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HIV-1 infections lead to a progressive depletion of CD4 cells
culminating in AIDS. The coreceptor usage by HIV varies from
CCR5 (R5) tropic early in infection toCXCR4 (X4) tropic in later
infections. Although the coreceptor switch fromR5 toX4 tropic
HIV is well associated with progression to AIDS, the role of
CCR5 in disease progression especially in patients infected
exclusively with R5 isolates throughout the disease remains
enigmatic. To better understand the role of CCR5 and R5 tropic
HIV envelope in AIDS pathogenesis, we asked whether the lev-
els of CCR5 and/or HIV Env-mediated fusion determine apo-
ptosis of bystander cells. We generated CD4� T cell lines
expressing varying levels of CCR5 on the cell surface to show
that CCR5 expression levels correlate with bystander apoptosis
induction. Themechanismof apoptosis involved caspase-3 acti-
vation andmitochondrial depolarization and was dependent on
gp41 fusion activity as confirmed by fusion-restricted gp41
pointmutants and use of the fusion inhibitor T20. Interestingly,
lower levels ofCCR5were able to support virus replication in the
absence of bystander apoptosis. Our findings suggest that R5
HIV-1-mediated bystander apoptosis is dependent on both
CCR5 expression levels as well as fusogenic activity of the Env
glycoprotein.

For viral entry, HIV-1 utilizes CD4 as receptor and one of the
chemokine receptors as coreceptors, the most common ones
being CXCR4 (X4) and CCR5 (R5) (1–3). It is well known that
R5 tropic viruses predominate during the initial establishment
of infection as they are transmitted with greater efficiency
(4–6), whereas the X4 viruses emerge later during the disease
and are associated with rapid progression to AIDS (7, 8). The
progressive increase in virulence in vivo during the late stages of
disease is attributed in many cases to a coreceptor switch from
CCR5 tropic to CXCR4 tropic HIV (9–11). Although in
approximately half of the HIV infections the virus switches
coreceptor usage to CXCR4, and there are several hypotheses
to explain this phenomenon (12–15), the mechanism by which

R5 tropic HIV isolates lead to AIDS remains poorly defined
especially in patients that remain solely infected with R5 iso-
lates throughout the disease.
Although HIV selectively infects CD4� cells, the relatively

few infected cells in vivo do not account for the extensive deple-
tion of CD4 cells. This has led to the idea that the virus is able to
kill uninfected bystander CD4� cells (16) via proteins like Env2
(17), Nef (18, 19), Tat (20, 21), and Vpr (22, 23). There is grow-
ing interest in the role of the Envelope (Env) glycoprotein in
bystander apoptosis due to the fact that it is expressed on the
surface of infected cells and interacts with CD4 and a corecep-
tor (CXCR4/CCR5), thereby initiating apoptotic signaling in
uninfected bystander T cells. However, in vitro studies show
that although the binding of the Env gp120 subunit to CD4 and
coreceptor are required for apoptosis induction, these interac-
tions are not sufficient (24, 25). In support of this observation,
we and others showed that the fusion process mediated by the
gp41 subunit of HIV envelope may be critical in bystander kill-
ing (26–28). Furthermore, through mutagenesis studies, we
demonstrated that hemifusion (incomplete fusion accompa-
nied by partial mixing of apposing cell membranes) induced by
gp41 subunit is the major mechanism for HIV Env-mediated
bystander T cell apoptosis (29).
The fusion of biological membranes mediated by HIV Env,

specifically in the case of R5 tropic viruses, is dependent on the
expression level of CCR5 coreceptor on cells. Surface CCR5
expression levels in turn are dependent on the CCR5 gene (30)
and promoter polymorphism (31). Platt et al. (32) demon-
strated that different levels of CCR5 expression in HeLa cells
can affect fusion mediated by different R5 isolates. The impor-
tance of CCR5 expression levels is further emphasized by its
effects (within physiological limits) on Env-mediated fusion
and virus replication (32, 33). However, whether increased sur-
face expression of CCR5 accounts for higher Env-mediated
fusion and apoptosis in certain R5 virus-infected patients
remains to be determined. Previous studies observed that
CCR5�32 heterozygous (CCR5�32�/�) individuals, while sus-
ceptible to HIV infection, show a slower progression to AIDS
(34–36), possibly because of reduced surface expression of
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CCR5 (30). On the contrary, CCR5�32 homozygous popula-
tions resist HIV infection with R5 tropic viruses (37). Similarly,
SCID-hu mice reconstituted with CCR5�32�/� thymus grafts
were resistant toCCR5 virus-mediatedCD4 cell loss even in the
presence of virus replication (38). These studies demonstrate
the importance and complexity of CCR5 expression levels on
HIV pathogenesis.
In this study we asked what was the role of CCR5 cell surface

expression as well as Env fusion activity on bystander apoptosis
induction by HIV-1 YU-2 Env, a CCR5 isolate. We engineered
SupT1 cells to express either low, medium, or high levels of
CCR5 on the surface or used R5 Env mutants with different
fusogenic activities to address these questions. We show here
that R5 Env-mediated bystander apoptosis is a function of both
CCR5 expression levels and Env fusogenic activity. However,
this bystander apoptosis induction is independent of virus rep-
lication, supporting the idea that individuals with lower levels
of CCR5, as in the case of CCR5�32�/�, may be able to support
virus replicationwithout bystander apoptosis and consequently
slower progression to AIDS. To the best of our knowledge, this
is the first study showing that CCR5 cell surface levels deter-
mine susceptibility to bystander apoptosis by HIV-1 Env inde-
pendent of virus replication.

MATERIALS AND METHODS

Cells and Reagents—SupT1 cells were maintained in RPMI
1640 media supplemented with 10% FBS and penicillin/strep-
tomycin (5000 units/ml). HeLa and TZM cells (National Insti-
tutes of Health AIDS Research and Reference Reagent Pro-
gram) were maintained in Dulbecco’s modified Eagles medium
supplemented with 10% FBS and penicillin/streptomycin (5000
units/ml). Fusion inhibitor T20 (Enfuvirtide) was provided by
National Institutes of Health AIDS Research and Reference
Reagent Program. Pan caspase inhibitor Z-VAD-fmk andmito-
chondrial potential sensor dye DiOC6 were obtained from
Calbiochem.
Plasmid Constructs—Molecular clones of HIV-1 YU-2 and

NL4-3 and Env clone QH0692.42 (39) were obtained from the
National Institutes of Health AIDS Research and Reference
Reagent Program. EcoRI-XhoI fragments from the YU-2
molecular clone were cloned into pcDNA 3.1 expression vector
(Invitrogen) making the wild type (WT) YU-2 Env construct.
The fragment contains open reading frames of env, tat, and rev
genes. Point mutations were introduced into the WT Env con-
struct using QuikChange site-directed mutagenesis kit (Strat-
agene). Themutants were numbered based on Env sequence of
HXB-2 reference strain. All mutant andWT YU-2 Env regions
were also introduced into the NL4-3 molecular clone using the
EcoRI-XhoI fragments to generate infectious molecular clones
containing YU-2 env and henceforth referred to as NL-YU-2.
Expression of Env Glycoprotein—HeLa cells were transfected

in 6-well plates with the HIV-1 Env vectors using ExGen 500
(Fermentas Life Science) transfection reagent as per the manu-
facturer’s instructions. 24 h post-transfection, the cells were
collected and used for either cell to cell fusion assay or
bystander apoptosis induction in coculture experiments with
target cells.

Generation of CCR5-expressing Cell Lines—For the genera-
tion of cell lines expressing different levels of CCR5, first a len-
tiviral vector was generated. CCR5 gene was amplified from
plasmid pSFF-CCR5 a kind gift fromDr. David Kabat (32). The
PCR-amplified region was cloned into pLENTi 6.3 vector
(Invitrogen) using a TOPO cloning approach to generate
pLenti-CCR5. The insert was sequenced for confirmation. Len-
tiviral particles were generated in 293T cells by transfecting
with pLenti-CCR5 in combination with the helper construct
and VSVG as per the manufacturer’s instructions (Invitrogen).
The lentivirus particles were used for transduction of SupT1
cells followed by two-step flow cytometric sorting using FACS
ARIA II system (BD Biosciences). Individual clones were
selected and expanded in blasticidin media and characterized
for CD4 as well as CCR5 expression. The resulting CCR5-ex-
pressing cell lines referred to as SupT-R5 clones, H6 (high
CCR5), M10 (medium CCR5), and L23 (low CCR5) were
selected for further analysis and used in all subsequent
experiments.
Apoptosis Induction—For induction of apoptosis, coculture

between Env-transfectedHeLa cells and SupT-R5 cell lines was
performed. HeLa cells transfected with either WT or mutant
Env constructs were seeded in 24-well plates at 105 cells/well.
The cells were allowed to adhere for 4–6 h. Subsequently, the
media was removed, and SupT-R5 cells at 0.5–1 � 106 cells
were added. Different inhibitors were added at the time of
coculture. The cells were cocultured for 24 h following which
the suspension cells were collected, stainedwith annexin V (BD
Biosciences), and analyzed by flow cytometry using a FACS
CANTO-II (BD Biosciences). For some assays, apoptosis was
detected by staining with mitochondrial potential sensitive dye
DiOC6 (10 �M) (Calbiochem) followed by flow cytometry. At
least 10,000 events were collected and analyzed using FACS
DIVA (BD Biosciences) or Tree Star FlowJo software.
Dye Transfer Assay—Env-transfected HeLa cells were

labeled with either cytoplasmic dye CMTMR (10 �M) or lipo-
philic membrane dye DiI (Vybrant cell labeling kit, Molecular
Probes). The cells were washed and plated in 24-well plates at
105 cells/well. After 4–6 h, unlabeled SupT-R5 cells (H6, M10,
or L23)were added at 5� 105 cells/well and cocultured for 24 h.
Subsequently, the nonadherent target cells were collected and
stained with annexin V for detection of apoptosis and analyzed
by flow cytometry. Transfer of dye (cytoplasmic or membrane)
was acquired in the red channel (FL-2), and the green channel
(FL1) was used for apoptosis detection via annexin V FITC.
This assay determined whether the apoptotic target cells seen
in our system had taken up cytoplasmic or membrane dyes
from the effector cells.
In Vitro Infection and Apoptosis Detection—SupT-R5 cell

lines (H6,M10, and L23) were infected with equal reverse tran-
scriptase (RT) activity units of NL-YU-2 virus and cultured for
indicated times. The cultures were split 1:3 every 2nd or 3rd
day, and culture supernatants were harvested for determina-
tion of RT activity. Cells were collected at day 7 post-infection,
fixed, permeabilized, and stained with anti-p24 RD-1 antibody
clone KC57 (Beckman Coulter) for detection of virus infection
and with activated caspase indicator, Z-VAD-FITC (Promega),
for apoptosis. Flow cytometry was performed on the samples
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using a FACS CANTO-II flow cytometer. Data were analyzed
using FACSDIVA software with at least 20,000 events acquired
for each sample. At day 3, 5, 7, and 10 post-infection, cells were
also assayed for viability using the Cell Titer Glo (Promega)
viability assay that is based on measuring cellular ATP levels.
Supernatants from the cultures were collected at different time
points and assayed for virus replication using RT assay as
described previously (40).
Cell to Cell Fusion Assay—HeLa cells transfected with differ-

ent YU-2 Env expression vectors (which also express HIV-1
Tat) were seeded in 96-well plates at 2 � 104 cells/well. TZM
cells expressing CD4 and CXCR4 as well as Tat-dependent
luciferase reporter gene were added at the same concentration.
The cells were cocultured for 6 h following which the lucifer-
ase activity was measured by BriteLite luciferase substrate
(PerkinElmer Life Sciences). For fusionwith SupT-R5 cell lines,
a dye transfer assay was performed as described by Gallo et al.
(41) with minor modifications. Briefly, HeLa cells transfected
with YU-2 Env WT were labeled with a red fluorescent dye,
CMTMR (10 �M). SupT-R5 cell lines were labeled with a green
fluorescent dye, CMFDA (10 �M). The two cell lines were
mixed, and fusion was detected by fluorescent microscopy 24 h
post coculture using aNikonTi Eclipsemicroscope. Fusionwas
calculated as percent of area double-positive for red and green
dye versus total red area using NIS Elements software (Nikon).

RESULTS

Establishment of Cell Lines Expressing Different Levels of
CCR5—The surface levels of CCR5 vary considerably among
the human population because of polymorphisms both in the
CCR5 gene (42) and promoter region (43). This differential sur-
face expression of CCR5 has been correlated with progression
to AIDS in HIV-infected individuals (14, 31), although the
mechanism behind this phenomenon remains undetermined.
To better understand the correlation between cell surface
CCR5 levels and AIDS pathogenesis, we established CD4� T
cell lines that express different levels of CCR5. SupT1 cells that
naturally lack CCR5 expression were transduced with a lentivi-
ral vector expressing CCR5. Single clones were sorted by flow
cytometry and selected using blasticidin resistance. After initial
characterization of clones for CD4 and CCR5 levels, three cell
lines representing low (L23), medium (M10), and high (H6)
CCR5 expression were selected for further studies based on
stable CD4 and CCR5 expression levels. As seen in Fig. 1A, the
expression of CD4 in all the cell lines was comparable. How-
ever, the cell lines showed progressively higher CCR5 expres-
sion levels (Fig. 1B) starting with L23 followed by M10 and the
highest expressing H6 cell lines based on mean fluorescent
intensity of CCR5 staining. The expression of CD4 and CCR5
was stable in the cell lines over several weeks of culture in the
presence of blasticidin. This is depicted in Fig. 1,A, right panels,
and B, where mean fluorescent intensity of CD4 and CCR5
surface staining is from three independent time points in
culture.
Susceptibility to Bystander Apoptosis in CCR5-expressing T

Cells IsDependent on theCell Surface ExpressionLevels of CCR5—
HIV envelope-mediated apoptosis of uninfected bystander T
cells is one of the mechanisms of CD4 T cell depletion during

progression to AIDS (44). We previously showed that an X4
tropic isolate ofHIV causes bystanderT cell apoptosis via gp41-
mediated fusion/hemifusion (27, 29). In this study, we asked
whether this was true for an R5 tropic HIV envelope and if
bystander apoptosis mediated by an R5 HIV envelope corre-
lated with surface CCR5 expression levels.We used a coculture
assay whereby HeLa cells transfected with a R5 Env expression
vector (YU-2 Env) were cocultured with SupT-R5 cell lines H6,
M10, or L23. Apoptosis was determined 24 h post coculture
using annexin V staining as a marker of apoptosis. As seen in
Fig. 2A, apoptosis induction was highest for H6 (high CCR5
expressing) cell line followed byM10 (medium CCR5) and L23
(low CCR5 expression). Env-specific apoptosis was calculated
for each cell line by subtracting corresponding background
apoptosis derived using control vector-transfected cells (Fig.
2B). We further confirmed the differential induction of
bystander apoptosis in the cell lines by determining caspase 3
activity in the cocultures (Fig. 2C). This was proportional to the
amount of Env-specific apoptosis in corresponding cultures.
That this differential bystander apoptosis was not specific for
YU-2 Env was confirmed by using an R5 tropic primary Env
clone QH0692.42 (39) from the reference panel of B subtype
Envs (Fig. 2D). Hence, there was a good correlation between
CCR5 expression and bystander apoptosis induction suggest-
ing that the bystander apoptosis induction capacity of R5 HIV
Env is dependent on the level of CCR5 cell surface expression.
Expression Levels of CCR5 Determine Cell to Cell Fusion

Capacity of HIV Env Glycoprotein—Given that Env glycopro-
tein-mediated fusion depends on CCR5 levels (32) and that
such resultant cell-cell fusion determines bystander apoptosis
induction (27), we wanted to determine whether CCR5 expres-
sion levels affected cell to cell fusion capacity in our cell lines.

FIGURE 1. Characterization of SupT1 cell lines expressing different levels
of CCR5. SupT1 cell line transduced with a lentiviral vector expressing CCR5
was sorted into single clones. Three selected clones based on surface CD4 and
CCR5 (high H6, medium M10 or low L23) expression levels were stained using
either anti-CD4 (A) or anti-CCR5 (B) antibodies and analyzed by flow cytom-
etry. Mean fluorescence intensity for selected cell clones H6, M10, and L23 is
shown on the right. The bar graphs represent mean fluorescence intensity
(MFI) of CD4 and CCR5 surface staining for each clone from three indepen-
dent time points in culture.
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We conducted a coculture assay similar to the one used for
apoptosis induction described above. However, in this case the
effector (HeLa-expressing Env) and the target (H6, M10, or
L23) cells were labeled with a green (CMFDA) and red
(CMTMR) fluorescent dye, respectively. As seen in Fig. 3A, the
high CCR5-expressing H6 cell line underwent extensive fusion
with effector cells showing numerous large syncytia (white
arrows) followed by the medium CCR5-expressing cell line,
M10, whereas only limited and small syncytia were seen with
the low CCR5-expressing L23 cell line. Quantitation of fusion
for each cell line shows clear differences in the level of fusion
with the highest fusion with H6 followed by M10 and L23 (Fig.
3B). This suggests that the cell lines undergo differential cell to
cell fusion mediated by HIV Env glycoprotein that correlates
with CCR5 expression levels. These data also support the cor-
relation between cell to cell fusion and bystander apoptosis
induction by R5 tropic HIV Env.
Low Levels of CCR5 Expression Support Virus Replication in

the Absence of Bystander Apoptosis—Although the levels of
CCR5 vary considerably in HIV-infected individuals, which in
many cases correlates with differences in disease progression
(45), there seems to be a relatively smaller effect of cellular
CCR5 expression levels on susceptibility to viral infection
and/or viremia (46). Hence, we asked whether the cell lines
expressing lower levels of CCR5 could support HIV-1 replica-
tion and whether this infection was associated with bystander

apoptosis. We infected the SupT-R5 clones H6, M10, and L23
with NL-YU-2 virus that contains the R5 Env region of YU-2 in
the NL4-3 backbone, and we monitored the cultures for virus
replication and bystander apoptosis induction over a period of
several days. The number of infected cells was determined by
staining for intracellular HIV-1 Gag p24 antigen using specific

FIGURE 2. CCR5 tropic Env-mediated apoptosis is dependent on cell surface CCR5 expression. HeLa cells transfected with the YU-2 Env expression vector
were cocultured with the SupT-R5 cell lines H6, M10, and L23. Apoptosis was determined 24 h later via annexin V staining. A, representative histograms are
shown. B, Env-specific apoptosis for each cell line was determined by subtracting background apoptosis. Data are means � S.D. from three independent
experiments. Apoptosis was also determined by caspase 3 activity assay using caspase Glo 3/7 assay with YU-2 Env (C) or QHO692.42 Env (D). Data are mean �
S.D. from three independent experiments.

FIGURE 3. Cell to cell fusion mediated by YU-2 Env in the cell lines express-
ing different levels of CCR5. A, HeLa cells transfected with YU-2 Env vector
were labeled with the red fluorescent dye CMTMR. SupT-R5 cell lines H6, M10,
and L23 were labeled with green fluorescent dye CMFDA. The cells were
cocultured for 24 h following which fluorescence images were collected
using Nikon Eclipse Ti microscope. Single channel images and merge are
shown. Syncytia are marked with white arrows. B, quantitation of fusion was
done by calculating the percent of area positive for both red and green dye
compared with total red area in the image using NIS elements software. Data
are mean � S.D. from triplicate observations.
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antibody, whereas apoptosis was measured via caspase activa-
tion using Z-VAD-FITC. As seen in Fig. 4A, at day 7 post-infec-
tion p24� cells were seen in all three cell lines infected with
NL-YU-2 virus. Interestingly, apoptosis was largely restricted
to the H6 cell line that expresses the highest levels of CCR5. In
essence, the number of p24-positive cells in H6 and M10 cell
lineswas similar (Fig. 4B); however, therewas amarked absence
of apoptotic cells inM10-infected cultures (Fig. 4C). Moreover,
in the infected H6 cell line, the caspase-positive cells were
largely p24-negative suggesting that these were uninfected cells
that were probably in contact with infected cells and undergo-
ing bystander apoptosis consistent with our previous findings
(47) and those by Holm et al. (48).We also observed that cell to
cell fusion leading to syncytia formation was largely restricted
toH6 cells (Fig. 4, F andG) at the peak of virus replication at day
7 (Fig. 4E). The lack of apoptosis in the M10 and L23 cell lines
was further supported by the loss of viability in the H6 cell line
but not the other cell lines expressing lower levels of CCR5 (Fig.
4D).While following the cells for virus replication over a period
of time, we consistently observed that the peak virus replication
occurred at day 7 in H6 cells followed by a sharp decline asso-
ciated with cell death most likely due to bystander killing. In
contrast, peak virus replication in M10 cells occurred at day 7
followed by a plateau that lasted until day 19 (Fig. 4E). The
prolonged replication of virus in M10 cells is supportive of the

lack of bystander apoptosis allowing for more viable cells for
virus replication. Another possibility is that the rate of cell kill-
ing due to direct infection was lower than the cell division
allowing for a broader replication curve. Conversely, virus in
L23 cells replicated slowly up to day 19 (Fig. 4E) consistent with
slower kinetics also seen in the p24 staining experiments. In phys-
iological settings, this cell line may represent the prolonged lower
viremia seen in some individuals with CCR5 polymorphisms.
These findings suggest that although lower levels of CCR5 can
support virus replication, with altered kinetics, there is a marked
difference in the cytopathic effects specifically bystander apopto-
sis, which is highly dependent on the levels of CCR5.
Apoptosis Mediated by CCR5 Env Is Dependent on Caspase

Activation andMitochondrial Depolarization—Wehave previ-
ously shown that the signaling pathway involved in X4 tropic
HIV Env glycoprotein-mediated apoptosis involves caspase
activation and mitochondrial depolarization. However, the
apoptotic signaling pathway for R5 viruses remains undeter-
mined. Hence, we asked whether apoptosis mediated in
bystander cells by R5 tropic Env under our experimental con-
ditions is dependent on caspase activation and/or involves
mitochondrial depolarization. The requirement of caspase cas-
cade for apoptosis induction can be determined by inhibition of
apoptosis by pan caspase inhibitor Z-VAD-fmk. As seen in Fig.
5A, addition of Z-VAD-fmk at 40 �M inhibited apoptosis

FIGURE 4. Cell lines with lower levels of CCR5 support virus replication in the absence of bystander apoptosis. A, SupT-R5 cell lines H6, M10, and L23 were
infected with NL-YU-2 virus and subsequently stained with anti-p24 Ab to detect virus infection and Z-VAD-FITC to detect apoptosis induction on day 7
post-infection. Cumulative data representing virus infection (B) and apoptosis (C) on day 7 postinfection is shown. D, cell viability in the cultures was deter-
mined by measuring ATP levels in cells using cell titer Glo assay at the indicated time points. E, virus replication in the cultures was determined by measuring
RT activity in culture supernatants every 2–3 days post-infection. F, syncytia formation was recorded in the cultures on day 7. G, number of syncytia per field
were counted for at least four images for each cell line. All error bars show mean � S.D. of triplicate observations.
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induced by Env glycoprotein in bystander cells. The decrease
was significant only for the Env-expressing cocultures with little
effect on vector control transfected cells (Fig. 5B). Interestingly,
inhibition of apoptosis by Z-VAD-fmk did not alter the fusion
process as syncytia formation was evident with or without
Z-VAD-fmk addition (Fig. 5C). Further analysis of mechanism of
apoptosis by R5 Envwas done using themembrane potential sen-
sor dye DiOC6 and suggested that R5 Env-mediated apoptosis
pathway involved mitochondrial membrane depolarization (Fig.
5D). YU-2 Env-expressing cocultures exhibited a significantly
higherpercentageof cells displayingmitochondrial depolarization
(DiOC6 low) when compared with control vector-expressing cul-
tures (Fig. 5E). These findings suggest that R5 Env-mediated apo-
ptosis involves the classical apoptotic pathway involving mito-
chondrial depolarization and caspase activation similar to X4
viruses reported previously (27).
Apoptosis Mediated by CCR5 Env Is Dependent on Env Fuso-

genic Activity—Binding of HIV Env glycoprotein to its receptor
CD4 and a coreceptor, either CXCR4 or CCR5, has been impli-
cated in bystander apoptosis induction (49). The fact that

higher levels of CCR5 on cells result in greater bystander apo-
ptosis induction naturally raises the possibility that signaling
via CCR5 may be critical for apoptosis induction. However,
recent data with X4 tropic viruses suggest that fusogenic activ-
ity of the gp41 subunit of the Env glycoprotein determines
bystander apoptosis induction (26, 29). In case of X4 viruses,
bystander apoptosis can be inhibited by abolishing gp41 func-
tion either by using peptide inhibitors (T20/Enfuvirtide) or
mutations in different regions of gp41 that abrogate/attenuate
fusion activity and consequently apoptosis (29). However,
whether the same phenomenon holds true for R5 tropic Env in
our cell line expressing high levels of CCR5 is not known. To
address these issues, we generated several mutations in the
gp41 region of the YU-2 Env vector.Mutations V38A andV38E
in the heptad repeat 1 region of gp41 are associated with a
reduction in fusogenic activity (50). Conversely, the mutation
V2E in the second amino acid of gp41 severely restricts fuso-
genic activity of the Env glycoprotein (51). Using thesemutants
and the SupT-R5 cell line H6, we found that for R5 Env,
bystander apoptosis was dependent on gp41-mediated fuso-
genic activity as measured by annexin V staining (Fig. 6A).
More interestingly, the bystander apoptosis inducing activity
(Fig. 6B) correlated with cell to cell fusion capacity (Fig. 6C) of
the mutants. Taken together, these data suggest that bystander
apoptosis induced by R5 Env in cells expressing high levels of
CCR5 is dependent on gp41 function.
Apoptosis Induction in Bystander Cells Is a Result of gp41-

mediated Hemifusion—In HIV-1 infections, Env fusogenic
activity correlates with pathogenesis and bystander apopto-
sis both in vitro (26, 44, 52) and in vivo (28, 53, 54). However,
the fact that there are few multinucleated syncytia seen in
vivo remains a controversial issue. This observation has led
to the hypothesis that HIV Env-mediated apoptosis in
bystander cells is a process mediated by hemifusion rather
than complete fusion in target cells (26, 27). Hemifusion is an
intermediate step in the fusion process characterized by the
merger of the outer membrane leaflets of two biological
membranes without the formation of a fusion pore or mixing
of the inner leaflets (55). This phenomenon can be studied by
the use of cytoplasmic versusmembrane dye labeling of cells.
We (27, 29) and others (26) have used dye transfer assays to
study the phenomenon of hemifusion and its correlation
with bystander apoptosis mediated by X4HIV Env. Using the
same technique, we next asked whether bystander apoptosis
induced by R5 Env in CCR5 high expressing cell line (SupT-
R5-H6) was hemifusion-dependent. For this purpose, we
labeled HeLa cells transfected with YU-2 Env with either a
cytoplasmic dye CMTMR or a lipophilic dye DiI. These cells
were then cocultured with unlabeled SupT-R5-H6 cell line.
The nonadherent cells were collected 24 h post coculture,
and apoptosis was detected by either DiOC6 or annexin V
staining followed by flow cytometry. The transfer of cyto-
plasmic dye (an indicator of complete cell fusion leading to
the mixing of cytoplasmic contents) or membrane dye (an
indicator of membrane mixing or partial fusion/hemifusion)
was detected in the red channel, whereas apoptosis was
detected in the green channel. As seen in Fig. 7A, the apo-
ptotic cells (DiOC6 low) were also DiI-positive indicative of

FIGURE 5. Apoptosis mediated by R5 Env in high CCR5-expressing cell
line is dependent on caspase activation and mitochondrial depolariza-
tion. HeLa cells transfected with YU-2 Env were cocultured with SupT-R5-H6
cell line. Apoptosis inhibitor Z-VAD-fmk (40 �M) was added at the time of
coculture. Apoptosis was detected 24 h later using annexin V staining.
A, representative histograms are shown. B, apoptosis inhibition by Z-VAD-
fmk in high CCR5-expressing cell line H6 using data from three independent
(mean � S.D.) experiments. C, syncytia formation in cocultures in the pres-
ence or absence of Z-VAD-fmk. D, apoptosis was also determined by DiOC6
labeling. E, YU-2 Env causes increased mitochondrial depolarization in
bystander cells as determined by DiOC6 staining. Data are mean � S.D. from
three independent experiments.
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exchange of membrane components characteristic of hemi-
fusion. However, as evident in Fig. 7B, the apoptotic cells
characterized by low DiOC6 staining were negative for the
cytoplasmic dye (CMTMR) suggesting that there was no
mixing of cellular contents. That this process was specific to
HIV gp41 was further validated by inhibition of both
bystander apoptosis and DiI transfer by using the gp41 inhib-
itor T20 or the mutation V2E that abolishes fusion (Fig. 7, C
andD). Similar results were seen using annexin V as amarker
for apoptosis (supplemental Fig. 1). Taken together, these
findings suggest that the process of bystander apoptosis by
R5 Env is dependent on gp41 function and more specifically
hemifusion mediated by the Env glycoprotein.

DISCUSSION

The role of a specific type of coreceptor in HIV pathogenesis
remains much debated (reviewed by Schuitemaker et al. (56)).
However, it is evident that the switch of coreceptor usage by
HIV from CCR5 to CXCR4 precedes the rapid decline in CD4
cells and AIDS development in a number of cases (57). The
differences in CXCR4 and CCR5 expression on CD4� T cells
may be related to the relative pathogenesis of X4 versus R5
viruses (58). Although the correlation between CCR5 polymor-
phism and HIV-1 disease progression has been extensively
studied, it is still unclear as to why individuals with CCR5 poly-
morphisms like the CCR5�32 heterozygous mutation in its
coding region or CCR5–2459 A/G mutation in the promoter

FIGURE 6. Apoptosis induction correlates with cell to cell fusion activity of different Env mutants. HIV YU-2 Env gp41 mutants were tested for bystander
apoptosis induction in cocultures between HeLa cells transfected with WT, V38A, V38E, or V2E Env-expressing vectors after coculture with high CCR5-
expressing cell line SupT-R5-H6. A, apoptosis was detected 24 h later by annexin V staining. B, percent Env-specific apoptosis normalized to WT Env is shown.
C, cell to cell fusion mediated by HeLa cells expressing WT, V38A, V38E, or V2E Env in TZM cell coculture. Percent fusion normalized to WT Env is shown. B and
C, data represent mean � S.D. from three independent experiments.

FIGURE 7. Apoptosis induction in bystander cells mediated by R5 Env in high CCR5-expressing cells is gp41-induced hemifusion-dependent. HeLa Env
expressing cells were labeled either with lipophilic dye DiI (A) or cytoplasmic dye CMTMR (B) and cocultured with unlabeled SupT-R5-H6 cells. Suspension cells
were collected and analyzed for dye transfer (x axis) and apoptosis by DiOC6 staining (y axis) by flow cytometry. C, Env-mediated apoptosis is restricted to
hemifused cells characterized by DiI-positive and DiOC6 low labeling. D, apoptotic cells fail to take up cytoplasmic dye characterized as CMTMR-negative and
DiOC6 low labeling. Data are mean � S.D. of triplicate observations. All experiments were repeated three times with similar results.
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show slower progression to AIDS. It has been reported previ-
ously that CCR5�32 heterozygous mutation as well as CCR5–
2459A/G affect CCR5 expression levels (45); however, the func-
tional consequence of this phenomenon and how it affects
progression toAIDS remain unknown.Also, themechanismvia
which levels of CCR5 play a role in disease progression in
patients infected exclusively with R5 tropic viruses remains
undetermined.
In an animalmodel (SCID-humice), Scoggins et al. (38) dem-

onstrated that thymus grafts from CCR5�32�/� individuals
can support virus replication in the absence of CD4 depletion.
Whether this was a result of reduced replication or cytopathic
effect is not known. That viremia per se does not lead to AIDS is
further supported by the absence of AIDS in simian immuno-
deficiency virus infection of African green monkeys and Sooty
Mangabeys in the wild despite high levels of virus replication
(59, 60). We therefore hypothesized that although lower levels
of CCR5 can support virus replication, they may be insufficient
for bystander apoptosis mediated by HIV Env glycoprotein.
Consistent with this hypothesis, our study establishes a corre-
lation between CCR5 levels and bystander apoptosis and pro-
vides mechanistic insights into this phenomenon.
The increased fusogenicity of X4 viruses is suggested to be a

contributing factor in the enhanced pathogenesis of these
viruses (61, 62). However, in 50% of patients there is no switch
in coreceptor usage, and although the presence of X4 tropic
virus has been associated with poor prognosis in patients, it is
evident that the coreceptor switch is not absolutely essential for
progression to AIDS (63). Nevertheless, the selection of more
pathogenic CCR5 utilizing HIV has been documented. In fact,
Olivieri et al. (64) showed that CCR5 tropic viruses isolated
from patients early during disease (pre-AIDS) are different
from those isolated at the development of AIDS with a specific
change in the glycosylation site at position Asn-362. More
importantly, this change is associatedwith increased Env fusion
activity suggesting that Env fusion and CD4 loss are correlative
for R5 viruses as well. The role of Env glycoprotein fusion activ-
ity in apoptosis by CCR5 tropic viruses is supported by other
studies as well. Blanco et al. (52) used fusion inhibitor T20 to
show that the apoptotic mechanism was similar between X4
and R5 viruses and required gp41 function. In another study,
Espert et al. (65) showed that autophagy is a phenomenon that
is regulated by HIV Env in a gp41-dependent manner. How-
ever, in these studies the role of CCR5 expression levels in reg-
ulating bystander cell death mediated by HIV Env and whether
it is hemifusion-dependent was not determined.
Our study addresses two important questions. 1) Is there a

role for CCR5 expression levels on bystander apoptosis induc-
tion by the R5 tropic HIV Env? 2) Is R5 Env-mediated apoptosis
dependent upon gp41-mediated hemifusion reaction? Our
study demonstrates that bystander apoptosis mediated by R5
HIV Env correlates with surface expression of CCR5. Next, the
phenomenon of bystander apoptosis mediated by CCR5 tropic
Env glycoprotein is dependent on hemifusion mediated by the
gp41 domain of Env glycoprotein. Taken together, the fact that
CCR5 levels determineEnv-mediated fusion,which in turn cor-
relates with bystander apoptosis, suggests that the three phe-
nomenon are likely interdependent.

Another important question that remains unanswered in
HIV pathogenesis is the phenomenon of coreceptor switch that
only occurs in some individuals. The answer may once again lie
in the differences in the levels of CCR5 cell surface expression.
In fact in vitro evolution of R5 viruses to CXCR4 usage can be
achieved by culturing in the presence of limiting amounts of
CCR5 and high levels of CXCR4 (66, 67). Hence, individuals
with lower levels of CCR5 may facilitate the virus to switch
coreceptors due to lower levels of virus replication. This is also
supported by the observation that the likelihood of finding
CXCR4 tropic virus inCCR5�32�/� individuals is higher. Con-
versely, recent studies by Schuitemaker et al. (56) suggest that
all viruses eventually evolve toCXCR4usage.However, in some
individuals terminal disease is reached before conversion to X4
tropism. Our data suggest that higher levels of CCR5 not only
support better virus replication but also result in enhanced
pathogenesis via HIV Env-mediated bystander apoptosis and
consequently progression to AIDS without or prior to corecep-
tor switch. However, in this case, subtype differences may play
a role in combinationwithCCR5 expression levels in determin-
ing rate of disease progression and/or coreceptor switch.
The gamut of CCR5 expression levels in individuals makes

CCR5 an important and interesting variable in HIV pathogen-
esis (68). Our establishment of T cell lines with varied levels of
CCR5 should provide valuable reagents for studying both virus
replication and pathogenesis of other clinically relevant R5 iso-
lates. In our preliminary study using these cell lines, we saw
some interesting phenomena with regard to virus replication.
For example, the H6 (high CCR5) cell line showed quick virus
replication followed by extensive cytopathic effects resulting in
a decline in virus after the peak. However, lower levels of CCR5
in cells allowed for prolonged replication of virus in the M10
cell line in the absence of cytopathic effects. Taken together,
our findings may reflect the outcome of R5 viruses in individu-
als with lower levels of CCR5 where virus replication is seen in
the absence of cytopathic effects. Nevertheless, many reports
suggest that in case of CCR5 polymorphism lower viral set
points and replication are correlative with disease progression
(69). However, lower virus replication alone cannot explain the
reduced rate of CD4 decline in CCR5�32�/� individuals as
suggested by Hunt and Carrington (46). Even after correction
for virus replication, there is a protective effect of CCR5 poly-
morphism on AIDS progression (70). Hence, the virus replica-
tion independent effects of CCR5 expression level on disease
progression may be explained by our findings.
Our study suggests that bystander apoptosis inHIV infection

is possibly a result of a combination of Env fusion activity and
CCR5 expression levels. The subtype and quasi-species varia-
bility inHIVEnv are likely to play amarked role in pathogenesis
by regulating the efficiency with which the Env can use CCR5
for fusion/hemifusion and bystander apoptosis. Based on this,
we propose a model for the interdependence of these factors
(Fig. 8). In our hypothetical model, infections with certain sub-
types that are relatively inefficient at using CCR5 combined
with lower levels of CCR5 on the cell surface drives coreceptor
change to X4 tropism and pathogenic consequence. However,
with subtypes that efficiently utilize CCR5, the coreceptor tro-
pism is maintained as the virus evolves toward increased fusion
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activity and pathogenesis while maintaining CCR5 usage. In
each case the enhancement of Env-mediated fusogenic activity
results in increased hemifusion-induced bystander apoptosis
resulting in progression to AIDS.
Although our study is a first step in studying the role of CCR5

cell surface levels in bystander apoptosis, the results of our in
vitro studyneed to be interpretedwith caution.Our findings are
only indicative of the association between CCR5 expression
levels and bystander apoptosis and consequently with AIDS
progression in patients infectedwithHIV-1R5 isolates. Further
studies utilizing primary cells and a larger panel of R5 tropic
Envs will be needed to determine whether this actually holds
true in vivo.
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