing and flow cytometry analysis as described (21) by using
CD4-negative T-REx�CCR5 cells induced to express high levels
of CCR5, or NP2�CD4 cells, with and without 5 �g�ml sCD4 to
induce coreceptor binding site exposure or as a specificity
control to compete for cell surface CD4 binding. TAK-779 was
included as a further specificity control for CCR5 binding.
Bound gp120 was detected with an HIV Env-specific rabbit
serum and a phycoerythrin-conjugated anti-rabbit antibody
(PharMingen).

Env Fusion Kinetics. The fusion kinetics of NLHXSF162-V3 and
NLHXADA-V3B Envs were determined in a dye transfer content
mixing assay (11). QT6 effector cells were transfected with Env
expression plasmids and infected with vTF1.1 to drive expres-
sion. Twenty four hours posttransfection, effector cells were
labeled with 10 �M calcein acetoxymethyl ester (AM) (Molec-
ular Probes) and 3T3�CD4�CCR5 target cells were labeled with
20 �M 5- and 6-([(4-chloromethyl)benzoyl]-amino) tetrameth-
ylrhodamine (CMTMR; Molecular Probes) for 1 h at 37°C.
Effector cells were detached with cell dissociation buffer
(GIBCO), washed, and cocultured for different periods of time
with CMTMR-labeled target cells at 37°C. Dye redistribution
was monitored microscopically (11) and the extent of fusion
calculated as follows: percent fusion � 100 � number of fused
cells positive for both dyes�number of bound or fused cells
positive for CMTMR. The effect of CCR5 concentration on
fusion kinetics was determined by using CD4-transfected
T-REx�CCR5 target cells induced to express low, medium, or
high levels of CCR5 and labeled with calcein AM. HeLa effector
cells were infected with a recombinant vaccinia virus construct
expressing BaL Env (VCB43; gift from Christopher Broder,
Uniformed Services University of the Health Sciences, Be-
thesda) and labeled with CMTMR.

Results
Modifications in the V3 Loop Affect Coreceptor Use and T-20 Sensi-
tivity. Replacement of the V3 loop of the X4 HIV-1 strain NLHX
with the V3 loop of the R5 virus strain SF162 (NLHXSF162)
results in a chimeric virus that uses CCR5 and is �6-fold more
resistant to the fusion inhibitor T-20 (14, 15). When part of the
NLHX V3 loop is replaced with the corresponding region of the
R5 virus strain ADA (NLHXADA-V3B), CCR5 use as well as a
modest 2- to 4-fold decrease in T-20 sensitivity was observed (14,
15). To confirm that these V3-loop modifications were solely
responsible for altered T-20 sensitivity and to study these
mutations in a context that enables measurement of fusion
kinetics and receptor interactions, Env genes were excised from
molecular clones of these viruses, inserted into the pSI expres-
sion plasmid, and assayed for functionality and coreceptor use in
fusion and pseudotype virus infection assays. All Envs were
expressed at equivalent levels and processed into gp120 and
gp41 subunits with equal efficiency (data not shown). NLHX
Env used CXCR4, but not CCR5, for fusion and infection,
whereas NLHXSF162-V3 and NLHXADA-V3B used CCR5 (Fig. 1).
NLHXADA-V3B retained partial X4 tropism for fusion but not for
pseudotyped Env-mediated infection (Fig. 1).

The T-20 sensitivity of this panel of Envs was measured by
using cell�cell fusion and pseudotype virus infection assays, with
results comparable to those obtained previously with replication-
competent virus particles (14, 15). NLHX exhibited the greatest
T-20 sensitivity, and NLHXADA-V3B had an intermediate T-20-
sensitive phenotype, whereas NLHXSF162-V3 was most resistant
to T-20 inhibition (Fig. 2). T-20 IC50 values for NLHX,
NLHXADA-V3B, and NLHXSF162-V3 were 0.07, 0.13, and 0.31
�g�ml, respectively (equivalent to 16, 29, and 70 nM) for
Env-mediated fusion and 0.009, 0.06, and 0.18 �g�ml (2, 13, and
40 nM), respectively, for pseudotype virus infection (Fig. 2). In
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humans, plasma concentrations of T-20 typically exceed 1 �g�ml
(9, 10). Differences in IC50 values obtained from fusion and
infection assays may be caused by differences in Env and�or
receptor expression levels. Thus, changes in the V3 loop can alter
sensitivity to T-20, even though this fusion inhibitor binds to
gp41.

V3-Loop Modifications Influence Virus Sensitivity to Coreceptor An-
tagonists. To determine whether variations in V3-loop sequence
impact sensitivity of virus to coreceptor antagonists as well,
we examined the sensitivity of NLHX, NLHXSF162-V3, and
NLHXADA-V3B to inhibition by the CXCR4 and CCR5 antago-
nists AMD3100 and TAK-779. When cells expressing CD4 and
CXCR4 were used, NLHXADA-V3B was 9-fold more sensitive to
AMD3100 than the parental NLHX Env in a fusion inhibition
assay (data not shown). This finding may reflect a weak inter-

action of ADAV3B with CXCR4 given that this receptor is
unable to mediate infection of this virus (Fig. 1). When cells
expressing CD4 and CCR5 were used, NLHXADA-V3B was �20-
fold more sensitive to TAK-779 than NLHXSF162-V3 Env protein
in fusion and infection assays (Fig. 3). An �2-log higher con-
centration of TAK-779 was required to block fusion compared
with infection. Thus, modifications to the V3 loop can impact
sensitivity to T-20 as well as to CCR5 and CXCR4 antagonists.

Coreceptor Binding Efficiency Correlates with Entry Inhibitor Sensi-
tivity. Differential sensitivity of NLHX and V3 chimeras to
CCR5 or CXCR4 antagonists could result from differences in
how each Env interacts with coreceptor. Alternatively, these
varied sensitivities may result from altered coreceptor-binding
affinities of these otherwise isogenic Envs. Relatively few Env
proteins have been carefully tested for coreceptor affinity, with
values ranging from 4 nM for an R5 Env (4, 23) to �200–500 nM
in the case of lab-adapted X4 gp120 proteins (24, 25). This
variability in Env�coreceptor binding constants, coupled with
the fact that coreceptor expression levels can be limiting for virus
infection both in vitro and in vivo (26, 27) and the requirement
of multiple coreceptor binding events to support membrane
fusion (28), prompted us to determine whether the V3-loop
alterations studied here affected coreceptor affinity in a manner
that would correlate with entry inhibitor sensitivity.

Stop codons were introduced into the NLHX, NLHXSF162-V3,
and NLHXADA-V3B env genes at the gp120-gp41 cleavage junc-
tion to generate gp120 expression constructs. Equivalent
amounts of gp120 proteins were examined for the ability to bind
to cells expressing CD4, CCR5, or CXCR4. sCD4 was used to
trigger the necessary conformational changes in gp120 to allow
coreceptor binding. Bound gp120 was detected by SDS�PAGE
and Western blot and also by immunostaining and flow cytom-
etry analysis (data not shown and Fig. 4). Comparable results
were obtained with both techniques. We used subsaturating
amounts of gp120 so that differences in binding efficiencies

Fig. 1. Coreceptor use of NLHX and NLHX V3 chimeric Envs. Coreceptor use
of Envs determined in a cell�cell fusion luciferase reporter assay, using QT6
effector cells expressing Env and QT6 target cells expressing indicated recep-
tors (control; pcDNA3.1-transfected cells) (A), and by infection using luciferase
reporter pseudotype viruses to infect U87 cells expressing indicated receptors
(B). Results, presented from representative experiments, are expressed in
relative light units (RLU) � SD, determined on replicate wells.

Fig. 2. T-20 sensitivity of NLHX, NLHXSF162-V3, NLHXADA-V3B, YU2, and YU2
K421D Envs. Relative T-20 sensitivities of Envs determined in a cell�cell fusion
luciferase reporter assay, using QT6 effector cells expressing Env and QT6
target cells expressing CD4 and indicated coreceptors (A), and by infection
using luciferase reporter pseudotype viruses to infect U87�CD4 cells express-
ing indicated coreceptors (B). Results are from a representative experiment �
SD determined on replicate wells.

Fig. 3. TAK-779 sensitivity of NLHXSF162-V3 and NLHXADA-V3B Envs determined
in a cell�cell fusion luciferase reporter assay, using QT6 effector cells express-
ing Env and QT6 target cells expressing CD4 and CCR5 (A), and by infection
using luciferase reporter pseudotype viruses to infect U87�CD4�CCR5 cells (B).
Results are representative of at least three experiments � SD determined on
replicate wells.
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could be differentiated. As a result, not all cells were in the
positive gate. NLHX, NLHXSF162-V3, and NLHXADA-V3B gp120s
all bound to cell surface expressed CD4 with similar efficiencies
(Fig. 4). In addition, the NLHXSF162-V3 gp120 bound to cell
surface expressed CCR5 after CD4 triggering and this binding
could be blocked with the CCR5 antagonist TAK-779 (Fig. 4).
In contrast, binding of NLHXADA-V3B to CCR5 (Fig. 4) or
CXCR4 (data not shown) and NLHX to CXCR4 (data not
shown) was undetectable in these equilibrium binding assays,
indicating that the relative affinities of these proteins to their
specific coreceptors is substantially reduced compared with
NLHXSF162-V3 for CCR5.

To further investigate the relationship between coreceptor
affinity and T-20 sensitivity, we introduced a single amino acid
change in the bridging sheet region (K421D) that reduces the
affinity of the primary virus strain YU2 for CCR5 (29), a finding
we confirmed by using our gp120 binding assays (data not
shown). We found that the T-20 IC50 for YU2 was 0.1 �g�ml
whereas the IC50 for YU2 K421D was 0.0033 �g�ml, a 30-fold
difference (Fig. 2 A). Thus, a single amino acid change in this
primary virus strain reduces coreceptor affinity and enhances
sensitivity to T-20.

Coreceptor Affinity Affects Membrane Fusion Kinetics. Because mul-
tiple coreceptor binding events are needed to support fusion
(28), we hypothesized that enhanced coreceptor affinity would
result in more rapid coreceptor binding and trigger formation of
the six-helix bundle in gp41 more quickly, resulting in membrane
fusion and also rendering Env resistant to the inhibitory effects
of T-20. In contrast, reduced coreceptor affinity would delay
fusion kinetics and maintain Env bound to CD4 in a T-20-
sensitive state for a longer period. To monitor fusion kinetics,
cells expressing CD4 and a coreceptor were labeled with
CMTMR, and cells expressing Env were labeled with calcein
AM. Dye redistribution was monitored at different times after
cell mixing to measure the rate and extent of membrane fusion.
We found that 2 h after mixing cells expressing NLHXSF162-V3

Env fused with CD4�CCR5-positive cells with approximately
equivalent efficiency as cells expressing NLHXADA-V3B Env (Fig.
5; 31% and 27% of cell pairs fused, respectively). However,
fusion mediated by NLHXSF162-V3 Env occurred more rapidly
with half-maximal fusion observed at 33 min compared with 46
min for NLHXADA-V3B Env (Fig. 5). Thus, enhanced affinity for
CCR5 correlated with an increased rate of membrane fusion and
resistance to T-20. This finding is further supported by the
observation that when T-20 was added to pseudotype infection
cultures at various times postinfection then NLHXSF162-V3 in-
fection was sensitive to inhibition by T-20 for a shorter period
compared with NLHXADA-V3B infection (data not shown).

Coreceptor Density Can Impact T-20 Sensitivity, TAK-779 Sensitivity,
and Fusion Kinetics. If coreceptor affinity impacts fusion kinetics
and T-20 sensitivity, we reasoned that coreceptor expression
levels might do so as well. If true, and because coreceptor
expression levels are often limiting for virus infection of primary
cell types (27), differences in coreceptor expression levels be-
tween individuals could help predict treatment success and in
selecting optimal doses of entry inhibitors. To study the rela-
tionship between coreceptor expression levels, TAK-779 sensi-
tivity, T-20 sensitivity and fusion kinetics, we used CD4�

T-REx�CCR5 cells that express CCR5 under control of a
tetracycline-regulated promoter, making it possible to vary

Fig. 5. Fusion kinetics of NLHXSF162-V3 and NLHXADA-V3B Envs determined in
a dye transfer content mixing assay using QT6 effector cells expressing Env and
labeled with calcein AM and 3T3�CD4�CCR5 target cells labeled with CMTMR.
Results represent the average fusion observed in five fields photographed at
�10 magnification. T-distribution tests showed the rate differences to be
statistically significant (P � 0.05).

Fig. 6. Impact of CCR5 expression on the T-20 sensitivity of NLHXSF162-V3 (A)
and BaL (B) luciferase reporter pseudotype virus infection. (Insets) Absolute
infection levels. RLU, relative light units.

Fig. 4. Receptor binding efficiencies of NLHX, NLHXSF162-V3, and NLHXADA-V3B

Envs determined by immunostaining and flow cytometry analysis of gp120
binding to the surface of NP2�CD4 cells and T-REx�CCR5 cells. % gated,
percentage of cells immunostained for bound Env. Dotted line, assay back-
ground. Results are representative of at least four experiments.
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CCR5 expression levels by incubating cells with different con-
centrations of doxycycline. Cells expressing low, medium, or high
levels of CCR5 as judged by flow cytometry analysis (mean
fluorescent intensity of 14, 110, and 195, respectively) were
infected with NLHXSF162-V3 or BaL Env virus pseudotypes in the
presence of different concentrations of TAK-779 or T-20. In the
absence of inhibitors, infection efficiencies were approximately
the same regardless of coreceptor expression levels (Fig. 6
Insets). However, low CCR5 expression resulted in increased
sensitivity of NLHXSF162-V3 and BaL pseudotypes to TAK-779
and T-20 inhibition (Fig. 6 and data not shown). Therefore,
coreceptor density can impact both TAK-779 and T-20 sensitiv-
ity. To determine whether differences in coreceptor expression
also affected fusion kinetics, we used a dye transfer assay. Cells
expressing BaL Env protein were incubated with T-REx cells
expressing either low, medium, or high levels of CCR5, and the
rate of fusion was determined. Half-maximal fusion occurred at
102, 86, and 46 min for cells expressing low, medium, or high
levels of CCR5 respectively (Table 1), with the differences
between cells expressing low�medium and high levels of CCR5
being statistically significant. The percent of cell pairs fused was
approximately equivalent for cells expressing low and medium
levels of CCR5 and was higher for cells expressing high levels of
CCR5 (Table 1). Thus, increased coreceptor expression levels
resulted in more rapid membrane fusion, reducing the period
that Env is sensitive to T-20. As a result, higher concentrations
of T-20 were needed to inhibit virus infection.

Discussion
Several coreceptor antagonists and fusion inhibitors are cur-
rently in clinical development, and some significantly reduce
virus load in infected individuals (9, 10).** However, a major
challenge to the development of potent, broadly crossreactive
entry inhibitors is that these agents target directly or indirectly
the highly variable HIV-1 Env protein. It is therefore not
surprising that there is often considerable variability in the
sensitivity of virus strains to entry inhibitors. With increasing
numbers of entry inhibitors entering clinical trials, it will be
important to characterize cellular and viral determinants that
govern entry inhibitor efficacy as this may help predict treatment
success and guide inhibitor selection and dosage.

Our study reveals that Env�coreceptor affinity and coreceptor
expression levels represent viral and cellular determinants,
respectively, that can significantly impact entry inhibitor effi-
cacy. In the case of T-20, these determinants operate through a
common mechanism: by modulating the kinetics of membrane
fusion. T-20 is in advanced clinical trials and has potent antiviral
activity both in vitro and in infected individuals (9, 10). None-
theless, there is considerable variability in the sensitivity of

primary virus isolates to T-20, and drug-resistant viruses have
been selected for in vitro and in vivo (12, 13). The mechanism by
which T-20 operates is unique as it targets a structural interme-
diate of the fusion process. Its binding site in the HR1 region of
gp41 becomes available only after Env binds to CD4. Multiple
coreceptor binding events then enable several Env trimers (28)
to undergo the final conformational changes that lead to fusion,
with six-helix bundle formation occurring rapidly after a full
repertoire of coreceptors are engaged. Membrane fusion occurs
coincident with six-helix bundle formation or shortly thereafter
(7). Thus, T-20 can target Env only during a kinetic window that
appears to be opened by CD4 binding and closed by coreceptor
engagement (11), and factors that influence the kinetics of this
process would logically impact T-20 sensitivity.

Given the above working model for the mode of action of T-20,
we sought to identify viral and cellular determinants that could
impact T-20 sensitivity. Because T-20 binds to the HR1 domain
of gp41, mutations in HR1 can affect T-20 sensitivity (12, 13).
However, other determinants in Env can also influence T-20
sensitivity. The concentration of T-20 needed to inhibit primary
virus isolates can vary by at least two logs and this can be
independent of mutations in HR1.¶� Additionally, chimeric
viruses containing V3 loops from various R5 tropic strains were
about 2- to 6-fold more resistant to T-20 inhibition compared
with the parental virus encoding a TCLA X4 tropic Env (14, 15),
and a single amino acid change in the bridging sheet region of
HIV-1 YU2 enhanced T-20 sensitivity by 30-fold. How muta-
tions in the V3 loop, the bridging sheet, or other regions of Env
outside of the HR1 domain influence viral sensitivity to an
inhibitor that binds to HR1 is not immediately apparent. By
using receptor binding assays and measuring fusion kinetics, we
found that for the Envs tested these differences correlated with
alterations in Env�coreceptor affinity, which in turn correlated
with fusion kinetics. Envs that bound to coreceptor with high
affinity fused more quickly than nearly identical Envs that bound
to coreceptor with reduced affinity. The time during which Env
was sensitive to T-20 could be modulated not only by Env�
coreceptor affinity, but also by coreceptor density. Higher levels
of coreceptor resulted in more rapid membrane fusion and
increased resistance to T-20, whereas lower levels of coreceptor
resulted in slower membrane fusion and enhanced sensitivity to
T-20. Changes in coreceptor affinity and coreceptor expression
could alter T-20 sensitivity between 2- and 30-fold, depending on
assay conditions. We speculate that viruses that exhibit high
affinity for coreceptor, or viruses in individuals who express high
levels of coreceptor either naturally or because of immune
activation, would more easily acquire resistance to T-20.

Our results have several implications for antiviral therapy.
HIV-infected individuals who have one copy of the �32-ccr5
polymorphism have a significant survival advantage over indi-
viduals who are WT at the CCR5 locus most likely due to a
relatively modest reduction in ccr5 levels on CD4-positive T cells
and macrophages (30–33). The efficiency of virus infection in
vitro is clearly related to coreceptor density (26), and CCR5 is
typically present at �10,000 copies on freshly isolated peripheral
blood mononuclear cells, whereas more than 50,000 copies of
CD4 are usually expressed (27). Because T-20 sensitivity can be
modulated to a significant degree by CCR5 expression levels, we
predict that individuals who express lower levels of CCR5 will on
average respond better to T-20 than individuals with higher
levels, and that higher doses of T-20 will be needed to achieve
an adequate antiviral response in individuals who have relatively
high levels of CCR5. Under the conditions used in our experi-
ments, differences in CCR5 expression levels can alter the T-20
sensitivity of a given virus by �1 log. It will be important to
determine to what extent differences in CCR5 expression, and
perhaps even CXCR4 expression, on primary cell types influ-
ence T-20 sensitivity. If naturally occurring variations in CCR5

**Reynes, J., Rouzie, R. R., Kanouni, T., Baillat, V., Baroudy, B., Keung, A., Hogan, C.,
Markowitz, M. & Laughlin, M., Ninth Conference on Retroviruses and Opportunistic
Infections, Feb. 24–28, 2002, Seattle, abstr. 1.

Table 1. Impact of CCR5 expression on fusion kinetics

CCR5 level (MFI) t1/2 (min)* Ymax b R2

Low (13) 103.2 � 12.9 20.85 � 1.85 0.51 � 0.13 0.96
Medium (127) 85.8 � 16.4 21.05 � 2.12 0.65 � 0.19 0.94
High (1,132) 46.2 � 13.3 31.27 � 3.4 0.49 � 0.23 0.86

CCR5 level determined by flow cytometry. MFI, mean fluorescent intensity;
Ymax, maximal fusion; b, exponential rate constant; R2, correlation coefficients
of fitted curves.
*Time of half-maximal fusion of BaL Env on cells expressing variable levels of
CCR5. Fusion was assayed from 30 min to 5 h, and data were fitted to the
equation: Y � Ymax�(1 � exp(	(t	t1/2)�b)). The coefficients extracted from
these curves are presented.
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expression significantly impact T-20 sensitivity, it may be useful
to genotype individuals for the �32-ccr5 polymorphism, and
perhaps even to measure CCR5 levels to help predict treatment
success. In addition, Envs with high affinity might be better able
to use the low levels of CCR5 present on some primary cells,
effectively broadening viral tropism, fusogenicity, and perhaps
pathogenicity as well. Thus, the relationship between coreceptor
expression levels and the affinity with which an individual’s
predominant virus type binds to coreceptor are likely to influ-
ence the effectiveness of entry inhibitors in vivo. It will be
important to more fully characterize the range of affinities with
which primary virus strains engage CCR5 and CXCR4 and to
determine to what extent differences in affinity influence sen-
sitivity to both fusion inhibitors and coreceptor antagonists.

The impressive ability of HIV to evolve in the face of both
immunologic and pharmacologic selective pressures likely means
that combination therapy will be needed to suppress viral
replication sufficiently so as to prevent or delay evolution of
resistant virus strains. Our results provide a theoretical basis for
the design of clinical trials that use specific combinations of entry
inhibitors. Coreceptor antagonists reduce coreceptor levels on
the cell surface, either by directly inhibiting Env�coreceptor
binding or by inducing coreceptor down-regulation. Reductions
in coreceptor expression levels in a setting in which these levels
are already limiting for virus infection will prolong fusion
kinetics, keeping Env in a T-20-sensitive state for a longer period
of time. Thus, the use of a coreceptor antagonist in conjunction
with T-20 may act to additively or synergistically inhibit HIV
infection. Indeed, the CXCR4 ligand AMD3100 and CCR5
ligand SCH-C have been shown to act synergistically with T-20
to inhibit infection of peripheral blood mononuclear cells in vitro
(34, 35).

In summary, we have identified viral and cellular determinants
that can significantly affect the ability of HIV to be inhibited by
T-20 and coreceptor antagonists. A given virus can exhibit
differential sensitivity to T-20 depending on the availability of
coreceptor on the surface of a target cell. Because coreceptor
levels are a limiting factor for virus infection in vivo, this finding
has important implications for the use of fusion inhibitors such
as T-20. Between virus strains, differences in T-20 sensitivity can
result from mutations in the T-20 binding site in the HR1 domain
or by modifications in gp120 that alter the affinity with which
Env binds to coreceptor. Formally, we have shown that muta-
tions in the V3 loop and in the bridging sheet can impact
coreceptor binding constants, fusion kinetics, and T-20 sensitiv-
ity, but we anticipate that changes elsewhere in the viral Env that
affect coreceptor binding will have the same effect. Together,
receptor affinity and coreceptor expression levels modulate the
kinetic window during which Env is sensitive to T-20, raising the
possibility that prolonging this state through the use of core-
ceptor antagonists will make the application of entry inhibitors
more effective and the evolution of multidrug resistant viruses
more difficult.
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