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CHRISTINA BERNDT*, BARBARA MÖPPS†, SABINE ANGERMÜLLER‡, PETER GIERSCHIK†, AND PETER H. KRAMMER*§

*Tumor Immunology Program, German Cancer Research Center, Im Neuenheimer Feld 280, D-69120 Heidelberg, Germany; †Institute of Pharmacology and
Toxicology, University of Ulm, Ulm, Germany; and ‡Institute of Cell Biology and Anatomy II, University of Heidelberg, Heidelberg, Germany

Communicated by Ellen S. Vitetta, University of Texas Southwestern Medical Center, Dallas, TX, August 13, 1998 (received for review
April 9, 1998)

ABSTRACT AIDS is characterized by a progressive de-
crease of CD41 helper T lymphocytes. Destruction of these
cells may involve programmed cell death, apoptosis. It has
previously been reported that apoptosis can be induced even
in noninfected cells by HIV-1 gp120 and anti-gp120 antibodies.
HIV-1 gp120 binds to T cells via CD4 and the chemokine
coreceptor CXCR4 (fusinyLESTR). Therefore, we investi-
gated whether CD4 and CXCR4 mediate gp120-induced apo-
ptosis. We used human peripheral blood lymphocytes, malig-
nant T cells, and CD4yCXCR4 transfectants, and found cell
death induced by both cell surface receptors, CD4 and
CXCR4. The induced cell death was rapid, independent of
known caspases, and lacking oligonucleosomal DNA fragmen-
tation. In addition, the death signals were not propagated via
p56lck and Gia. However, the cells showed chromatin conden-
sation, morphological shrinkage, membrane inversion, and
reduced mitochondrial transmembrane potential indicative of
apoptosis. Significantly, apoptosis was exclusively observed in
CD41 but not in CD81 T cells, and apoptosis triggered via
CXCR4 was inhibited by stromal cell-derived factor-1, the
natural CXCR4 ligand. Thus, this mechanism of apoptosis
might contribute to T cell depletion in AIDS and might have
major implications for therapeutic intervention.

During late phases of HIV-1 infection a dramatic decrease in
CD41 helper T cells leads to the development of AIDS (1).
Despite intensive investigations the reason for the destruction
of the CD41 T cells is still not fully elucidated. Direct cytolytic
effects of the virus and lysis of infected cells by cytotoxic T
lymphocytes were invoked in the destruction of the cells (2).
However, other mechanisms may contribute to this effect. This
assumption is supported by the finding that infection of CD41

macrophages does not lead to depletion of these cells (3). In
addition, the number of dying cells is higher than the number
of infected cells. Furthermore, not only T cells but also NK
cells and neurons are found dead (3). Therefore, indirect
mechanisms may also play a role in helper T cell destruction
during AIDS and apoptosis may be one of the mechanisms
causing the destruction. In fact, Finkel et al. showed in
HIV-1-infected children and simian immunodeficiency virus-
infected macaques that predominantly noninfected cells are
eliminated by apoptosis (4). In addition, infected and nonin-
fected T cells of HIV-1-infected individuals show enhanced
spontaneous apoptosis in vitro (5) and are more sensitive to
activation-induced cell death than T cells from noninfected
individuals (5–7). Furthermore, enhanced sensitization is par-
alleled by enhanced expression of the CD95 (APO-1yFas)
receptor and the CD95 ligand (APO-1LyFasL) and by en-
hanced sensitivity to CD95-mediated apoptosis (8–10).

It has been reported that HIV-1 gp120 crosslinked by anti-
gp120 antibodies (Abs) induced apoptosis in infected and non-
infected T lymphocytes (11–13). Furthermore, murine T cells
expressing a human CD4 transgene were deleted in vivo in the
transgenic mice by injection of HIV-1 gp120 and gp120-specific
Abs from sera of HIV-1-infected patients (14). Finally, Westen-
dorp et al. (13) showed that stimulation of CD4 by gp120 and
anti-gp120-Abs led to enhanced expression of CD95L and in-
duced apoptosis also in noninfected bystander T cells. Apoptosis
was induced by increased expression of CD95L and was observed
later than 12 h after induction of cell death. In these experiments,
however, gp120yanti-gp120-induced apoptosis was only partially
inhibited by reagents that block binding of CD95L to CD95 (13).
The finding that blocking was never complete suggested that the
CD95 system was not the only death-inducing system, but that
other such system(s) might exist.

HIV-1 gp120 binds to T cells via CD4 (15) and the chemokine
receptor CXCR4 (fusinyLESTR) (16). Therefore, we investi-
gated whether CD4 and CXCR4 mediate gp120yanti-gp120-
induced apoptosis also by a CD95-independent mechanism.

METHODS
Cells and Cell Culture Conditions. Jurkat and human

peripheral blood-acute lymphatic leukemia (HPB-ALL) cells
are human T cell lines with bright expression of CD3 and CD4.
In addition, HPB-ALL cells also express the activation mark-
ers CD25 and CD69 brightly. The cells are negative for CD95.
All cells were cultured in RPMI 1640 medium containing 10%
fetal calf serum.

Purification of Human Peripheral Blood Lymphocytes
(PBL). PBL were isolated from blood of healthy human donors
by Ficoll–Hypaque density centrifugation. The mononuclear
cell fraction was then depleted from macrophages by adher-
ence to cell culture flasks for 1 h at 37°C.

Immunomagnetic Separation of Human PBL. After prein-
cubation with Abs against CD4 (HP2y6, kindly provided by G.
Moldenhauer, German Cancer Research Center, Heidelberg)
or CD8 (OKT8, Ortho Diagnostic) for 20 min at 4°C, human
T cells were depleted by magnetic beads coupled to anti-mouse
Ig (Paesel Hanau, Germany). The remaining cells were stained
for CD4 and CD8 expression. Contamination of CD81 (CD41)
cells in the CD41 (CD81) population, determined by surface
staining, was ,0.3% (0.5%) of the cells.

Surface Staining. Cells (5 3 105) were incubated with 10 mgyml
primary mouse Abs for 15 min at 4°C, washed, incubated for
another 15 min with 10 mgyml phycoerythrin-labeled goat-anti
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mouse Abs (Dianova, Hamburg, Germany) and after further
washing analyzed in a FACScan cytometer (Becton Dickinson).

Transfections. CD4 transfectants were obtained by electro-
poration of 5 3 106 human B lymphoma cells BJAB with 2 mg
of the hygromycin-resistance vector pKEX2XL and 10 mg of
pCDM8-CD4 (kindly provided by W. Kolanus, University of
Munich). Clones were selected in the presence of hygromycin
B (450 unitsyml). For CXCR4 transfectants 10 mg of pcDNA3-
tag-CXCR4 (kindly provided by M. Moulard, University of
Marseilles, France) were used and clones were selected in the
presence of G418 (4 mgyml). Clones were then tested for
surface expression of CD4yCXCR4 by immunofluorescence.

Induction and Measurement of Cell Death. Samples contain-
ing 5 3 104 HPB-ALL cells or 2 3 105 PBL were incubated in 100
ml of culture medium at 37°C in the presence or absence of 5
mgyml mAbs against CD4 (HP2y6) (17) or CXCR4 (12G5, R &
D Systems) (18). After 15 min, cells were transferred to a
microtiter plate previously coated with 100 mgyml sheep-anti-
mouse Ig (Boehringer Mannheim). In Fig. 1B Abs (25 mgyml)
were directly coated to a 96-well plate in buffer to exclude isotype
effects. For induction of CD95-mediated cell death 1 mgyml of the
CD95-directed mAb anti-APO-1 (19) was used. The amount of
subdiploid nuclei was determined as described (20).

Measurement of Mitochondrial Transmembrane Potential
(DCm). After pretreatment of 1 3 105 cells with or without an
apoptotic stimulus, cells were harvested and incubated with 40
nM 3,39-dihexyloxacarbocyanine iodide (Molecular Probes)
(3) for 13 min at 37°C followed by analysis in a FACScan
cytometer (21). Reduced DCm can be measured only in a small
time window during cell death. Therefore, the absolute
amount of cells that show reduced DCm is always lower than
the amount of apoptotic cells.

Measurement of Phosphatidylserine Exposure. After induc-
tion of cell death cells were stained on ice with 2.5 mgyml of the
lipophilic dye MC540 (Sigma) or the viability dye propidium
iodide (Sigma) and analyzed in a FACScan cytometer (22).

Inhibition of Cell Death by the Caspase Inhibitor Benzy-
loxycarbonyl-Val-Ala-Asp-(O-methyl)-f luoromethyl Ketone
(zVAD-fmk). Before induction of cell death cells were incu-
bated in the presence or absence of 20–200 mM zVAD-fmk
(Bachem) for 30 min at 37°C.

Internalization of CXCR4 by Incubation with Stromal
Cell-Derived Factor-1 (SDF-1). Cells were incubated with 250
nM synthetic SDF-1 (kindly provided by M. Baggiolini, Uni-
versity of Bern, Switzerland) (23) for 30 min at 37°C. After
washing the cells twice with cold medium, they were treated
with 0.05 M glycinezHCl/0.1 M NaCl (pH 3.0) for 1 min at room
temperature to elute SDF-1 from the occupied receptors (24).
Subsequently, CXCR4 expression was determined by surface
staining and cell death was induced.

Electron Microscopy. Approximately 1 3 108 cells were
fixed with 0.25% glutaraldehyde for 3 min. The cells were
embedded in agar, postfixed with reduced osmium, and em-
bedded in Epon 812 (Sigma). Ultrathin sections were stained
with lead citrate and uranyl acetate and examined in a Philips
EM 301 electron microscope.

Guanosine 5*-O-(g-[35S]Thiotriphosphate) (GTP[g-35S])
Binding Assay. Cells (1 3 108) were homogenized by nitrogen
cavitation. Then a crude membrane fraction was obtained by
sucrose density gradient centrifugation. Binding of GTP[g-35S]
to membranes was determined as described (25).

RESULTS
CD4 and CXCR4 Mediate a New and Rapid Type of Cell

Death in Human Cells. HIV-1 gp120 binds to T cells via CD4
(15) and the chemokine receptor CXCR4 (16). Therefore, we
investigated whether CD4 and CXCR4 mediate gp120yanti-
gp120-induced apoptosis. To mimic gp120 binding and to
activate both cell surface receptors individually, we initially
used mAbs against CD4 (HP2y6) or CXCR4 (12G5). The
mAbs used interfere with binding of gp120 as determined by
surface staining or inhibit HIV-1 infection, respectively (data
not shown, refs. 17 and 18).

Surprisingly, we found that both anti-CD4 and anti-CXCR4
mAbs, crosslinked with anti-mouse Abs, induced a rapid type
of cell death in all CD41CXCR41 cells studied (human PBL
and the T leukemia cells Jurkat and HPB-ALL) (Fig. 1). In the
latter cell line maximal cell death induction of ten independent
experiments was with anti-CD4 mAbs 35.22% 6 9.18% and
anti-CXCR4 mAbs 24.64% 6 8.12%. The cell death observed
was dose dependent (data not shown) and reached a plateau
within 2 h after CD4 or CXCR4 triggering (Fig. 1 A). Engage-
ment of both cell surface receptors was additive (Fig. 1B). In
contrast to the anti-CD4 mAbs that bind to epitopes that
interfere with gp120 binding (HP2y6, IOT4A), anti-CD4
mAbs that do not interfere with gp120 binding (OKT4,
M-T412) were incapable of eliciting cell death upon crosslink-
ing. These data suggest an epitope-specific mechanism of cell
death induction (Fig. 1C). Only CD4 and CXCR4 appeared to
mediate this novel type of cell death. In fact, crosslinking of
CD3 by anti-CD3 mAbs (OKT3) and secondary anti-mouse
Abs did not lead to induction of cell death in HPB-ALL cells
even after 24 h and in concentrations up to 100 mgyml of

FIG. 1. CD4 and CXCR4 mediate a rapid type of cell death in
human cells. (A) Kinetics of anti-CD4- (F) and anti-CXCR4-induced
(E) cell death in HPB-ALL cells. Cells were preincubated with the
anti-CD4 mAb HP2y6 or the anti-CXCR4 mAb 12G5 for 15 min at
37°C, then receptors were crosslinked by coated sheep-anti-mouse Abs
(100 mgyml). Cell death was determined by FSCySSC analysis at the
indicated time points. One representative experiment of three per-
formed in triplicates is shown. (B) Induction of cell death in HPB-ALL
cells by mAbs to CXCR4 (h), to CD4 (■), or to both receptors (o),
respectively. Induction of cell death with both mAbs was additive. Cell
death was induced as described in Materials and Methods and was
determined 2 h after mAb exposure by FSCySSC analysis. One
experiment representative of two, done in triplicates, is shown. (C)
CD4-mediated cell death in HPB-ALL cells is triggered only by mAbs
that interfere with gp120 binding, i.e. the anti-CD4 mAbs HP2y6 or
IOT4A (■). The anti-CD4 mAbs OKT4 and M-T412 (h) that do not
interfere with gp120 binding did not induce cell death. Cell death was
determined after 2 h by FSCySSC analysis. One of two experiments
with similar results, done in triplicates, is shown. Panels are expressed
as % specific cell death. Background was between 6.63% and 9.49%.
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anti-CD3 mAbs, although CD3 is expressed to a much higher
extent than CD4 on these cells (mean fluorescence intensity,
1,038.4 vs. 213.0).

The rapid kinetics of the death pathway are distinct from the
kinetics of CD95-mediated apoptosis. Therefore, we deter-
mined cell death after ,2 h in all experiments. Furthermore,
HPB-ALL cells were CD95-negative and resistant to anti-
CD95-induced apoptosis (data not shown). Thus, these cells
provided an ideal model for our investigations and cell death
showed the following additional characteristics: It was not
mediated by the CD95-, the tumor necrosis factor (TNF) or the
TNF-related apoptosis-inducing ligand system and was inde-
pendent of known caspases. Thus, it was not inhibited by
CD95- and TNF-R1-decoys, TNF-related apoptosis-inducing
ligand-mRNA was not detected by reverse transcription–PCR
(data not shown), and cell death was not blocked by the caspase
inhibitor zVAD-fmk (20–200 mM), respectively (Fig. 2A).
Likewise, caspase-8, caspase-3, and poly(ADP-ribose) poly-
merase cleavage was not observed and cell death was not

inhibited by overexpression of bcl-2 in transfected Jurkat cells
(data not shown). In addition, endonuclease activation, gen-
eration of multimers of 180 bp (‘‘DNA ladder’’) or formation
of subdiploid nuclei were not detected (Fig. 2B) even 96 h after
induction of cell death (data not shown).

However, loss of asymmetry in plasma membrane phospho-
lipids with exposure of surface phosphatidylserine residues
stained by the lipophilic dye MC540 (merocyanine 540) was
observed and it preceded loss of cell viability as determined by
propidium iodide uptake (22, 26) (Fig. 2C). T cells incubated
with anti-CD4 or anti-CXCR4 also showed reduction of DCm,
an early event during apoptotic cell death (21) (Fig. 2D). In
addition, changes in forwardyside scatter (FSCySSC), typical
of apoptosis, were observed with reduction in cell size (FSC)
and increase in granularity (SSC) (27) (Fig. 2E). Finally,
nuclear chromatin condensation was detected during CD4-
and CXCR4-mediated cell death by electron microscopy (Fig.
2F). Taken together, these four parameters make it likely that
the cell death induced by triggering of CD4 and CXCR4 is a
type of rapid apoptosis not previously described.

FIG. 2. (A) Cell death induced by anti-CD4 or anti-CXCR4 mAbs is not inhibited by the caspase inhibitor zVAD-fmk. HPB-ALL cells or
anti-CD95-sensitive SKW6.4 cells were incubated in the absence (h) or presence (■) of 100 mM zVAD-fmk for 30 min at 37°C. Cell death was determined
2 h after triggering with anti-CD4 or anti-CXCR4 mAbs or 24 h after triggering with anti-APO-1 mAbs by FSCySSC analysis. (B) DNA fragmentation
is not observed during CD4- and CXCR4-mediated apoptosis. HPB-ALL cells (5 3 105) were incubated for 2 h with anti-CD4 or anti-CXCR4 mAbs
or for 96 h with 10 mgyml puromycin. Formation of subdiploid nuclei was determined after overnight incubation by propidium iodide staining. (C) Loss
of asymmetry in plasma membrane phospholipids precedes loss of cell viability in anti-CD4- and anti-CXCR4-induced apoptosis. At the indicated time
points after induction of cell death, HPB-ALL cells were harvested and stained with propidium iodide (E) or the lipophilic dye MC540 (F). The values
are the mean 6 SD of triplicates of one of two similar experiments. (D) Reduction of DCm occurs during CD4- (E) and CXCR4-mediated (F) cell death.
DCm was determined in comparison to anti-mouse-Ig-treated controls at the indicated time points after apoptosis induction in HPB-ALL cells. Results
are representative of three independent experiments. (E) Apoptotic HPB-ALL cells show changes in FSCySSC typical of apoptosis. The values represent
the percentage of apoptotic cells with reduced FSC and increased SSC (gated cells). Cell death was induced as described and determined after 2 h.
Experiments were done in triplicates more than five times. One representative example of each group is shown. (F) Anti-CD4- and anti-CXCR4-treated
HPB-ALL cells show condensed cytoplasm and condensed chromatin. Representative electron micrographs of HPB-ALL cells (36,000) treated for 25
min with secondary Abs alone, anti-CXCR4 or anti-CD4 mAbs are shown. Condensation was observed in 0 of 127 (0%) control cells, 21 of 84 (25%)
anti-CXCR4- and 46 of 120 (38%) anti-CD4-treated cells. The experiment was repeated twice with similar results.
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CD4 and CXCR4 Induce Apoptosis Independently of Each
Other. To investigate whether CD4 and CXCR4 may act sepa-
rately, we stably transfected the CD42CXCR42 human B lym-
phoma cells BJAB with either receptor alone or both together.
We found that triggering of either receptor alone was sufficient
to induce apoptosis (Fig. 3A). Thus, although the transfected cells
were malignant B cells lacking p56lck and expressing a different

signaling machinery than T cells (28), apoptosis was clearly
observed in every transfected clone tested (four CD41, five
CXCR41 and four CD41CXCR41 clones).

Only CD41 T Cells Are Sensitive to Anti-CD4 and Anti-
CXCR4-Induced Apoptosis. CD81 T cells expressed a similar
density of CXCR4 as CD41 T cells (mean fluorescence
intensity of CXCR4 on CD41 and CD81 T cells was 31.8 and
40.8, respectively (Fig. 3B). Significantly, however, apoptosis
triggered through CXCR4 was exclusively induced in CD41

and not in CD81 T cells (Fig. 3C). SDF-1, the natural ligand
of CXCR4 (23, 29), did not induce apoptosis in HPB-ALL cells
and PBL (data not shown). This might be due to epitope
binding or insufficient crosslinking by SDF-1. However, SDF-1
induced down-regulation of CXCR4 (24) and abrogated anti-
CXCR4-induced cell death completely (Fig. 3D).

CD4- and CXCR4-Mediated Apoptosis Does Not Involve
Gia Activation. Signaling via CXCR4 was described to involve
activation of Gia (30). Our experiments, however, showed that,
although SDF-1 activated Gia, induction of apoptosis in
HPB-ALL cells and the CD41CXCR41 transfectants was
independent of Gia activation (Fig. 4). CXCR4-mediated
apoptosis might therefore involve signaling via small GTPases
(31) or an as yet unknown signaling cascade.

Features of gp120yAnti-gp120-Induced Apoptosis in Hu-
man PBL Are Identical to Anti-CD4- or Anti-CXCR4-Induced
Apoptosis. Soluble gp120 and anti-gp120 Abs are found in sera
of HIV-1-infected individuals (32, 33). Therefore, we investi-
gated, whether the above described form of apoptosis can be
induced in human PBL incubated with recombinant T-tropic
gp120 (HIV-1 IIIB) and anti-gp120 Abs. An identical type of
apoptosis was observed under these conditions (Table 1),
whereas gp120 or anti-gp120 alone did not induce apoptosis
(Fig. 5). gp120yanti-gp120-induced apoptosis in human PBL
showed the same kinetics as CD4- and CXCR4-mediated cell
death (data not shown), the changes in FSCySSC typical of
apoptosis and loss of membrane asymmetry preceding loss of
cell viability (Fig. 5A). Likewise, activation of Gia by gp120y
anti-gp120 was not observed (data not shown). Furthermore,
in contrast to CD95-mediated, but in line with CD4- and
CXCR4-mediated cell death, DNA was not degraded during
gp120yanti-gp120-induced apoptosis (Fig. 5B) and activation
of the known caspases was not observed (Fig. 5C).

DISCUSSION
It has been reported previously that the HIV-1 surface glycop-
rotein gp120 crosslinked by anti-gp120 Abs mediates apoptosis in

FIG. 3. CD4 and CXCR4 induce cell death independently of each
other. (A) Anti-CD4-induced cell death (■) was observed in all CD41

transfectants of the human B lymphoma cells tested. All CXCR41

transfectants obtained were sensitive to anti-CXCR4-induced cell death
(h). Double transfectants were sensitive to cell death induced by both
mAbs. One representative example of every group of transfectants is
shown. mean fluorescence intensity of CD4yCXCR4 of the clones used
was: mock (3.85y2.57), CD41 (47.12y2.56), CXCR41 (4.03y65.7), and
CD41CXCR41 (76.72y102.44). The killing assay was performed five
times in triplicates as described in Materials and Methods. (B) CD81 T cells
(dark gray peak) express more CXCR4 than CD41 T cells (light gray
peak) (PBL 5 white peak). (C) Only CD41 T cells are killed by anti-CD4
(■) and anti-CXCR4 (h) mAbs. Human PBL were sorted by negative
selection with magnetic beads and cell death was induced. The experi-
ment shown was done in triplicates and is representative of five indepen-
dent experiments. (D) Down-regulation of CXCR4 by SDF-1 prevents
anti-CXCR4- but not anti-CD4-induced cell death. HPB-ALL cells were
preincubated in the absence (■) or presence (h) of 250 nM SDF-1 for 30
min at 37°C. The assay was performed in triplicates. One of five similar
experiments is shown. (E) Down-regulation of CXCR4 was controlled by
surface staining. White peak, control antibody; light gray peak, CXCR4
staining; dark gray peak, CXCR4 staining after preincubation with SDF-1
(24). Cell death in A, C, and D was determined by FSCySSC analysis after
2 h.

FIG. 4. CD4- and CXCR4-mediated apoptosis does not involve
Gia activation. Binding of GTP[g-35S] to membranes of HPB-ALL
cells and CD41CXCR41 transfectants was assayed in the absence
(Ctrl) or presence of SDF-1 (200 nM), anti-CXCR4 (10 mgyml), or
anti-CD4 mAbs (10 mgyml). The experiment shown was done in
triplicate and is a representative of three experiments done.
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infected and noninfected cells (11–13). Westendorp et al. have
described that the death signal in this process is mediated by the
CD95 (APO-1yFas)yCD95L system (13). However, it was not
possible to block death completely by CD95 blocking Abs or
CD95 receptor decoys. gp120 binds to T cells via CD4 and
CXCR4. Therefore, we investigated which of these surface re-
ceptors mediates the gp120-induced death signal. To stimulate
CD4 and CXCR4 independently from each other and to induce
cell death in human T cells we used CD4 and CXCR4 mAbs.

We found a rapid type of CD95-independent apoptosis in
human T cells that reached a plateau in 2 h. This kind of
apoptosis is induced by CD4 and CXCR4 separately, because
CD41 or CXCR41 transfectants are killed by either mAb and
down-regulation of CXCR4 in CD41CXCR41 HPB-ALL cells
inhibited only CXCR4-mediated cell death.

Induction of cell death did not involve the signaling cascades
normally initiated by CD4, CXCR4, and some of the known
death receptors (p56lck, Gia, and caspase-8, respectively). In
addition, we showed that cell death was not mediated by the
CD95 or the TNF-R1 system, because it was not inhibited by
receptor decoys and blocking Abs. Furthermore, the CD95-
insensitive HPB-ALL cells were also not sensitive to TNF-a
and TNF-related apoptosis-inducing ligand.

CD4yCXCR4-induced cell death is independent of the
known caspases and does not show cleavage of the classical
‘‘death substrate’’ poly(ADP-ribose). However, condensation
of chromatin and cytoplasm characteristic for classical apo-
ptosis have also been found in CD4yCXCR4-induced apopto-
sis described here. Other enzymes or caspases may exist that
serve as executioners of cell death and might cause destruction
of the cytoskeleton. Whether the caspase substrates fodrin and
lamin (34) are cleaved during CD4- and CXCR4-mediated cell
death should be investigated in the future. In fact, other groups
have described caspase-independent activation-induced cell
death mediated by CD45 or MHC class I (35, 36).

Oligonucleosomal DNA fragmentation by endonucleases
(DNA ladder) was also not observed in CD4yCXCR4-
mediated apoptosis. DNA fragmentation is the hallmark of
classical apoptosis but is not essential for cellular destruction.
Thus, cytoplasts (cells without nuclei) can undergo apoptotic
cell death and show the characteristic features of loss of plasma
membrane asymmetry and cytoplasm condensation (37). This
is in line with the lack of DNA fragmentation in our experi-
ments and the fact that apoptosis was not impaired.

Several types of apoptosis have been described (blebbing,
shrinking, autophagolysosomal, and nonlysosomal type of apo-
ptosis, etc.; ref. 38). All have important common physiological
features: the integrity of the plasma membrane and exposure of
phosphatidylserine on the outer plasma membrane. These resi-
dues, normally located on the inner plasma membrane in healthy
cells, may promote phagocytosis by macrophages (22). The
described CD4yCXCR4-mediated cell death shows the same
characteristics and can therefore be regarded as ‘‘apoptosis.’’

In addition, CD4yCXCR4-mediated apoptosis shows reduc-
tion of DCm, an early event during apoptotic cell death (21).
This finding is in line with recent publications that demonstrate
release of cytochrome c from mitochondria as a prerequisite
for events leading to apoptosis (39).

In addition to the known caspases the signaling molecules
associated with CXCR4 and CD4, Gia (30) and p56lck, respec-
tively, were not activated during CXCR4yCD4-mediated apo-
ptosis. p56lck, a T cell-specific src kinase, is not found in the
human B lymphoma cells BJAB (28). Transfected with CD4,
these cells, however, underwent apoptosis upon crosslinking of
CD4 receptors. In addition, as shown by a GTP[g-35S] binding

FIG. 5. The features of gp120yanti-gp120-induced apoptosis in human PBL are identical to anti-CD4- or anti-CXCR4-induced apoptosis. (A)
gp120yanti-gp120-induced cell death in human PBL induced changes in FSCySSC typical of apoptosis (h). Furthermore, loss of asymmetry in plasma
membrane phospholipids as determined by MC540 staining (o) preceded loss of cell viability as determined by propidium iodide staining (■). After
preincubation with 100 ngyml gp120 (HIV-1 IIIB, Neosystem, Strasbourg, France) for 60 min at 4°C, PBL (5 3 105 cells per sample) were incubated with
diluted rabbit anti-gp120 serum (1y500). Cell death was determined after 30 min. The experiment was done in triplicate and is representative of three.
(B) gp120yanti-gp120-induced cell death in human PBL does not result in formation of subdiploid nuclei. Cell death was induced in activated
CD95-sensitive PBL as described in A. Anti-APO-1 (10 mgyml) was used as a positive control. Cell death of an aliquot of cells was measured by FSCySSC
analysis (104 cells counted) after 2 h (gp120yanti-gp120) or 24 h (anti-APO-1) (h). The remaining cells were incubated overnight in propidium iodide-lysis
buffer and formation of subdiploid nuclei (■) was determined in a FACScan cytometer (104 cells counted) (20). The experiment shown is a representative
of two experiments done. (C) gp120yanti-gp120-induced apoptosis did not involve the known caspases. Before induction of cell death as described in B
human PBL were pretreated in the absence (h) or presence (■) of the caspase inhibitor zVAD-fmk (20 mM) for 30 min at 37°C. Cell death was determined
by FSCySSC analysis 2 h (gp120yagp120) or 24 h (aAPO-1) after induction. One experiment representative of three, done in triplicates, is shown.

Table 1. Identity of apoptotic features in gp120yanti-gp120-
induced and CD4-yCXCR4-mediated cell death

Characteristics

Stimulus

aCD95
aCD4 or
aCXCR4

gp120y
agp120

DNA degradation 1 2 2
Kinetics (onset) '2 h '15 min '15 min
Changes in FSCySSC 1 1 1
Loss of membrane asymmetry 1 1 1
Chromatin condensation 1 1 ND
Cytoplasm condensation 1 1 1
Reduction in DCm 1 1 ND
7-Aminoactinomycin D

positivity 1 1 ND
Inhibition by zVAD-fmk 1 2 2
Activation of Gia 2 2 2

ND, not determined.
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assay, the natural ligand of CXCR4, SDF-1, activated Gia. This
GTPase, however, was not activated during receptor stimula-
tion by anti-CD4, anti-CXCR4, and gp120yanti-gp120.
Whether other recently discussed G proteins, Gaq, or Ga12,
play a role in CXCR4 signaling (40) remains to be investigated.

Here we show that single CD41 or CXCR41 transfectants
transduce the death signal. Therefore, the death signals trans-
mitted by CD4 or CXCR4 are most probably independent of
each other. In the context of CD4, CXCR4, however, may be
the only receptor capable of transducing a death signal. In
single CD4 transfectants other chemokine receptors, e. g.
CCR5, CCR2b, or CCR3, may substitute for CXCR4. How-
ever, whether triggering of these receptors induces cell death
is as yet unknown and presently under investigation.

It is of note that gp120 and anti-gp120 Abs induce the same
type of cell death in human PBL as mAbs against CD4 and
CXCR4. gp120 can be found in sera of HIV-infected individuals
on the surface of infected cells, on the surface of free virus, and
shed from infected cells (32). In addition, the host generates
anti-gp120 Abs as an immune response to the virus (33). There-
fore, requirements for the described rapid type of cell death in
vivo are fulfilled. The potency of this phenomenon in vitro and its
specificity for CD41 T cells would suggest that it might play a
significant role in T helper cell depletion in AIDS.

Direct infection of T cells with HIV-1 has been shown to lead
to caspase-mediated apoptosis (41, 42). In addition, infected cells
rapidly induced DNA fragmentation in noninfected bystander
cells by gp120-CD4-interaction (43, 44). Because DNA fragmen-
tation and caspase activation are not observed in the system
described here, the mechanisms used for apoptosis are probably
different. Recently, it has been demonstrated that HIV-1 at a high
infection rate also directly kills CD41 T cells by a CD95-
independent apoptotic mechanism in vitro (45). Whether this
mechanism and the mechanism described here are identical
should be investigated in the future.

Because binding of HIV-1 gp120 to CD4 and CXCR4 leads
to infection, infection by the virus and induction of apoptosis
with gp120 (and anti-gp120) via CD4 and CXCR4 may have
different quantitative requirements with respect to gp120. We
assume that infection mainly occurs with low amounts of virus
whereas induction of apoptosis may require more crosslinking
of the binding receptors and hence more gp120 (and anti-
gp120) protein. In addition, in contrast to CD45R0-positive T
cells, CD45RA-positive T cells are not sensitive to CD4y
CXCR4-mediated apoptosis (E. Ritsou, German Cancer Re-
search Center, personal communication). Because the amount
of CD45R0-positive T cells increases during disease progres-
sion, the sensitivity of these cells might contribute to massive
loss of CD4-positive T cells in the late phase of the disease and
T cell populations that can be infected or that can be killed by
CD4yCXCR4-mediated apoptosis may not entirely overlap.

In any case, our data show that engagement of CD4 or
CXCR4 may initiate an efficient and rapid destruction of
CD41 T cells. Thus, the use of anti-chemokine receptor mAbs
to prevent HIV-1 infection, might be dangerous. The natural
ligand of CXCR4, SDF-1, or its derivatives, however, might be
considered for therapy, because they inhibit both infection and
CXCR4-mediated apoptosis. The elucidation of the apoptotic
signaling cascade triggered by CD4 and CXCR4, therefore,
might prove to be useful to identify therapeutic strategies
aimed at intervening with the progressive loss of CD41 T cells
in HIV-1-infected individuals.
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