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Apoptosis of CD41 T lymphocytes, induced by contact between human immunodeficiency virus type 1
(HIV-1) envelope glycoprotein (gp120) and its receptors, could contribute to the cell depletion observed in
HIV-infected individuals. CXCR4 appears to play an important role in gp120-induced cell death, but the
mechanisms involved in this apoptotic process remain poorly understood. To get insight into the signal
transduction pathways connecting CXCR4 to apoptosis following gp120 binding, we used different cell lines
expressing wild-type CXCR4 and a truncated form of CD4 that binds gp120 but lacks the ability to transduce
signals. The present study demonstrates that (i) the interaction of cell-associated gp120 with CXCR4-express-
ing target cells triggers a rapid dissipation of the mitochondrial transmembrane potential resulting in the
cytosolic release of cytochrome c from the mitochondria to cytosol, concurrent with activation of caspase-9 and
-3; (ii) this apoptotic process is independent of Fas signaling; and (iii) cooperation with a CD4 signal is not
required. In addition, following coculture with cells expressing gp120, a Fas-independent apoptosis involving
mitochondria and caspase activation is also observed in primary umbilical cord blood CD41 T lymphocytes
expressing high levels of CXCR4. Thus, this gp120-mediated apoptotic pathway may contribute to CD41 T-cell
depletion in AIDS.

Human immunodeficiency virus type 1 (HIV-1) infected pa-
tient evolution toward AIDS is characterized by a progressive
drop in the number of CD41 T lymphocytes, and virus-induced
apoptosis has been proposed as a possible mechanism of HIV
pathogenicity (17, 37, 42). Recent studies have demonstrated
that CXCR4 triggers programmed cell death upon binding to
the HIV-1 envelope glycoprotein gp120 (8, 9, 11, 26, 27). Al-
though features of anti-CD4- and anti-CXCR4-induced T cell
apoptosis have been described (8), few characteristics of cell
death triggered upon gp120 binding to CXCR4 have been
demonstrated. Fas signaling-mediated apoptosis may contrib-
ute to functional T lymphocyte defects and cell depletion ob-
served in HIV-induced disease (2–4, 12, 29, 30, 43, 67), but
involvement of this death receptor is still controversial (8, 19,
44, 46). In addition, direct implication of caspases in gp120-
mediated apoptosis of CXCR41 cells is a subject of debate.
Berndt and collaborators described no involvement of known
caspases in cross-linked recombinant gp120- and anti-CXCR4-
induced apoptosis of human peripheral blood lymphocytes (8)
and Vlahakis et al. reported that CXCR4-dependent cell death
is caspase independent on the basis of caspase inhibitors (65).
However, caspase-3 is cleaved in primary T lymphocytes (15)
and endothelial cells (61) following binding of HIV-1 envelope
glycoproteins. The manner in which gp120 is presented, the
manner in which the cell population is analyzed, and the nature

of the receptor directly involved in this cell death could be
responsible for the discrepancies between these reports. We
previously found indirect evidence for caspase involvement in
this cascade, as the specific interaction of CXCR4 with cell-
associated gp120 resulted in an apoptosis which was blocked by
DEVD, a caspase-3 inhibitor, but not by YVAD, a caspase-1
inhibitor (9). We have therefore further investigated the role
played by the Fas receptor, caspases as well as known upstream
and downstream caspase-signaling elements in CXCR4-gp120-
induced apoptosis.

The caspase family of cysteine proteases regulates the exe-
cution of the apoptotic cell death program (16, 55, 60).
Caspases are synthesized as inactive proenzymes that are pro-
cessed in cells undergoing apoptosis by self-proteolysis and/or
cleavage by another protease. Caspase-3, a key effector caspase
(58), can be activated by several activated initiator caspases
such as caspase-9, whose activation is achieved within an ap-
optosome that consists of a large caspase-activating complex
formed by apoptotic protease-activating factor 1, cytochrome
c, and dATP (22, 38, 57, 72).

A large body of evidence now emerges that mitochondria
play a central role in programmed cell death (23, 32). Several
different events occur at the level of mitochondrial apoptosis,
including loss of the inner mitochondrial transmembrane po-
tential (DCm), resulting in an uncoupling of oxidative phos-
phorylation, generation of superoxide free radicals, dumping
of matrix-associated calcium into the cytosol, and apoptotic
protein release (cytochrome c and apoptosis-inducing factor)
(28). Cytochrome c release and mitochondrial membrane de-
polarization have both been proposed as early irreversible
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events in the initiation of the cell death program even if the
relationship between these two phenomena is currently not
clear. One hypothesis is that opening of the permeability tran-
sition pore (PTP), a complex composed of several polypeptides
at the membrane of mitochondria, causes a dissipation of the
DCm (7, 31, 33, 69, 71), leading to the mechanical disruption of
the outer mitochondrial membrane and consequently cyto-
chrome c release (23, 33).

The aim of the present work was to analyze the cascade of
events leading to apoptosis after gp120 binding to CXCR4. To
specifically study the role of this coreceptor in the absence of
a CD4 signal, which may also contribute to apoptosis after HIV
envelope glycoprotein contact (8, 15), cell lines expressing only
the external part of the CD4 molecule were generated. This
domain is needed to allow subsequent gp120 binding to
CXCR4 (35, 54). Using two complementary cellular models,
we demonstrate that gp120-induced apoptosis of human em-
bryonic kidney (HEK) cells or a T-cell line expressing CXCR4
and a truncated form of CD4, incapable of transducing a signal
on its own, occurs independently of Fas activation. Importantly
though, mitochondrial depolarization, cytochrome c release,
activation of caspase-9 and -3, and DNA damage are succes-
sively triggered.

To confirm that this gp120-dependent apoptotic cascade oc-
curs in primary T cells following HIV infection, we analyzed
apoptosis of umbilical cord (UC) blood CD41 T cells after
coculture with HEK cells stably expressing gp120 molecules.
Of note, these primary UC CD41 T cells are truly naive and
thus constitute a homogeneous population of cells expressing a
high number of CXCR4 molecules. gp120-mediated death in
these cells is inhibited by the CXCR4 ligand and involves
mitochondrial transmembrane depolarization and caspase-3
activation. In agreement with the data obtained in cell lines,
this apoptosis occurred independently of Fas-mediated signaling.

MATERIALS AND METHODS

Antibodies and reagents. Anti-FasL antibody was purchased from TEBU (Le
Perray en Yvelines, France). The anti-CD4 monoclonal antibody (MAb) (BL4)
was kindly provided by M. Hirn (Beckman-Coulter, Villepinte, France). The
anti-CXCR4 MAb (MAB173) and human SDF-1 were purchased from R&D
Systems Europe, Ltd. (Abington, United Kingdom). Fluorescein isothiocyanate
(FITC)-labeled Fab92 goat anti-human, anti-rabbit, and anti-mouse immuno-
globulins (Ig) were purchased from Immunotech (Beckman-Coulter). Anti-Fas
MAbs (clones CH11 and ZB4) were purchased from Euromedex (Souffelwey-
ersheim, France). Polyclonal anti-gp120 human antibodies were kindly provided
by J. P. Vendrell (Hopital Lapeyronie, Montpellier, France). Anti-human Hsp60
antibody and the caspase-3 inhibitor z-DEVD.fmk were purchased from Merck
Eurolab (Fontenay sous Bois, France). Annexin-V-FITC and antibodies against
caspase-3 and -9 and cytochrome c were purchased from Becton Dickinson (Le
Pont de Claix, France). Mito Tracker Orange CMTM Ros and the anti-human
cytochrome oxidase subunit II MAb (12CA-F12) were purchased from Interchim
(INTERBIOtech, Montlucon, France). Peroxidase-coupled goat anti-rabbit and
anti-mouse Igs, carbamoyl cyanide m-chlorophenylhydrazone (mClCCP), 3,39-
dihexyloxacarbocyanine iodide [DiOC6(3)], and dexamethasone were purchased
from Sigma-Aldrich (L’Isle D’Abeau Chesnes, France). IL-4 was purchased from
PreproTech EC Ltd. (London, United Kingdom).

Cells. The HEK-293 cell line was stably transfected with the T-tropic HIV-1
defective pBRUDgag construct, an expression vector containing the HIV-1 LAI
genome (formerly LAV/HIV-1 Bru strain, provided by L. Montagnier [Institut
Pasteur, Paris, France] [66]) deleted of the gag gene segment PstI-ApaI). This
vector allows T-tropic HIV-1 cell surface envelope expression (HEK.gp120
clone). The CEM T-cell line was provided by the American Type Culture Col-
lection (Manassas, Va.). The A2.01/CD4.403 (A2.01 expressing a mutant form of
CD4 truncated at position 403) cell clone has been previously described (6) and
was provided by D. R. Littman (New York Medical College, New York, N.Y.).

The 8.E5 cell line, a CEM-derived T-cell line containing a single integrated copy
of HIV-1, provided by F. Barré-Sinoussi (Institut Pasteur), was cultured in RPMI
1640 medium supplemented with a 1% penicillin-streptomycin antibiotic mix-
ture, 1% Glutamax, and 10% fetal calf serum (Life Technologies, Cergy Pon-
toise, France) to a density of 5 3 105 cells/ml in a 5% CO2 atmosphere. The
HEK-293 cell lines stably expressing gp120 molecules, a truncated form of CD4
lacking the intracytoplasmic domain (CD4.403) or the CD4.403 and CXCR4
molecules (9) were maintained in Dulbecco’s modified Eagle medium supple-
mented with 1% penicillin-streptomycin antibiotics, 1% Glutamax, and 10%
FCS.

Mononuclear cells were isolated by Ficoll-Hypaque gradient from umbilical
cord blood samples obtained from full-term deliveries. CD41 T cells were pu-
rified by negative selection using the CD41 Rosette separation technique (Stem
Cell Technologies, Neylan, France). UC cells were cultured in complete RPMI
1640 medium containing IL4 (10 ng/ml). Vlahakis and colleagues demonstrated
that IL-4 results in an upregulation of CXCR4 surface expression without mod-
ification of CD4 surface expression and that IL-4-treated cells remain susceptible
to Fas-mediated apoptosis (65).

Flow cytometry. Cells (105) were incubated for 1 h at 4°C with 50 ml of
phosphate-buffered saline (PBS) containing 0.2% bovine serum albumin (BSA)
(PBS-BSA) or PBS-BSA supplemented with the appropriate MAb at concentra-
tions necessary for saturation of cell-surface molecules. After washing three
times with PBS-BSA, bound MAb was revealed by addition of 50 ml of a 1/100
dilution of FITC-conjugated secondary Ig. After a 30-min incubation, cells were
washed with PBS-BSA and fluorescence intensity at 543 nm was measured on an
EPICS XL4-C cytofluorometer (Beckman-Coulter). Flow cytometry analysis of
FasL expression and caspase-3 activation were performed after cell permeabili-
zation. Briefly, cells were fixed and permeabilized by addition of 20 mg of
lysolecithin/ml in 1% paraformaldehyde for 2 min at room temperature, followed
by incubation in absolute methanol on ice for 15 min and then in a 0.1% solution
of NP-40 for 5 min on ice. After one wash, staining was performed as previously
described.

Assessment of DCm. Mitochondrial transmembrane potential was measured
by means of DiOC6(3) (40 nM in PBS). Cells (5 3 105) were incubated with
DiOC6 for 15 min at 37°C, followed by analysis on a cytofluorometer (excitation,
488 nm; emission, 525 nm). Control experiments were performed in the presence
of 5 mM carbamoyl cyanide mClCCP, an uncoupling agent that abolishes the
DCm, for 15 min at 37°C.

Cytochrome c measurements. Mitochondrial and S-100 fractions were pre-
pared from 40 3 106 HEK/CD4.403 and HEK/CD4.403/CXCR4 cells that had
been cocultured with CEM or 8.E5 cells or from 40 3 106 A2.01/CD4.403 cells
cocultured with HEK or HEK.gp120 cell lines by differential centrifugation in
buffer containing 250 mM sucrose as previously described (67). Protein samples
(25 mg) were loaded on sodium dodecyl sulfate (SDS)-prosieve 50 polyacryl-
amide gels, subjected to electrophoresis, and then transferred to polyvinylidene
difluoride membranes (Millipore, St. Quentin en Yvelines, France). Western
blottings were performed as described below.

Western blots. Cells were washed twice in PBS and lysed in 50 mM Tris-HCl
(pH 8)–1% Triton X-100–100 mM NaCl–1 mM MgCl2–2 mM Benzamidine, 2 mg
of leupeptin/ml and 150 mM phenylmethylsulfonyl fluoride. Cell lysates were
electrophoresed in SDS–10% polyacrylamide gel electrophoresis and blotted to
polyvinylidene difluoride membranes. Membranes were then blocked in Tris-
buffered saline–5% BSA–0.05% Tween 20 for 1 h at 20°C. Blots were incubated
overnight at 4°C with the primary antibody in the blocking buffer. After three
washes with TBS-Tween, the blots were incubated for 1 h at 20°C with peroxi-
dase-coupled antiserum diluted 1/5,000 in TBS–5% milk–Tween. After further
washes, the immune complexes were revealed by enhanced chemiluminescence
(NEN) and autoradiographed.

Detection of apoptosis. Detection of HIV-1-induced apoptosis of the adherent
transfected HEK cells was monitored by nuclear chromatin condensation as
previously described (9). Briefly, HEK/CD4.403 and HEK/CD4.403/CXCR4
cells were cocultured with 8.E5 (gp1201) or CEM (control) cells on slides in
24-well plates. After extensive washing with complete medium to eliminate the T
cells in suspension, adherent cells were fixed in 3.7% paraformaldehyde in PBS
(pH 7.4) containing 0.1% Triton X-100 for 15 min at 20°C. After two washes with
PBS, cells were incubated with Hoechst solution (dye, Hoechst 33258; Sigma) at
0.2 mg/ml for 30 min at 20°C and examined by epifluorescence using a Leica
microscope (Leica DMRB). Apoptosis of the A2.01/CD4.403 cell line and UC
CD41 T cells was studied after coculture with either the HEK.gp120 cell line or
control untransfected HEK cells, by flow cytometry analysis using annexin-V-
FITC as previously described (36). Briefly, suspension cells were washed once
with PBS, carefully resuspended in 100 ml of binding buffer (100 mM HEPES
[pH 7.4], 140 mM NaCl, 5 mM CaCl2); 2.5 ml of annexin-V-FITC and 2.5 ml of
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FIG. 1. Description of the two cellular model systems. (A) Cell surface expression of gp120 at the surface of 8.E5 cells and the stable
gp120-transfected HEK cell line (black histograms) are compared to the parental CEM and HEK lines (white histograms), as detected by flow
cytometry. Cells were incubated with medium containing anti-gp120 human polyclonal antibodies and bound Ab was detected with a secondary
FITC-labeled goat anti-human Ig. (B) Expression of mutated CD4 and CXCR4 molecules at the surface of the HEK/CD4.403 and HEK/CD4.403/
CXCR4 clones and the A2.01/CD4.403 T-cell line. Cells were incubated with medium alone (white histograms) or medium containing the anti-CD4
(left) or anti-CXCR4 (right) MAbs at 10 mg/ml (black histograms). Bound MAb was detected with a FITC-labeled goat anti-mouse Ig. The
fluorescence intensity was recorded in the log mode on an EPICS XL4 cytofluorometer. (C) Apoptosis of the HEK/CD4.403/CXCR4 and
A2.01/CD4.403 cell lines cocultured with cells expressing gp120 (8.E5 and HEK.gp120) in the presence or absence of SDF-1 (500 ng/ml) or the
caspase-3 inhibitor (50 mM).
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propidium iodide were then added. After incubation for 20 min in the dark at
20°C, cells were analyzed on an EPICS XL4-C cytofluorometer.

Immunofluorescence studies. After coculture with CEM or 8.E5 cells, HEK/
CD4.403 and HEK/CD4.403/CXCR4 cells were extensively washed and loaded
with 250 nM MitoTracker Orange CMTM Ros for 45 min in complete culture
medium. After two washes with PBS, adherent cells were fixed in 3.7% parafor-
maldehyde in PBS for 10 min at 20°C, permeabilized with PBS containing 0.2%
Triton X-100 for 2 min, and then incubated with a 1 mg/ml solution of anti-
caspase-3 MAb for 1 h at 4°C. After washing, cells were incubated with FITC-
labeled goat anti-mouse Ig diluted 100-fold for 1 h at 4°C and washed and nuclei
were stained with Hoechst solution as described above.

Statistical analysis. Variance analysis was performed after arcsine transfor-
mation of the data (70): p, P , 0.05; pp, P , 0.01; and ppp, P , 0.001.

RESULTS

Cellular models. Two complementary cellular models were
used in this study to directly analyze the cascade of events
triggered after gp120 binding to CXCR4. They are based on
coculture of transfected HEK adherent cells with a suspension
T-cell line; one clone presents gp120 while the other expresses
CXCR4 and a truncated form of CD4 (CD4.403) capable of
binding to gp120 but unable to transduce a signal on its own.
These cellular models allow apoptosis to be studied without
cell separation. Apoptosis of an HEK cell line stably trans-
fected with plasmids coding for both CXCR4 and CD4.403
(HEK/CD4.403/CXCR4) was analyzed following coculture
with the CEM T-cell line (8.E5) expressing T-tropic HIV-1
gp120 molecules. To analyze gp120-induced apoptosis of the
lymphoblastoid A2.01/CD4.403 T-cell line that expresses en-
dogeneous CXCR4 and transfected CD4.403 molecules, we
constructed an HEK clone stably expressing gp120 from an X4
isolate of HIV-1 (LAI strain), named HEK.gp120. The two cell
populations (effector and target cells) present very different
forward and side scatter characteristics on FACS, allowing the
target cells to be specifically analyzed after selection. Further-
more, we counterstained target cells with an antibody directed
against the adenovirus A1A antigen which is specifically ex-
pressed in HEK cells to verify that the selected population was
not contaminated by effector cells (10).

Expression of HIV-1 gp120 molecules at the surface of the
8.E5 and HEK.gp120 clones, as well as expression of CXCR4
and CD4.403 molecules on the HEK/CD4.403, HEK/CD4.403/
CXCR4, and A2.01/CD4.403 cell lines, are shown in Fig. 1A
and B, respectively.

Previously it was demonstrated that the expression of HIV-1
gp120 at the surface of 8.E5 cells triggers apoptosis of the
HEK/CD4.403/CXCR4 clone (9). Under the same conditions,
cell surface gp120 did not induce apoptosis of the HEK/
CD4.403 cell line that does not express CXCR4. The apoptosis
of HEK/CD4.403/CXCR4 cells was specifically triggered by
the interaction with gp120 molecules on the 8.E5 clone since
no apoptosis was observed upon coculture with the parental
CEM line. Moreover, this cell death was inhibited by SDF-1.
We found that gp120-induced cell death involves activation of
the caspase cascade and is inhibited by a peptide inhibitor of
the effector caspase-3 (Fig. 1C, left). These data demonstrate
that CXCR4 transfected in HEK cells is able to transduce an
apoptotic signal triggered by the gp120 epitopes uncovered
after CD4 contact.

It has previously been demonstrated that the A2.01/CD4.403
cell line undergoes apoptosis after HIV-1 infection (24). This
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T-cell line, derived from CEM cells, was previously used to
analyze Fas-mediated apoptosis (19, 39, 41, 49, 53, 59, 63).
Furthermore, CEM and Jurkat cells are equally sensitive to
agonistic anti-Fas MAbs (20, 21), and the Jurkat cell line is one
of the most common T-cell lines used in Fas-dependent apo-
ptosis analysis. Thus, the CEM cellular system is adapted to
studying Fas-mediated apoptosis. Apoptosis of A2.01/CD4.403
cells following coculture with the HEK.gp120 clone was
strongly inhibited by SDF-1, indicating that CXCR4 is involved
in this process. Moreover, the process was partially inhibited by
the caspase-3 inhibitor DEVD (Fig. 1C, right). These two
model systems are thus suitable for analysis of the role of
CXCR4, independently of CD4 signaling, in gp120-induced
apoptosis.

Fas is not involved in gp120-induced apoptosis of CXCR41

cells. Although considerable controversy exists, the increased
level of CD41 T-cell apoptosis in HIV-infected persons might
be due to an aberrant upregulation of death receptors, espe-
cially the Fas receptor (2–4, 12, 29, 30, 43, 67). Since HEK/
CD4.403/CXCR4 and A2.01/CD4.403 cells undergo apoptosis
following gp120 binding, we analyzed the expression of Fas and
FasL molecules at the surface of these clones after 1, 4, 16, and
24 h and 2 and 3 days of coculture with cells expressing or not
expressing gp120. We also determined the level of FasL ex-
pression by intracellular immunostaining because extracellular
FasL staining protocols seem to be less reproducible, possibly
due to the reported intracellular FasL protein storage not
accessible to surface staining procedures (64). We did not
observe any change in the surface expression of either Fas (Fig.
2A) or FasL (data not shown) during the 3-day coculture with
gp1202 or gp1201 cells. Furthermore, intracellular FasL levels
did not increase following contact with gp120 (Fig. 2B). How-
ever, HEK/CD4.403/CXCR4 as well as A2.01/CD4.403 cells

expressed a functional Fas receptor as demonstrated by the
finding that cross-linking of Fas with the anti-Fas antibody
CH11 induced a marked apoptosis of these cells (Fig. 2C and
D). After calibration of the assay, CH11 MAb concentration
and incubation times for further experiments were chosen to
give percentages of apoptotic cells similar to those obtained in
gp120-induced apoptosis. Although CH11-induced apoptosis
was completely inhibited by the blocking anti-Fas ZB4 MAb at
5 mg/ml, this antibody did not protect HEK/CD4.403/CXCR4
or A2.01/CD4.403 cells from gp120-induced apoptosis (Fig. 2C
and D). This strongly suggests that the Fas death receptor is
not involved in this cell death program.

Mitochondrial depolarization and cytochrome c release oc-
cur during gp120-induced CXCR4-dependent apoptosis. To
determine the effect of gp120-CXCR4 binding on mitochon-
drial function, HEK/CD4.403 and HEK/CD4.403/CXCR4 cell
lines were cocultured with CEM or 8.E5 cells and A2.01/
CD4.403 cells were cocultured with HEK or HEK.gp120 cells.
The mitochondrial transmembrane potential (DCm) was then
measured using the cationic dye DiOC6, a fluorochrome which
is incorporated into cells depending upon their DCm (52, 69).
Following a 1-day coculture of HEK/CD4.403/CXCR4 cells
and A2.01/CD4.403 cells with 8.E5 cells (Fig. 3A) and the
HEK.gp120 clone (Fig. 3B), respectively, a reduced uptake of
DiOC6 was detectable. As controls, mClCCP, an agent which
uncouples oxidative phosphorylation thereby abolishing DCm,
and dexamethasone, an apoptotic agent which has previously
been shown to induce a rapid reduction of DCm in T cells (69),
were used. Indeed, a 15-min exposure to mClCCP (5 mM)
completely inhibited DiOC6 staining, confirming that the dye
uptake was driven by DCm and did not involve significant
binding to other cellular components (Fig. 3A and B). Simi-
larly, dexamethasone treatment of HEK/CD4.403/CXCR4 and

FIG. 3. Mitochondrial depolarization occurs during gp120-induced apoptosis. (A) Following a 1-day coculture of HEK/CD4.403 and HEK/
CD4.403/CXCR4 cells with CEM (black histograms) or 8.E5 (white histograms) cells, the former cells were stained with DiOC6 (40 nM, 15 min,
37°C), and DCm was analyzed by flow cytometry. HEK/CD4.403/CXCR4 cells treated with the uncoupling reagent mClCCP (5 mM, 15 min) and
dexamethazone (100 mM, overnight) were used as controls. Results of data from one of five representative experiments are shown. (B) The same
experiments were performed following coculture of the A2.01/CD4.403 cell line with HEK (black histogram) or HEK.gp120 (white histogram)
cells. Controls were identical to those described above for panel A.
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A2.01/CD4.403 cells (100 mM for 12 h) reduced the incorpo-
ration of the fluorochrome DiOC6, indicating that this com-
pound also acts on the mitochondrial function of HEK cells.

Cytochrome c release was assessed by immunoblotting anal-
ysis of the mitochondrial and S-100 fractions from HEK/
CD4.403 and HEK/CD4.403/CXCR4 cells after contact with
CEM or 8.E5 cells and from A2.01/CD4.403 cells after cocul-
ture with HEK or HEK.gp120 cells. An increase in the amount
of cytochrome c in the cytosolic fraction was observed only in
the CXCR41 cell lines after a 1-day coculture with gp1201

cells (Fig. 4A), in parallel with a concomitant decrease in the
mitochondrial fraction (data not shown). Cytochrome c release
was not found in CXCR41 cell lines cocultured with cells that
do not express gp120 molecules, indicating that cytochrome c
translocation from mitochondria to cytosol is specifically in-
duced by cell-surface-expressed gp120 binding to CXCR4. We
also verified that the S-100 fractions were not contaminated by
mitochondria using the anti-cytochrome oxidase subunit II an-
tibody (Fig. 4A); cytochrome oxidase was present in mitochon-
drial fractions but not in cytosolic fractions. To confirm the
cytochrome c translocation after gp120 binding to CXCR4,
CXCR42 and CXCR41 HEK lines were cocultured with CEM
or 8.E5 cells and then fixed and stained in order to simulta-
neously monitor nucleus morphology, cytochrome c localiza-
tion, and the presence of intact mitochondria (high DCm).
Only the HEK/CD4.403/CXCR4 cell line cocultured with 8.E5
cells underwent cytochrome c translocation and demonstrated
condensed chromatin and mitochondrial depolarization. Rep-
resentative photographs are shown in Fig. 4B. Dexamethasone
was used as a control of mitochondrial transmembrane depo-
larization. Physical damage to the mitochondria was ruled out
in cells undergoing mitochondrial depolarization as the pres-
ence of the mitochondria-associated Hsp60 protein was de-
tected (Fig. 4C). It is worth noting that we frequently observed
cells with a low DCm in the absence of cytochrome c release in
the cytosol and apoptotic nuclei (data not shown). This sug-
gests that mitochondrial potential depolarization may occur
first, followed by cytochrome c release and DNA damage.

Caspase-3 and -9 are activated in CXCR41 cells after co-
culture with cells expressing gp120. As caspase-9 is known to
be critical for cytochrome c-dependent apoptosis, we analyzed
its activation in our cellular models. After coculture of HEK/
CD4.403 and HEK/CD4.403/CXCR4 cells with CEM or 8.E5
cells and of A2.01/CD4.403 cells with HEK or HEK.gp120
cells, we analyzed caspase-9 processing in the cytosolic fraction
by immunoblotting using an antibody that recognizes the pre-
cursor (procaspase-9) and the p37 activated subunit form of
caspase-9. A strong increase in activated caspase-9 was de-
tected only in cells that express CXCR4 after 2 days of cocul-
ture with gp1201 cells (Fig. 5) and was associated with a de-
crease in procaspase-9 (data not shown). Thus, this caspase is
activated after gp120 binding to CXCR4.

Caspase-3 is expressed as a 32-kDa proenzyme which is
activated by proteolytic cleavage into active 21- or 17-kDa
forms. To determine whether viral gp120 induces the activa-
tion of caspase-3 in HEK/CD4.403, HEK/CD4.403/CXCR4,
and A2.01/CD4.403 clones, and to compare the percentage of
caspase-3-positive cells with the percentage of total apoptotic
cells, cells were analyzed by flow cytometry by using an anti-
active caspase-3 polyclonal antiserum that preferentially rec-

ognizes the activated form of caspase-3. The anti-Fas CH11
antibody was used as a positive control since Fas-mediated
apoptosis involves the initial formation of a death-inducing
signaling complex resulting in caspase-3 activation. Coculture
of the CXCR41 cell lines with gp1201 cells resulted in cleav-
age and activation of the caspase-3 (Fig. 6A) while no
caspase-3 activation was found upon coculture of the CXCR42

cell line (HEK/CD4.403 cells). The level of caspase-3-positive
cells is slightly higher than the level of cells visualized as apo-
ptotic cells, indicating that caspase-3 plays a major role in
gp120-mediated apoptosis. As expected, cells that did not ex-
press gp120 did not trigger caspase-3 cleavage in CXCR41

cells (Fig. 6A).
To assess caspase-3 activation, immunofluorescence studies

were performed using CXCR42 and CXCR41 HEK cell lines
cocultured with CEM or 8.E5 cells for 3 days. Cells were then
fixed and stained to simultaneously analyze nucleus morphol-
ogy by Hoechst 33258 staining and caspase-3 activation by
means of indirect labeling with an anti-cleaved caspase-3 MAb.
The HEK indicator cells were cocultured with CEM or 8.E5
cells for 3 days in order to observe condensed chromatin that
is not initially detectable. In HEK/CD4.403 cells cocultured
with 8.E5 or CEM cells (data not shown), and in HEK/
CD4.403/CXCR4 cells cocultured with CEM cells (Fig. 6B),
there was no evidence of chromatin condensation. Activated
caspase-3 was detected in HEK/CD4.403/CXCR4 cells only
after coculture with 8.E5 cells (Fig. 6B), and a strong correla-
tion was detectable between gp120-induced apoptosis evi-
denced by Hoechst staining and caspase-3 activation. The anti-
Fas CH11 MAb shown as a control also triggered caspase-3
activation (Fig. 6B).

gp120 binding to UC CD41 T cells induces CXCR4-depen-
dent apoptosis involving mitochondrial depolarization and
caspase-3 activation independently of Fas signaling. To study
gp120-induced apoptosis in a primary T-cell model, CD41 T
cells isolated from umbilical cord were used. The CD41 pop-
ulation is composed almost entirely of naive T cells which
express high levels of CXCR4 and are highly homogeneous
with respect to CD4 and CXCR4 (Fig. 7A). Notably, expres-
sion of these two molecules was stable during the 4 days of
coculture with HEK or HEK.gp120 cells in the presence of
IL4.

UC cell death was observed after coculture with HEK.gp120
cells, while UC cell apoptosis did not occur after coculture with
HEK cells that did not express gp120. It is worth noting that
UC cells or HEK and HEK.gp120 clones alone treated under
the same experimental culture conditions did not undergo apo-
ptosis (data not shown). gp120-induced apoptosis was strongly
inhibited by SDF-1, demonstrating that CXCR4 is involved in
this process (Fig. 7B). To further analyze the gp120-induced
apoptotic signaling pathway activated in those primary CD41

T cells, mitochondrial depolarization and caspase-3 activation
were monitored under the same experimental conditions as
those used with the CEM T-cell line. The purified UC CD41

T cells showed a reduced uptake of DiOC6, detectable after 1
day of coculture with HEK.gp120 cells. No decrease in mem-
brane polarization was detected after coculture with HEK cells
(Fig. 7C). As the intrinsic apoptotic pathway involving mito-
chondria results in caspase-3 cleavage, we analyzed its activa-
tion in UC cells after coculture with HEK or HEK.gp120 cells.
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Direct caspase-3 activation was demonstrated in UC cells after
coculture with HEK.gp120 cells, and a caspase-3 inhibitor in-
duced a strong inhibition of gp120-induced apoptosis (Fig.
7D). The putative involvement of the Fas death receptor was
then analyzed. No change in Fas or FasL expression was de-
tected in UC cells during the coculture with HEK or
HEK.gp120 cells (Fig. 7E). Under all conditions, these two
proteins were expressed. Importantly, the Fas inhibitor ZB4
did not protect UC cells from gp120-induced apoptosis (Fig.
7E). Together, these results indicate that the intrinsic apopto-
tic pathway depending upon mitochondria is activated after
gp120 binding to CXCR4 expressed on primary UC CD41 T
cells. Thus, the apoptotic pathway observed in cell lines is also
actuated in primary CD41 T cells expressing high levels of
CXCR4.

DISCUSSION

Apoptosis has previously been observed following binding of
gp120 to cells expressing the CD4 and CXCR4 molecules (9,
11, 15, 27). The aim of the present study was to further inves-
tigate the biological events occurring exclusively through
CXCR4. The two major apoptotic pathways are the extrinsic
(i.e., Fas/death receptor) and intrinsic (i.e., mitochondrial
events) ones (1, 39, 50, 56, 62). Even if the Fas receptor can
utilize mitochondria as part of an amplification mechanism,
the Fas/FasL and mitochondrial pathways are capable of op-

erating independently. The clearest demonstration comes from
studies of caspase-9- and Apaf-1-deficient mice. Both types of
modified mice display reduced apoptosis in response to many
commonly used in vitro stimuli but not in response to Fas
signaling (14, 25). In addition, the existence of separate path-
ways which induce apoptosis was demonstrated in CEM (39)
and Jurkat cells (1, 62).

The Fas death receptor was shown to contribute to HIV-
induced apoptosis of T cells. Upregulation of FasL expression,
which occurs in monocytes after HIV-1 infection, has been
proposed as a possible mechanism for bystander T-cell death
(4, 48). Tat also enhances apoptosis via upregulation of FasL
expression (40). Moreover, Fas levels were found to be higher
in HIV-infected individuals (30). However, Fas involvement in
HIV-induced apoptosis is controversial, and multiple mecha-
nisms of CD41 cell apoptosis are probably operative in HIV
infection. Here, we use several cellular model systems, includ-
ing a T-cell line and umbilical cord blood CD41 T cells, to
demonstrate that gp120-induced apoptosis through CXCR4 is
not triggered by this death receptor. Specifically, the antagonist
anti-Fas IgG MAb ZB4, which competes with CH11 for bind-
ing to the Fas receptor, did not inhibit gp120-induced apopto-
sis of cells expressing CXCR4 and a truncated form of CD4.
Furthermore, we did not observe any upregulation of Fas or
FasL in CXCR41 cells after coculture with cells expressing
gp120 molecules at their surface. This result agrees with those

FIG. 4. gp120-induced cytochrome c release from cells expressing CXCR4. (A) HEK/CD4.403 and HEK/CD4.403/CXCR4 cell lines were
cocultured for 1 day with CEM or 8.E5 cells, and A2.01/CD4.403 cells were cocultured with HEK or HEK.gp120 cell lines. HEK/CD4.403,
HEK/CD4.403/CXCR4 and A2.01/CD4.403 cells were dounced, and S100 cytosol was prepared as described in Materials and Methods. Cytosolic
fractions (25 mg) were run on an SDS-polyacrylamide gel and Western blotted with an anti-cytochrome c antibody that recognizes a denaturated
form of this molecule or an anti-cytochrome oxidase subunit II antibody (12CA-F12). Protein loading was controlled using an anti-actin antibody.
Data of three independent experiments are shown. (B) Transfected HEK cell lines were cocultured for 3 days with 8.E5 or CEM cells and then
triple stained with Hoechst to detect chromatin condensation (blue, left), an anti-cytochrome c antibody detected with FITC-conjugated secondary
antibody (green, center) to detect the presence of cytochrome c in mitochondria, and DCm-sensitive dye MitoTracker Orange to visualize
mitochondrial polarization (red, right). Cells treated with dexamethasone (50 mM) were used as a positive control of mitochondrial depolarization.
(C) Mitochondrion damage was controlled by triple staining with Hoechst (blue, left), an anti-Hsp60 antibody detected with a FITC-conjugated
secondary antibody (green, center), and MitoTracker Orange (red, right).
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found in other cellular systems such as transfected T-cell lines
(45), CD81 T cells (26), and peripheral blood lymphocytes (8,
46), where HIV was shown to transduce a Fas-independent
apoptotic signal. Furthermore, Badley and collaborators dem-
onstrated that HIV-induced apoptosis was not associated with
changes in Fas receptor expression but, rather, correlated with
changes in activation marker profiles (5).

Interestingly, binding of cell-associated gp120 molecules to
CXCR4 induced mitochondrial transmembrane depolarization
and cytochrome c release from the mitochondria to the cytosol.
No mitochondrial depolarization occurred in cells that lacked
CXCR4 expression. Moreover, mitochondrial transmembrane
depolarization and cytochrome c release were not induced in
CXCR41 cells by coculture with gp1202 cell lines, indicating
that these phenomena were specifically induced by cell surface-
expressed gp120. This result agrees with those found in CD41

T cells where cross-linked anti-CD4 and anti-CXCR4 antibod-
ies induced a reduction of DCm, but the authors did not de-
termine the role of gp120 in this process (8). A very recent
work on HIV-1 envelope glycoprotein-induced apoptosis in
syncytia described a role for mitochondria and caspases (18).
Although the present work does not provide insight into the
mechanism of cytochrome c release from mitochondria to cy-
tosol, the results are compatible with the sequence of events
proposed in the PTP hypothesis: opening of the PTP could
cause a dissipation of the inner mitochondrial transmembrane
potential and an increase in the matrix volume that induces the
mechanical disruption of the outer mitochondrial membrane,
leading to cytochrome c release (51, 68). A further argument in
favor of this hypothesis of sequential events resides in the
observation that after coculture with 8.E5 cells, numerous

HEK/CD4.403/CXCR4 cells had a decreased DCm whereas
cytochrome c was still present in the mitochondria and there
were no morphological signs of apoptosis. Additional studies
are needed to better understand the mechanisms by which
cytochrome c is released from mitochondria after gp120 bind-
ing to CXCR4.

In the cytosol, cytochrome c, together with dATP, forms a
complex with Apaf-1 that results in the cleavage of pro-
caspase-9 and subsequent activation of downstream caspases
(22, 38, 57, 72). Recently, a larger caspase-activating complex,
named aposome, was found in the cytosol of apoptotic cells
that includes processed caspase-9, -3, and -7 in addition to
Apaf-1 (13). Furthermore, caspase-9 is described as a critical
upstream activator of a caspase cascade in vivo and in some
situations is essential for caspase-3 processing (25, 34). To
assess the link between cytochrome c release and cell apopto-
sis, activation of procaspase-9 and -3 was analyzed. Decreased
DCm and release of cytochrome c occured in CXCR41 cells
after a 1-day coculture with cells expressing gp120, while
caspases-9 and -3 cleavage was observed after 2 days of cocul-
ture. These data indicate an association between mitochondria
function and the caspase activation pathway in gp120-induced
apoptosis.

Although engagement of caspases in gp120-induced apopto-
sis has been controversial (8), caspase inhibitors were shown to
suppress HIV envelope-mediated apoptosis, providing indirect
evidence that gp120 may itself activate caspases (9, 47). More-
over, caspase-3 was shown to be activated by HIV envelope
proteins in syncytia (18) and lymphocytes in a CD4 receptor-
dependent manner (15). Our study confirmed that the effector

FIG. 5. Caspase-9 is activated during the apoptotic process triggered by gp120 binding to CXCR4. HEK/CD4.403 and HEK/CD4.403/CXCR4
cell lines were cocultured for 2 days with CEM or 8.E5 cells, and A2.01/CD4.403 cells were cocultured with HEK or HEK.gp120 cell lines. The
cytosolic fraction of these cells was then analyzed by immunoblotting for caspase-9 as described in Materials and Methods. Protein loading was
controlled using an anti-actin antibody. Results representative of three independent experiments are shown.

FIG. 6. Induction of caspase-3 activation after gp120 binding to CXCR4. (A) Activation of caspase-3 was determined by flow cytometry after
labeling of HEK/CD4.403 and HEK/CD4.403/CXCR4 cells cocultured with CEM or 8.E5 cells and A2.01/CD4.403 cells cocultured with HEK or
HEK.gp120 cells with a phycoerythrin-conjugated anti-caspase-3 antibody that preferentially recognizes activated caspase-3. The anti-Fas CH11
MAb was used as a positive control; HEK/CD4.403/CXCR4 and A201/CD4.403 cells were incubated in the presence or absence of CH11 MAb
(1 mg/ml). Results are the means 6 standard deviations of three independent experiments. (B) Immunofluorescence detection of activated and
cleaved caspase-3 and apoptotic nuclei in HEK transfected cells expressing CD4.403 and/or CXCR4 molecules after coculture for 3 days with CEM
or 8.E5 cells or following treatment with the CH11 MAb. Apoptotic cells are indicated by arrowheads.
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caspase-3 plays a major role in gp120-induced apoptosis
through CXCR4.

This work is the first demonstration that the apoptotic cas-
cade composed of mitochondrial transmembrane depolariza-
tion, release of cytochrome c from the mitochondria to the
cytosol, caspase-9 and -3 activation, and, finally, DNA damage
is specifically activated by gp120 binding to CXCR4. This find-
ing may enable us to better understand the progressive decline
in the number of CD41 T cells during AIDS and may explain
the T-cell drop occurring during the later stages of disease that
coincides with the emergence of X4 isolates.
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