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Human immunodeficiency virus type 1 (HIV-1) envelope (Env) binding induces proapoptotic signals in
CD4� T cells without a requirement of infection. Defective virus particles, which represent the majority of
HIV-1, usually contain a functional Env and therefore represent a potentially significant cause of such
CD4�-T-cell loss. We reasoned that an HIV-1 inhibitor that prohibits Env-host cell interactions could block the
destructive effects of defective particles. HIV-1 attachment inhibitors (AIs), which potently inhibit Env-CD4
binding and subsequent downstream effects of Env, display low-nanomolar antiapoptotic potency and prevent
CD4�-T-cell depletion from mixed lymphocyte cultures, also with low-nanomolar potency. Specific Env amino
acid changes that confer resistance to AI antientry activity eliminate AI antiapoptotic effects. We observed that
CD4�-T-cell destruction is specific for CXCR4-utilizing HIV-1 strains and that the fusion blocker enfuvirtide
inhibits Env-mediated CD4�-T-cell killing but is substantially less potent than AIs. These observations, in
conjunction with observed antiapoptotic activities of soluble CD4 and the CXCR4 blocker AMD3100, suggest
that this AI activity functions through a mechanism common to AI antientry activity, e.g., prevention of Env
conformation changes necessary for specific interactions with cellular factors that facilitate viral entry. Our
study suggests that AIs, in addition to having potent antientry activity, could contribute to immune system
homeostasis in individuals infected with HIV-1 that can engage CXCR4, thereby mitigating the increased risk
of adverse clinical events observed in such individuals on current antiretroviral regimens.

CD4�-T-cell levels decrease in patients throughout the
course of human immunodeficiency virus type 1 (HIV-1) in-
fection (12, 13, 16, 31). Eventually this decline leads to the
disruption of effective immune responses, numerous opportu-
nistic infections, AIDS-defining illnesses, and death (10, 41).
Antiretroviral therapy (ART) has been successful in mitigating
these effects (15). However, even among ART responders,
those who harbor HIV-1 that engages CXCR4 have an in-
creased risk of adverse clinical outcome, including an in-
creased incidence of both AIDS-related and non-AIDS-related
diseases (1, 25, 33). This pattern suggests a need for an anti-
retroviral strategy that blocks the harmful effects of viruses that
can signal through CXCR4. A source of these effects is
CXCR4-mediated signal transduction induced by Env interac-
tions, which could provide an explanation for the observed
correlation between the presence of CXCR4-utilizing HIV-1
and accelerated disease progression (35, 38). Recent studies
indicate that up to 18% of asymptomatic ART-naive and 47%
of asymptomatic ART-experienced individuals harbor HIV-1
that exploits CXCR4 for cell entry (6, 22, 34, 54), suggesting
that this interaction is pertinent throughout the course of in-
fection in many individuals.

Clearly, the high level of ongoing HIV-1 production is a
primary contributor to the loss of CD4� T cells, and it has been
estimated that the rate of production of HIV-1 RNA approx-
imates the rate of CD4�-T-cell destruction (17, 52). Replica-

tion-competent HIV-1 is cytotoxic to these cells, and it is
thought that the viral proteins Vpr, Tat, and Nef (in addition
to Env) contribute to this effect (11, 26, 45, 53). However, the
infectious titer of HIV-1 is low in comparison to viral genome
levels (7, 36), suggesting that the effects of replication-compe-
tent HIV-1 alone cannot account for the rate of CD4�-T-cell
loss. Consequently, replication-defective virus likely contrib-
utes substantially to this effect. Such particles usually contain a
functional Env, which can act as a signaling partner for a
variety of lymphocyte surface factors, thereby influencing the
physiology of HIV-uninfected (bystander) cells (4, 24, 28, 38,
47). The relevance of bystander killing to primate lentivirus-
mediated disease progression is supported by observations
of simian immunodeficiency virus-infected sooty mangabeys.
These monkeys display substantially lower levels of bystander
killing than are observed in HIV-infected humans (39, 40).
This characteristic is thought to contribute to their capacity to
carry high viral loads (comparable to HIV-1 loads found in
humans with progressive AIDS) while sustaining an asymp-
tomatic state of infection. Moreover, by maintaining consis-
tently high CD4�-T-cell counts sooty mangabeys seem to avoid
the potential consequences of immune dysfunction encoun-
tered by HIV-infected humans.

Based on this information, it would seem that an HIV-1
inhibitor that prohibits Env-host cell interactions and Env-
mediated CD4�-T-cell destruction would increase the likeli-
hood of a favorable clinical outcome. Fuzion (enfuvirtide) and
maraviroc are FDA-approved drugs that inhibit the HIV-cell
fusion process or block the HIV coreceptor CCR5, respectively
(2, 20, 23, 29, 43). In addition, attachment inhibitors (AIs) are
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antiretrovirals currently in development that target HIV-1
Env-mediated cell entry. AIs operate by potently inhibiting
Env interactions with CD4, meaning that they operate up-
stream of CCR5 engagement or the virus-cell fusion process
(14, 18, 27, 49, 50). In this study we tested whether these
different types of HIV-1 entry inhibitors could prevent Env-
induced cytopathicity and reveal that only AIs provide low-
nanomolar protection against this effect, which was not un-
expected since it seems to be driven through CXCR4
engagement.

MATERIALS AND METHODS

Construction of pVLPNL4-3 and pVLP/Env. To create pVLPNL4-3, pNL4-3
DNA obtained from the NIH AIDS Research and Reference Reagent Program
(Rockville, MD) was subjected to a series of molecular biology-based manipu-
lations following the indicated manufacturers’ protocols. Initially, the vector was
digested with the restriction enzymes AgeI and EcoRI (New England Biolabs,
Beverly, MA). A fragment of the expected size was isolated and purified using
Qiaquick gel extraction and PCR purification kits (Qiagen, Valencia, CA), re-
spectively. The purified fragment was then treated with T4 DNA polymerase and
T4 DNA ligase (New England Biolabs) and used to transform XL-10 Gold
Ultracompetent Escherichia coli cells (Stratagene, La Jolla, CA). Plasmid DNA
from individual colonies was isolated using a Qiaprep Spin miniprep kit (Qiagen)
and screened with the restriction enzyme StuI (New England Biolabs). Clones
displaying the expected digestion pattern were subjected to fluorescent sequenc-
ing (Applied Biosystems, Foster City, CA) using HIV-1-specific primers. A clone
that contained the desired sequence that included a 2,256-nucleotide deletion
that removed the 3�-half of the reverse transcriptase gene, the entirety of the
integrase gene and vif, and the 5� of vpr without disrupting gag, the protease gene,
or env was utilized for subsequent experiments (pVLPNL4-3). To our knowledge
there is no reported evidence that any of the sequences deleted from the virus-
like particles (VLPs) play a role in viral entry. To engineer pVLP/Env-, pVLPNL4-3

DNA was subjected to site-directed mutagenesis using the QuikChange site-
directed mutagenesis kit (Stratagene) and the primers 5�-GTACCTGTGTGGA
AGTAAGCAACCACCACTC-3� and 5�-GAGTGGTGGTTGCTTACTTCCA
CACAGGTAC-3�, which converted Glu43 of env to a stop codon (TAA).
Individual clones were screened and sequenced as described above to identify a
plasmid with the desired sequence to be utilized in subsequent experiments.

Purified VLP production. To produce HIV-1 particles, pVLPNL4-3 DNA was
transfected into 293T cells (ATCC, Manassas, VA) using Lipofectamine Plus
reagents (Invitrogen, Carlsbad, CA) diluted in OptiMEM medium (Gibco BRL,
Carlsbad, CA) and following the manufacturer’s recommendations. Alterna-
tively, these reagents were used to cotransfect pVLP/Env- DNA with pcDNA
vectors expressing distinct Env sequences. In either case culture supernatants
were harvested 48 h posttransfection and passed through a 0.45-�m filter (Corn-
ing, Corning, NY) to remove cellular debris. For its use in subsequent experi-
ments, VLPs in filtered culture supernatants were purified by ultracentrifugation
through a 20% sucrose cushion.

Characterization of the VLP. The quantity of Env in purified VLP prepara-
tions was determined using Western blotting in which denatured particles were
electrophoresed (NuPAGE; 4 to 12% bis-Tris; Invitrogen) under reducing con-
ditions. For these experiments purified monomeric gp120 (JRFL) served as the
standard. Env protein was probed with 2G12 (Polymun Scientific, Vienna, Aus-
tria), a human primary antibody directed against a carbohydrate moiety on the
gp120 surface. A peroxidase labeled F(ab�)2 anti-human secondary antibody
(Jackson Immunodiagnostics, Avondale, PA) was used for detection with the
ECL Plus kit (GE Healthcare, Anaheim, CA) following the manufacturer’s
recommendations. Images were captured using a Storm 860 PhosphorImager
(GE Healthcare).

To ensure that the HIV-1 particles produced for this study were not replica-
tion competent, 1 � 106 copies of the HIV-1-permissive T-cell line MT-2 (NIH
AIDS Research and Reference Reagent Program) were treated overnight with
1 � 106 particles of VLPNL4-3. The concentration of p24Gag in purified VLP
preparations was used to calculate the concentration of HIV-1 particles, by
factoring the established copy number of this protein/particle (1,500) and its
molecular weight (5). Based on these parameters a conversion factor of 15,000
VLPs/pg of p24Gag was employed to determine VLP concentration. After VLP
treatment, cells were washed extensively to remove residual input particles in the
supernatant and were then incubated in RPMI 1640 (Sigma-Aldrich, St. Louis,
MO) supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT).

On a weekly basis (for 5 weeks) a sample of the culture supernatant was har-
vested and tested for the presence of HIV-1 protein (p24Gag enzyme-linked
immunosorbent assay; Perkin-Elmer Life Sciences, Waltham, MA). To ensure
that purified particles were coated with functional Env, 1 � 106 MOLT4 cells
(NIH AIDS Research and Reference Reagent Program) were treated with 1 �
106 counts of VLP and assayed microscopically for syncitium formation 48 h
posttreatment.

CD4�-T-cell apoptosis. Peripheral blood mononuclear cells (PBMCs) were
purified from blood obtained from HIV-uninfected individuals by centrifugation
through a Ficoll gradient (Histopaque 1077; Sigma-Aldrich) and were treated
with 4 �g/ml phytohemagglutinin P (Sigma-Aldrich) and 10 U/ml interleukin-2
(Roche, Basel, Switzerland) for 24 h. The CD4� T cells were then isolated using
a CD4�-T-cell positive isolation kit (Dynal, Carlsbad, CA). A total of 20,000 of
these cells were aliquoted into wells of 96-well collagen-coated tissue culture
plates (Biocoat, Bedford MA) and exposed overnight to 2 � 106 VLPs (or a
series of twofold dilutions). At 48 h poststimulation the cells were then washed
and their nuclei were stained with Hoechst (Molecular Probes, Carlsbad, CA)
and fixed with paraformaldehyde (Alfa Aesar, Ward Hill, MA). The sizes of the
nuclei of individual cells was determined using an AssayScan (Cellomics, Pitts-
burgh, PA); the data were analyzed using Bioapplication software (Cellomics).
For these and subsequent experiments a threshold nuclear size of 5.5 pixels was
used to designate shrunken nuclei. This standard was established by determining
the effects of a 10 nM concentration of the apoptosis inducer staurosporine
Streptomyces (CalBiochem, San Diego, CA). The 48-h stimulation/VLP treat-
ment time frame provided an optimal window of shrunken nuclei over back-
ground and therefore was employed in these studies. For experiments designed
to determine the potency of compound antiapoptotic activity, a series of three-
fold dilutions of specific HIV-1 entry inhibitors (50) (synthesized at Bristol Myers
Squibb) or sCD4 (46) (Jackson Immunodiagnostics), diluted in a final concen-
tration of 0.4% dimethyl sulfoxide (DMSO), were added at the time of VLP
treatment to assess their effects on nuclear shrinkage. Fifty percent effective
concentrations (EC50s) were determined using XL-Fit software (Microsoft, Red-
mond, WA). For these calculations 100% AI protection was based on the prev-
alence of apoptotic CD4� T cells in untreated cultures (with 0.4% DMSO), and
0% AI protection was based on the prevalence of apoptotic CD4� T cells in
cultures exposed to VLPNL4-3 alone.

VLP-induced CD4�-T-cell depletion and the effect of BMS-378806. PBMCs
obtained as described above were treated with 4 �g/ml PHA-P and 10 U/ml
interluekin-2 for 48 h, and nonadherent cells were isolated from the cultures for
further experiments. A total of 50,000 of these cells were treated with 5 � 106

copies of VLPNL4-3 or VLPJRFL. The mixture was cultured for 10 days in RPMI
plus 10% FBS. To test the effect of BMS-378806 on CD4�-T-cell depletion, a
series of threefold dilutions of this compound (dissolved in DMSO) were added
at the time of VLPNL4-3 treatment. After incubation, the cultures were washed
and stained with a fluorescein isothiocyanate (FITC)-conjugated mouse anti-
CD4 antibody (clone S3.5; Molecular Probes, Carlsbad, CA); staining with a
FITC-conjugated mouse immunoglobulin G2a (IgG2a) antibody (Molecular
Probes) served as a control. Additional controls included untreated cells and
cells treated with VLPNL4-3 (in the presence of 0.4% Gag) but no BMS-378806.
The cells that received various treatments were subjected to fluorescence-acti-
vated cell sorter (FACS) analyses on an EasyCyte apparatus (Guava Technolo-
gies, Hayward, CA) to assess the prevalence of CD4� T cells in the cultures
(gated on live lymphocytes based on forward and side scatter patterns). The
number of events for each histogram was derived from 3,000 cells surveyed in this
manner. EC50s of BMS-378806 inhibition were determined using XL-Fit soft-
ware. For these calculations 100% AI protection was based on the prevalence of
CD4� T cells in untreated cultures, and 0% AI protection was based on the
prevalence of CD4� T cells in cultures exposed to VLPNL4-3 alone.

Antientry assay. MT-2 cells were centrifuged at 1,200 rpm in a Beckman
Allegra centrifuge for 10 min. HIV-1 was added to the pellet in a volume of 0.5
ml at a multiplicity of infection of 0.01. The cell/virus mixture was resuspended
in RPMI 1640 plus 10% FBS to a final density of 1.0 � 105 cells/ml and
containing serial dilutions of antientry test compounds. The cultures were incu-
bated for 5 days, and the level of HIV production and inhibition was quantified
by p24 enzyme-linked immunosorbent assay (Perkin-Elmer Life Sciences) fol-
lowing the manufacturer’s recommendations.

RESULTS

Construction and characterization of an HIV-1 VLP. To
study the effects of native trimeric HIV-1 Env on CD4� T cells
without a requirement for biosafety level 3 containment, a
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replication-defective VLP was engineered. To create such a
particle, which retains the structure of an infectious HIV-1, a
large (2,256-bp) deletion was introduced into a molecular
clone containing HIV-1 NL4-3 sequences that disrupted the 3�
half of the reverse transcriptase gene, the entirety of the inte-
grase gene and vif, and the 5� of vpr without disrupting gag, the
protease gene, or env (pVLPNL4-3). Particles produced in tis-
sue culture were purified as described in Materials and Meth-
ods. We tested if VLPs were coated with a biologically relevant
amount of envelope protein by quantifying the gp120 surface
protein in purified VLP preparations by Western blotting (Fig.

1). The calculated level of Env along with p24Gag quantifica-
tion was used to establish a 1-to-10 ratio of Env to p24Gag

associated with purified VLPNL4-3, revealing that VLPNL4-3

preparations contained approximately 30 copies of gp120/par-
ticle, a density that is consistent with that of infectious particles
(48, 58). Moreover, VLPNL4-3 induces syncitium formation in
MOLT4 cell cultures (data not shown), suggesting HIV-1 Env
functionality.

Attachment inhibitors block VLP-induced CD4�-T-cell loss.
To expand our studies to include distinct Env sequences, a
derivative of VLPNL4-3 was engineered in which Glu43 of env
was mutated to a stop codon to create VLP/Env-, as described
in Materials and Methods. This backbone DNA was cotrans-
fected with the desired gp160-encoding DNAs to create HIV-1
particles with different Envs. This strategy was employed to
assess whether HIV-1 particles containing Envs that utilize
different coreceptors for cell entry induce CD4�-T-cell deple-
tion, thereby allowing for the contributions of these factors to
this effect to be determined. Moreover, by including strains
that engage the major HIV-1 coreceptors CXCR4 and CCR5,
we would also be providing information on viruses (dual
tropic) that can utilize either protein for entry (55, 56). For
these studies PBMCs were treated with VLP/Env-, VLPNL4-3

(CXCR4 utilizing), VLP/Env- pseudotyped with JRFL Env
(VLPJRFL; CCR5 utilizing), or LAI Env (VLP/LAI, CXCR4
utilizing) (3, 32, 42). After 10 days the cultures treated with
VLP/NL4-3 or VLP/LAI displayed a substantial decrease in the
prevalence of CD4� T cells in comparison to the cultures
treated with VLP/Env- (data not shown). In contrast, cultures
treated with VLP/JRFL maintained a CD4�-T-cell frequency

FIG. 1. gp120 quantitative Western blot results. Lanes 7 and 11 are
molecular mass markers (sizes are indicated at the right). Lanes 1 to 6
are serial twofold dilutions (10 to 0.3 �g/ml) of purified JRFL gp120,
used to establish a standard curve. Lanes 8 to 11 are twofold dilutions
(lane 8, 1 �l) of gp120 obtained from a preparation of purified
VLPNL4-3.

FIG. 2. Potency of BMS-378806 against CD4�-T-cell loss. (A to E) FACS histograms of PBMCs treated with VLPNL4-3 and a series of threefold
dilutions of BMS-378806: 33.3 nM (A), 11.1 nM (B), 3.7 nM (C), 1.2 nM (D), or 0.4 nM (E). The area in black represents the CD4-negative
population, and the area in gray indicates the CD4-positive population. (F) EC50 curve based on the data from panels A to E. The arrow indicates
the estimated concentration of compound (5.1 nM) required to protect against the loss of 50% of the CD4� T cells. (G) EC50 curve based on data
from the anti-HIV entry assay described in Materials and Methods. The arrow indicates the estimated concentration of compound (3.2 nM)
required to inhibit 50% of HIV entry.
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that was similar to that of cultures treated with VLP/Env- (data
not shown). These data suggest a requirement for CXCR4-
utilizing Env for CD4�-T-cell loss, although cells not express-
ing this factor could also be affected through indirect mecha-
nisms (19), which could contribute to the overall level of cell
loss.

To assess the capacity of HIV-1 attachment inhibitors to
prevent VLP-induced CD4�-T-cell depletion, PBMCs were
isolated and treated with VLPNL4-3 and the previously de-
scribed AI BMS-378806 (27). FACS analyses revealed that this
compound prevented CD4�-T-cell depletion (Fig. 2A to E)
with an estimated EC50 in the low-nanomolar range (Fig. 2F),
meaning that an AI can potently inhibit Env-mediated CD4�-
T-cell depletion induced by replication-defective HIV-1 parti-
cles. A similar antientry potency was observed for this com-
pound (Fig. 2G), which is consistent with previously reported
antientry potency observed using infectious whole HIV-1
coated with a variety of Envs that utilize CCR5 and/or CXCR4
for cell entry (27).

Attachment inhibitors block VLP-induced apoptosis of
CD4� T cells. To further investigate Env-mediated CD4�-T-
cell loss, a high-throughput assay was developed that employed
a marker of apoptosis within VLP-exposed cells. Nuclear
shrinkage is a hallmark of cellular apoptosis via both intrinsic
and extrinsic mechanisms and therefore was utilized for our

studies (30, 37, 44). To test this system, cells were treated with
twofold dilutions of VLPNL4-3, and the extent of nuclei shrink-
age was determined. This approach established VLPNL4-3 dose
dependence for the induction of apoptosis of CD4�-T-cell
cultures (Fig. 3) reminiscent of previous observations with
chemically inactivated viral particles (8). As we saw for the
CD4�-T-cell depletion studies, this effect was specific for VLPs
expressing Envs that utilize CXCR4 for cell entry; it was not
observed for VLPs expressing CCR5-utilizing Envs, such as
JRFL and ADA (data not shown) (21).

To test the capability of AIs to prevent HIV-1 Env-induced
CD4�-T-cell apoptosis, VLP4-3-treated cultures were exposed
to a series of threefold dilutions of BMS-378806 or BMS-
488043. In these experiments both compounds displayed po-
tent antiapoptosis activities, with EC50s in the low-nanomolar
range (Table 1). For both, EC90 values were observed (data not
shown) that were three- to fivefold higher than their EC50s for
both antiapoptosis and antientry activities (Table 1). More-
over, for both compounds VLPLAI was more sensitive to AI
antiapoptosis activity than VLPNL4-3, which parallels their AI
sensitivities in antientry assays (Table 1). From these data we
surmise that the antientry and antiapoptotic activities of AIs
likely operate through a common mechanism.

Previous accumulated evidence supports a model in which
AI binding to a cavity at the bottom of the gp120 CD4 binding
pocket underlies its antientry activity; this includes the obser-
vation that mutations in this pocket (S375I and M426L) confer
high-level resistance to BMS-488043 antientry activity (18). To
further substantiate a common mechanism theory for the two AI
activities in question, these mutations were engineered into the
LAI Env; the recombinant Envs were pseudotyped onto an
HIV-1 core particle and tested for their sensitivities to BMS-
488043 antientry and antiapoptosis activities. These experiments
revealed that like the parental LAI Env, the mutant Envs retained
their capacity to induce apoptosis (data not shown). However,
they were insensitive to BMS-488043 antientry and antiapoptotic
activities (Table 2), consistent with a common AI antientry and
antiapoptotic activity mechanism model.

Evidence for the importance of AI interactions with the
gp120/CD4 binding pocket for its antientry behavior also stems
from the observation that sCD4 acts as an AI competitor (27).

FIG. 3. Dose response for VLPNL4-3-induced CD4�-T-cell apop-
tosis. The calculation of input VLP dose for this curve was based on
15,000 particles/pg of p24Gag.

TABLE 1. Antientry and antiapoptotic potencies of HIV-1 attachment inhibitors against distinct envelope sequences

Attachment inhibitor

EC50 (nM) of AIa

Antientry
LAI

Antiapoptosis
VLPLAI

Antientry
NL4-3

Antiapoptosis
VLPNL4-3

2.45 � 0.64 4.41 � 0.96 2.94 � 2.01 5.81 � 1.91

4.09 � 1.75 6.56 � 1.47 17.4 � 8.5 11.7 � 5.0

a Values represent the means and standard deviations from three independent experiments.
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Therefore, to further investigate the role of the CD4 binding
pocket in AI antiapoptosis properties, the capacity of sCD4 to
prevent VLP-mediated CD4�-T-cell apoptosis was tested. We
observed that when added simultaneously with VLPNL4-3 sCD4
is a potent inhibitor of Env-mediated cellular apoptosis (Table
3). However, when added 4 hours after VLPNL4-3, sCD4 did
not provide such protection (data not shown), indicating that
interactions with the CD4 binding pocket are essential for both
AI antientry and antiapoptotic properties, again supporting a
common mechanism model for the two activities.

To further characterize Env-mediated apoptosis, the ability of
distinct HIV-1 entry inhibitors to block this effect was assessed.
These experiments showed that the CXCR4 inhibitor AMD-3100
(4) acted as a low-nanomolar inhibitor of this activity, a potency
similar to its antientry activity (Table 3), further supporting a role
for CXCR4 in CD4�-T-cell killing. We also observed that the
fusion inhibitor enfuvirtide (29) displayed mid-nanomolar anti-
apoptosis activity, which was substantially higher than its antientry
activity in our systems (Table 3) (9).

DISCUSSION

In this report we demonstrate through both CD4�-T-cell
depletion and apoptosis assays that HIV-1 AIs are highly ef-
ficient in prohibiting HIV-1 Env apoptotic effects associated
with bystander killing of CD4� T cells. In our studies the
destructive effects of Env were confined to sequences that can
interact with CXCR4, which is consistent with previous obser-
vations (19). Moreover, our data lead us to the conclusion that
AI antiapoptotic activity operates by blocking mechanisms re-
quired for viral entry of CXCR4-utilizing strains. The relative
antiapoptotic potencies of BMS-378806 and BMS-488043 par-
allel their antientry potencies, and both display greater anti-
apoptosis potencies against the LAI compared to the NL-4-3
Env, as is the case for their antientry effects (Table 1). Fur-
thermore, mutations (S375I and M426L) that confer resistance
to the antientry activities of BMS-488043 also confer resistance
to its antiapoptotic activities (Table 3), and time of addition
experiments with sCD4 demonstrate that blocking CD4-Env
interactions inhibits VLP-mediated apoptosis (Table 3). Taken
together these observations are consistent with a mechanism
(underlying both antientry and antiapoptotic activities) in
which AI binding to the gp120/CD4 binding site prohibits con-
formational changes required for interactions between the vi-
ral Env and CXCR4 and the resultant downstream effects.

Interestingly, in contrast to AIs, the FDA-approved fusion
inhibitor enfuvirtide displayed low but detectable antiapop-
totic activity (EC50, 548 nM � 24-fold lower than its antientry

activity) (Table 3). It has been shown that sensitivity to enfu-
virtide can be influenced by V3 loop sequences in gp120 that
dictate coreceptor usage (57). Consequently, enfuvirtide bind-
ing may produce allosteric effects on gp120, thereby inhibiting
CXCR4 binding, which could explain the observed weak in-
hibitory property of this drug for CXCR4-mediated CD4�-T-
cell apoptosis. However, additional studies have described var-
ied levels of bystander killing protection provided by
enfuvirtide (2, 20), suggesting that its effect could be dictated
by experimental conditions and might therefore require fur-
ther examination. As expected, the CXCR4 blocker AMD3100
did provide potent protection against this effect. Due to toxic-
ity issues, this compound is no longer in development, although
CXCR4 is being pursued as a potential antiretroviral target
(23). Since maraviroc has no effect on HIV-CXCR4 interac-
tions, we would not expect this FDA-approved inhibitor to
affect bystander killing through the mechanisms described
here.

In summary, we conclude that AI antiapoptotic activity
against Env-mediated CD4�-T-cell loss operates through a
mechanism common with its antientry activity, i.e., preventing
CD4-induced conformational changes that facilitate gp120-
CXCR4 interactions. Since HIV-1 virions that interact with
CXCR4 can be found in a substantial portion of the asymp-
tomatic population and are associated with an increased risk of
adverse clinical events (51), this class of inhibitor is particularly
well-suited to limit the incidence of AIDS, particularly in
resource-limited settings in which treatment is likely to be
initiated at a low CD4�-T-cell count. Thus, our studies
suggest that blocking HIV-1 attachment could provide in-
fected patients with a secondary benefit beyond direct anti-
entry effects (1, 25, 33).
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a Values represent the means and standard deviations from three independent
experiments.

b WT, wild type.

TABLE 3. Antientry and antiapoptotic potencies of HIV-1
entry inhibitors

Inhibitor

EC50 (nM)a for:

Antientry
(NL4-3)

Antiapoptosis
(VLPNL4-3)

sCD4 12.4 � 6.3 98.1 � 10.2
AMD3100 10.8 � 2.2 8.8 � 1.4
Enfuvirtide 22.4 � 4.5 548 � 32.6

a Values represent the means and standard deviations from three independent
experiments.
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