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Abstract

Syncytia arising from the fusion of cells expressing a lymphotropic HIV type 1—encoded enve-
lope glycoprotein complex (Env) with cells expressing the CD4/CXC chemokine receptor 4
complex spontaneously undergo cell death. Here we show that this process is accompanied by
caspase activation and signs of mitochondrial membrane permeabilization (MMP), including
the release of intermembrane proteins such as cytochrome ¢ (Cyt-c) and apoptosis-inducing
factor (AIF) from mitochondria. In Env-induced syncytia, caspase inhibition did not suppress
AIF- and Cyt-c translocation, yet it prevented all signs of nuclear apoptosis. Translocation of
Bax to mitochondria led to MMP, which was inhibited by microinjected Bcl-2 protein or bel-2
transfection. Bcl-2 also prevented the subsequent nuclear chromatin condensation and DNA
fragmentation. The release of AIF occurred before that of Cyt-c and before caspase activation.
Microinjection of AIF into syncytia sufficed to trigger rapid, caspase-independent Cyt-c re-
lease. Neutralization of endogenous AIF by injection of an antibody prevented all signs of
spontaneous apoptosis occurring in syncytia, including the Cyt-c release and nuclear apoptosis.
In contrast, Cyt-c neutralization only prevented nuclear apoptosis, and did not affect AIF re-
lease. Our results establish that the following molecular sequence governs apoptosis of Env-
induced syncytia: Bax-mediated/Bcl-2—inhibited MMP - AIF release — Cyt-c release —
caspase activation — nuclear apoptosis.
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Introduction

Infection by HIV-1 is accompanied by an increased apop-
totic turnover of lymphocytes, monocytes, and neurons
that can be detected either ex vivo in freshly explanted
cells, or in vivo by histocytochemical detection of apop-
totic cells. The mechanisms of this increased cellular demise
are complex and involve direct effects of the virus and viral
products, as well as indirect host-mediated factors (1, 2). In
vitro, HIV-1 infection can cause apoptosis via a multitude
of different mechanisms, including the action of the proap-
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optotic proteins Tat (3, 4) and Vpr (5-7) and, perhaps
more importantly, via interactions between the glycopro-
tein (gp)'120/gp41 envelope complex (Env) with its recep-
tor (CD4) and a suitable coreceptor (e.g., CXC chemokine
receptor [CXCR]4). In cultures of T cells inoculated with
lymphotropic HIV-1 strains, Env expressed on the plasma
membrane of infected cells interacts with CD4/CXCR4 of
uninfected cells, resulting in cell fusion (8-10). After sev-

LAbbreviations used in this paper: aa, amino acid(s); AIF, apoptosis-inducing
factor; COX, Cyt-c oxidase; CXCR, CXC chemokine receptor; Cyt-c,
cytochrome ¢; AW, , mitochondrial transmembrane potential; Env, enve-
lope glycoprotein complex; gp, glycoprotein; hsp, heat shock protein;
MMP, mitochondrial membrane permeabilization; Neo, neomycin.
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eral rounds of fusion, syncytia attain volumes equivalent to
several dozens or hundreds of individual cells and ulti-
mately lyse, while exhibiting several biochemical character-
istics of apoptosis and/or signs of necrosis such as cytoplas-
mic vacuolization (11-14). According to several studies,
syncytium formation is the principal cause of HIV-1-medi-
ated T cell destruction in vitro (11, 15). Env variants inter-
acting with CD4/CXCR4 (rather than those having a
preference for CD4/CCR5) are mostly encoded by syncy-
tium-inducing HIV-1 strains, and a strong correlation be-
tween CD4* T cell decline and infection by syncytium-
inducing HIV-1 variants has been established by some
authors in vitro and in vivo (8, 9, 15, 16).

Apoptosis of single cells is generally associated with the
activation of caspases (17), a set of specific proteases which
either can serve as molecular switches initiating cell death
pathways or, when activated in a massive fashion, can me-
diate the degradation of essential structural and regulatory
proteins, culminating in the activation of the caspase-acti-
vated DNase, the enzyme responsible for oligonucleosomal
DNA fragmentation (18, 19). In addition, apoptosis is ac-
companied by signs of mitochondrial membrane permeabi-
lization (MMP), including a loss of the inner mitochondrial
transmembrane potential (AW, ) and the release of soluble
intermembrane proteins via the outer mitochondrial mem-
brane (20-24). The functional hierarchy among these
events depends on the apoptosis-inducing trigger. In the
“extrinsic” pathway, caspase activation is induced as an up-
stream event, e.g., by recruiting apical caspases to the
death-induced signaling complex formed upon the ligation
of death receptors expressed on the cell surface (e.g., CD95
and TNFR). Depending on the cell type, receptor-proxi-
mal caspase activation then either suffices to set off the
caspase activation cascade in an MMP-independent fashion
(“type 1 cells”) or must relay to MMP via cleavage of Bid
and/or production of ceramide (“type 2 cells” [25-27]). In
contrast, most “intrinsic” apoptosis triggers (e.g., DNA
damage, glucocorticoids, and reactive oxygen species) acti-
vate caspases in an indirect fashion, namely by first perme-
abilizing mitochondrial membranes in a Bcl-2—inhibitable
fashion (20-23, 28, 29). MMP results in the translocation
of cytochrome ¢ (Cyt-c) from the mitochondrial inter-
membrane space to the cytosol, where Cyt-c triggers the
assembly of a caspase-9—caspase-3 activation complex, the
apoptosome (18, 21). In addition to Cyt-c, mitochondria
can release a variety of intermembrane proteins (30), in-
cluding a cell type—specific set of procaspases (31-33) and
the apoptosis-inducing factor (AIF [34]), a flavoprotein ox-
idoreductase that translocates to the cytosol as well as to the
nucleus and stimulates apoptosis via an as yet unknown,
caspase-independent mechanism.

As in other models of apoptosis induction, signaling via
CD4/CXCR4 induces both caspase activation (35-39) and
signs of MMP (14, 40). However, the precise mechanisms
of Env-mediated apoptosis induction and the molecular or-
der of these events have remained elusive in syncytia. Stim-
ulated by these premises, we studied the role of caspases
and MMP in syncytia arising from the fusion between Env-
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and CD4/CXCR4-expressing cells. Here we report that
the death of Env-induced syncytia obeys the rules of the
intrinsic pathway of apoptosis induction in the sense that
caspase activation occurs downstream of MMP. Our results
indicate that MMP is regulated by members of the Bcl-2/Bax
family and establish a molecular order of apoptotic signal-
ing in which AIF release occurs upstream of that of Cyt-c,
which in turn is required for caspase-dependent nuclear ap-
optosis.

Materials and Methods

Cells and Culture Conditions. HeLa cells stably transfected
with a vector containing the env gene of HIV-1 LAI (HeLa 243
Env [41]) were cultured in complete culture medium (DMEM
supplemented with 2 mM glutamine, 10% FCS, 1 mM pyruvate,
10 mM Hepes, and 100 U/ml penicillin/streptomycin) contain-
ing 2 wM methotrexate. HeLa cells stably transfected with CD4
(HeLa P4; a gift from P. Charneau, Pasteur Institute, Paris,
France [42]) were selected in medium containing 500 wg/ml
G418. Jurkat cells expressing CD4 and CXCR4 and stably trans-
fected with the human Bcl-2 gene or a neomycin (Neo) resis-
tance vector (43) only were provided by N. Israel (Pasteur Insti-
tute, Paris, France). Neo and Bcl-2 U937 cells (44) were a gift
from F. Hirsch (Centre National de la Recherche Scientifique,
ERS1984, Villejuif, France). Cocultures of different cell types
were performed in complete culture medium in the absence of
selecting antibiotics by adding trypsinized HeLa cells to adherent
HeLa CD4 or HeLa Env cells (density: 1-1.5 X 103 cells/mm?)
at an ~1:1 ratio or by adding Jurkat or U937 cells to adherent
HeLa Env cells (National Institutes of Health AIDS Research and
Reference Reagent Program, Bethesda, MD). Apoptosis was
induced or inhibited by staurosporin (2 wM; Sigma-Aldrich),
N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone (Z-VAD.
fik), Boc-Asp-fluoromethylketone (Boc-D.fmk), or N-benzyl-
oxycarbonyl-Phe-Ala-fluoromethylketone (Z-FA.fimk) (all used
at 100 wM added every 24 h; Enzyme Systems).

HIV-1 Infection. 5 X 10° HeLa CD4 cells were cultured in
the presence of 2.5 X 10° chronically HIV-1—-infected H9/IIIB
cells obtained from Dr. R.C. Gallo (National Institutes of Health,
Bethesda, MD) in 5 ml of RPMI 1640 supplemented with 10%
heat-inactivated FCS, 2 mM glutamine, and 25 IU/ml recombi-
nant human IL-2. Before the addition of chronically infected
cells, target cells were preincubated for 30 min at 37°C in the
presence or absence of Z-VAD.fmk (50 wM), and Z-VAD.fink
was readded every 12 h throughout the culture period.

Fluorescence Staining of Live Cells and Immunofluorescence.  For
the assessment of mitochondrial and nuclear features of apoptosis,
cells cultured on a coverslip were stained with 5,5’,6,6'-tetra-
chloro-1,1", 3,3'-tetraethylbenzimidazolylcarbocyanine iodide
(JC-1, 2 uM; Molecular Probes) and Hoechst 33342 (2 wM;
Sigma-Aldrich) for 30 min at 37°C in complete culture medium.
A rabbit antiserum generated against a mixture of three peptides
derived from the mouse AIF amino acid (aa) sequence (aa 151—
170, 166—185, 181-200, coupled to KLH [34]) was used (diluted
1:1,000) on paraformaldehyde (4% wt/vol) and picric acid—fixed
(0.19% vol/vol) cells and revealed with a goat anti—rabbit IgG
conjugated to PE (Southern Biotechnology Associates, Inc.).
Cells were also stained for the detection of Cyt-c (mAb 6H2.B4
from BD PharMingen; revealed by a goat anti-mouse IgGl
FITC conjugate from Southern Biotechnology Associates, Inc.),
heat shock protein (hsp)60 (mAb H4149 from Sigma-Aldrich; re-



vealed by a goat anti-mouse IgG1 FITC), Cyt-c oxidase (COX
subunit IV, mAb 2038C12 from BD PharMingen; revealed by a
goat anti-mouse IgG2a FITC conjugate), Bax (66241A; BD
PharMingen), and/or chromatin (Hoechst 33342, 2 uM, 15 min
of incubation at room temperature). Several stages of nuclear ap-
optosis were distinguished by staining with Hoechst 33342: stage
I with rippled nuclear contours and a rather partial chromatin
condensation, stage ITa with marked peripheral chromatin con-
densation, and stage IIb with formation of nuclear bodies (45). A
rabbit polyclonal antiserum, CM1 (detected as for anti-AlF),
which recognizes the p18 subunit of cleaved caspase-3 but not
the zymogen (46), was employed to detect the proteolytic activa-
tion of caspase-3, followed by detection of the fluorescence in-
tensity by confocal microscopy.

DNA Gel Electrophoresis.  For pulse field gel electrophoresis,
DNA was prepared from agarose plugs (2 X 10 nuclei [47]), fol-
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48 h, anti-CD4

lowed by electrophoresis in a Bio-Rad Laboratories CHEF-DR
IT (1% agarose, TBE, 200 V, 24 h, pulse wave 60 s, 120° angle).
Subcellular Fractionation and Immunoblotting. Cells were
washed once in PBS, resuspended in isotonic HIM bufter (200
mM mannitol, 70 mM sucrose, 1 mM EGTA, 10 mM Hepes,
pH 7.5) supplemented with a protease inhibitor mixture (added
at a 1:100 dilution; Sigma-Aldrich), and homogenized using a
Polytron homogenizer (Brinkmann Instruments) at setting 6.5 for
10 s. Nuclei were separated at 600 ¢ for 10 min as the low speed
pellet and washed twice (1,200 g, 10 min). The supernatant was
centrifuged at 10,000 ¢ for 10 min to collect the heavy membrane
pellet enriched in mitochondria. This supernatant was centri-
fuged at 100,000 g for 30 min to yield the organelle-free cytosols.
Samples were stored at —80°C until analysis by SDS-PAGE un-
der reducing conditions (40 pg protein/lane), Western blot, and
immunodetection of AIF and Cyt-c as described (34).
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Figure 1. The effect of caspase inhibitors
on nuclear apoptosis and AW, collapse in-
duced by the interaction between Env and
CD4. (A) Fluorescence micrographs of
HeLa Env cells and HeLa CD4 cells cocul-
tured at a 1:1 ratio for the indicated period
(24 or 48 h), in the absence or presence of
Boc-D.fmk, Z-VAD.fmk, Z-FA.fmk, or
anti-CD4 Ab. Cells were stained with
Hoechst 33342 (blue fluorescence) and the
AW, sensitive dye JC-1 (red fluorescence of
mitochondria with a high A¥,, green fluo-
rescence of mitochondria with a low AW, ).
Syncytia representing the dominant pheno-
type (>50% of cells) are shown. (B) Fre-
quency of syncytia with chromatin conden-
sation after various periods of coculture (24,
48, or 72 h). As a positive control of apop-
tosis induction, the apoptosis inducer stau-
rosporin (STS) was added to 22-h-old syn-
cytia for 2 h. The stage of chromatin
condensation (I, Ila, or IIb) was determined
as described in Materials and Methods and
reference 45. Co., control. (C) Kinetic anal-
ysis of AW, loss. The frequency of cells ex-
hibiting a homogeneously AW, high A low,
or an intermediate phenotype (AW, intermediate
red JC-1 fluorescence in peripheral mito-
chondria, green fluorescence in perinuclear
mitochondria) was determined. Results are
the means of 7 independent experiments
(mean = SEM) in which at least 200 cells
were counted for each data point. (D) DNA
fragmentation induced by the coculture of
HelLa CD4 and HeLa Env cells. Cells were
either cultured individually (lane 1, HelLa
CD#4; lane 2, HeLa Env) or cocultured to
allow for the generation of syncytia in the
absence (lane 3) or presence of Z-VAD.fink
(lane 4). Syncytia were recovered after 72 h
of culture, followed by pulse field gel elec-
trophoresis of nuclear DNA.



Microinjection.  All syncytia growing on a premarked V-shaped
area of a coverslip (>200 per experiment) were microinjected
into the cytoplasm (1-3 injections per syncytium depending on
their size, 1 injection per ~4 nuclei) using a computer-controlled
microinjector (pressure 200 hPa, 2 s; Eppendorf) with PBS only
(pH 7.2), recombinant AIF protein (500 ng/wl [34]), horse Cyt-c
(12 pg/pl; Sigma-Aldrich), a neutralizing anti-AIF rabbit Ab (ti-
ter ~10% [34]; diluted 1:1 with PBS) optionally neutralized by
preincubation with 10 wM of AIF immunogenic peptides, a pre-
immune rabbit antiserum, a neutralizing Cyt-c—specific 1gG1
mAb (6H2.B4, 250 ng/pl; BD PharMingen), an irrelevant iso-
type-matched control mADb (anti-hsp60), Koenig’s polyanion (2.5
wM; a gift from Dieter Brdizcka, University of Konstanz, Kon-
stanz, Germany), recombinant human Bcl-2 (aa 1-218, 500 ng/
wl), Bcl-2Aa5/6 (Bel-2 A143-184, 500 ng/pl), or murine Bax
(aa 1-171, 250 ng/pl), BaxAa5/6 (A106—153, 250 ng/pl [48]).
After microinjection, cells were cultured for 3-24 h and stained
for 30 min with the AW, —sensitive dye JC-1 (2 wM) and the
DNA-intercalating dye Hoechst 33342 (2 wM), followed by fixa-
tion (which removes the JC-1 staining) and immunostaining for
Cyt-c and/or AIF as described above.
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Data Analysis. The quantitation of different parameters by
fluorescence microscopy was performed on at least 200 syncytia
for each data point, and was repeated at least 3 times in indepen-
dent experiments, as stated in the figure legends. In at least one
experiment out of each series, quantitations were performed in a
blinded fashion, and in an additional experiment quantitations
were performed independently by two individuals. Interexperi-
mental variability was generally <15%.

Results

Caspase-dependent Nuclear Apoptosis of Syncytia Induced by
the Interaction between Env- and CD4-expressing Cells.
HeLa cells stably transfected with human CD4 (HeLa
CD4) formed syncytia when cocultured with HeLa cells
expressing a lymphotropic HIV-1 Env gene (Hela Env
[42]; Fig. 1). After 24 h of coculture, several morphologi-
cally normal nuclei (detected with Hoechst 33342, blue
fluorescence) could be clearly distinguished within a com-
mon cytoplasm of HeLa CD4/HeLa Env hybrids (Fig. 1

Figure 2. Caspase-indepen-
dent AIF translocation in Env/
CD4-induced syncytia. (A) Syn-
cytia at different stages of cocul-
ture (performed as described in
the legend to Fig. 1) were fixed
and permeabilized, followed by
immunostaining with Abs spe-
cific for AIF (revealed by PE, red
fluorescence) and the mitochon-
drial matrix protein hsp60 (green
fluorescence), as well as counter-
staining with Hoechst 33342
(blue fluorescence). Note that
AIF and hsp60 are colocalized
(yellow punctate fluorescence,
blend of green plus red) in 24-h
syncytia, as well as in individual
cells in which cell fusion was
blocked by the anti-CD4 Leu3A
mAb. Diftuse red cytoplasmic
fluorescence and purple nuclear
fluorescence (blend of red plus
blue) are indicative of the AIF
translocation. As an internal con-
trol of caspase inhibition efficacy,
nuclear chromatin condensation
is inhibited by Boc-D.fmk and
Z-VAD .fmk but not by Z-FA.
fmk. (B) Kinetic analysis of AIF
translocation (transl.) and nuclear
apoptosis (NA), as determined
T e S e 1 ATF by immunofluorescence. Re-
sults are the means of 6 indepen-
dent experiments (mean * SEM)
in which a minimum of 200 syn-
cytia was examined for each data
point. Co., control. (C) AIF
translocation determined by sub-
cellular fractionation. A mixture
of HeLa Env cells and HeLa
CD4 cells was cocultured during
the indicated intervals (0 = no
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coculture) in the presence or absence of Z-VAD.fink, lysed, and separated into nuclei (N), mitochondria-enriched heavy membranes (HM), and
organelle-free cytosols (CS), as described in Materials and Methods. Each fraction was subjected to SDS-PAGE, Western blot, and immunodetec-

tion of AIF.
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A). However, after prolonged culture (48—72 h) an increas-
ing percentage of nuclei manifested apoptotic chromatin
condensation (Fig. 1, A and B). This chromatin condensa-
tion was restricted to syncytia, and inhibition of cell fusion
by addition of the anti-CD4 mADb Leu3A at the beginning
of coculture prevented all signs of apoptosis (Fig. 1 A). As
in other models of apoptosis (45), chromatin condensation
rapidly evolved to a stage with strong Hoechst 33342—detec-
table condensation of most of the chromatin (stage II),
without (stage Ila, in a minority of syncytia) or with the
formation of nuclear apoptotic bodies (stage IIb, in most
syncytia) (Fig. 1 B). Nuclear apoptosis attained all nuclei
within the same heterokaryon in a coordinated fashion
(Fig. 1 A), and was accompanied by oligonucleosomal
DNA degradation (not shown) as well as by “large scale”
(~50 kbp) DNA fragmentation (Fig. 1 D). All morpholog-
ical and biochemical signs of nuclear apoptosis were
strongly reduced by the two pancaspase inhibitors Boc-
D.fmk and Z-VAD.fmk, but not by the chemically related
cathepsin inhibitor Z-FA.fmk (Fig. 1 A). Only a minority
of cells exhibited a partial peripheral chromatin condensa-
tion (stage I) in the presence of caspase inhibitors (Fig. 1 B).
In conclusion, Env-induced syncytia spontaneously un-
dergo caspase-dependent nuclear apoptosis.

E transl. + NA

Caspase-independent Signs of MMP of Env-induced Syncy-
tia. Staining of Env-induced syncytia with the AW, —sen-
sitive dye JC-1 revealed a progressive AW, loss. Thus,
mitochondria from most newly formed syncytia (24 h) pos-
sessed a high AW, (red JC-1 fluorescence; Fig. 1 A),
whereas mitochondria from aging syncytia (48-72 h)
mostly have a low AW, (green JC-1 fluorescence; Fig. 1, A
and C). The AW, loss progressed from the perinuclear area
to the periphery (not shown), giving rise to a transient in-
termediate phenotype (Fig. 1 C), and was accompanied by
a moderate perinuclear clustering of mitochondria (stained
for the matrix protein hsp60, which is not released during
apoptosis [30], or the sessile inner membrane protein
COX; green fluorescence in Fig. 2 A and Fig. 3 A, respec-
tively). In addition, syncytia progressively manifested signs
of outer MMP, as indicated by the translocation of AIF
(red fluorescence in Fig. 2 A) from mitochondria to the cy-
tosol and to the nucleus (blue fluorescence in Fig. 2 A and
Fig. 3 A), or that of Cyt-c to the cytosol (red fluorescence
in Fig. 3 A). The translocation of AIF and Cyt-c from mi-
tochondria to the extramitochondrial compartment was
confirmed by subcellular fractionation followed by immu-
noblot. In single cells or 24-h-old syncytia, AIF and Cyt-c
are confined to the mitochondrial compartment. 48 h after

Figure 3. Caspase-independent Cyt-—c
translocation in syncytia. (A) Syncytia aris-
ing from the coculture of HeLa Env and
HeLa CD4 cells, treated as described in the
legends to Figs. 1 and 2, were stained with
mAbs specific for Cyt-c (revealed by PE)
and COX (revealed by FITC) as well as
with Hoechst 33342. Representative pho-
tomicrographs are shown. Note the diffuse
red fluorescence indicative of Cyt-c release
from mitochondria occurring in the major-
ity of 48-h-old syncytia. (B) Kinetic analysis
of AIF, Cyt-c release, and nuclear apoptosis.
Results (obtained as described in A) are the
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cytosols; N, nuclei), and immunodetection
of Cyt-c (same samples as described in the
legend to Fig. 2).



initiation of coculture, ectopic AIF becomes detectable in
both cytosols and nuclei (Fig. 2 C), whereas ectopic Cyt-c
can be detected only in the cytosol (Fig. 3 C). Neither
Boc-D.fmk nor Z-VAD.fmk (added every 24 h at a con-
centration of 100 wM) prevented the mitochondrial
manifestations of apoptosis (AW, collapse, AIF and Cyt-c
translocation; Figs. 1-3). Hence, MMP proceeds in a
caspase-independent fashion in HIV-1-induced syncytia.

Kinetics of AIF and Cyt-c Translocation. The percentage
of cells manifesting AW, dissipation and AIF translocation
was higher than that of cells positive for Cyt-c translocation
(compare percentage values in Figs. 1 C, 2 B, and 3 B), and
double immunofluorescence staining of cells for AIF and
Cyt-c confirmed the existence of cells having translocated
AIF to the nucleus and still retaining Cyt-c in mitochon-
dria (but not vice versa; not shown), indicating that AW,
loss and AIF release occurred before Cyt-c release. AIF and
Cyt-c translocation were also observed in heterokaryons
generated by coculturing HeLa CD4 cells with a lymphoid
cell line chronically infected with a syncytium-inducing
HIV-1 isolate. Caspase inhibition with Z-VAD.fmk failed
to prevent signs of MMP, although it did inhibit nuclear
apoptosis as an internal control of its efficacy (Fig. 4). Ki-
netic analyses confirmed that mitochondria from HIV-1-
induced syncytia translocate AIF before Cyt-c and before
caspase-3 activation or nuclear chromatin condensation
could be detected (Fig. 4). Hence, immunodetectable
translocation of AIF precedes that of Cyt-c.

Bax and Bd-2 Regulate MMP in Env-induced Syncytia.
Members of the Bcl-2/Bax family regulate apoptosis via
their capacity to modulate MMP (21-23, 49). To address
the mechanisms by which MMP occurs in Env-induced
syncytia, cells were stained with Abs directed against Bax
and Bcl-2. Whereas no changes in Bcl-2 staining were ob-
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Figure 4. Kinetics of AIF translocation, Cyt-c translocation, and

caspase-3 activation in HIV-l-infected syncytia. CD4-expressing HeLa
cells were cocultured with chronically HIV-1-infected H9/IIIB cells at a
2:1 ratio. At different time points, syncytia were fixed and permeabilized
to assess the translocation of AIF (as described in the legend to Fig. 2) or
that of Cyt-c (as described in the legend to Fig. 3), as well as the activa-
tion of caspase-3, using an antiserum specific for the active caspase-3 p18
subunit. Moreover, the frequency of syncytia exhibiting different stages of
nuclear apoptosis was assessed (as described in the legend to Fig. 1). Re-
sults are the means of three experiments (mean = SEM). NA, nuclear ap-
optosis; transl., translocation.
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served upon prolonged culture of syncytia (not shown),
Bax (red fluorescence) was found to translocate from a cy-
toplasmic, preponderantly nonmitochondrial to a punctate,
mitochondrial (counterstained with anti-COX, green fluo-
rescence) localization (Fig. 5 A). This finding is reminiscent
of other models of apoptosis in which insertion of Bax into
mitochondrial membranes causes MMP (50-53). Microin-
jection of recombinant Bax (but not microinjection of the
mutant BaxAa5/6 protein lacking the putative membrane
insertion domain) induced a rapid (3 h) AW dissipation,
Cyt-c translocation, and nuclear apoptosis (Fig. 5 B). This
effect of Bax was reduced by coinjection of Bcl-2 or
Koenig’s polyanion (Fig. 5 B), an inhibitor of the mito-
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Figure 5. Bax/Bcl-2-mediated control of MMP in Env/CD4-induced

syncytia. (A) Subcellular redistribution of Bax during spontaneous apop-
tosis in syncytia. Syncytia were obtained by the coculture of HeLa Env
and HeLa CD#4 cells for 24 or 48 h, followed by staining with anti-COX
(green fluorescence), an anti-Bax mAb (revealed by PE, red fluorescence),
and Hoechst 33342 (blue fluorescence). At 24 h, 82 £ 3% of syncytia
manifest a preponderantly nonmitochondrial distribution of Bax, whereas
at 48 h, 61 = 5% cells demonstrate a mainly mitochondrial localization of
Bax (88 £ 4% at 72 h, n = 3). (B) Microinjection of recombinant pro-
teins from the Bax/Bcl-2 family. 24-h-old syncytia were microinjected
with recombinant Bax, Bcl-2, inactive mutant proteins (BaxAa5/6, Bcl-
2Aa5/6), and/or Koenig’s polyanion (KPA), followed by determination
of the frequency of cells with a low AW, (green JC-1 fluorescence), Cyt-c
translocation, AIF translocation (only determined after 24 h), and nuclear
chromatin condensation. Results are the means of three experiments
(mean *£ SEM). N.A., nuclear apoptosis; Co., control.



chondrial voltage—dependent anion channel (VDAC) re-
ported to neutralize the effect of Bax on isolated mitochon-
dria (53). Similarly, injection of recombinant Bcl-2 (but
not Bcl-2Aa5/6) into freshly generated syncytia inhibited
their spontaneous apoptosis, both at the mitochondrial and
the nuclear levels (Fig. 5 B). To confirm the Bcl-2—medi-
ated inhibition of apoptosis in a different experimental sys-
tem, CD4-expressing Jurkat cells or U937 cells were cocul-
tured with HeLa Env cells, 2 manipulation that resulted in
rapid syncytium formation and apoptosis (in the case of Jur-
kat Neo cells; Fig. 6, A-D) or syncytium-independent ap-
optosis (in the case of U937 Neo cells [54]; Fig. 6 E). This
latter type of apoptosis requires CD4- and CXCR4-medi-
ated interactions with HeLa Env cells, as it was blocked by
the anti-CD4 Ab Leu3a and the natural CXCR4 ligand
SDF-1a (Fig. 6 F). Transfection-enforced overexpression

0 Awmlow
75 .gﬂl;:ﬁ‘cius
%
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Oh 12h I18h
Figure 6.

of Bcl-2 suppressed the HeLa Env—induced AW, loss and
nuclear condensation in both Jurkat and U937 cell types,
compared with controls transfected with the Neo resistance
vector only (Fig. 6). In conclusion, Bcl-2—regulated MMP
is a critical event of Env-induced apoptosis.

Molecular Ordering of Mitochondrial AIF and Cyt-c Release
in Syncytia Undergoing Apoptosis. To investigate the puta-
tive functional relationship between the translocation of
AIF and Cyt-c, 24-h-old Env-induced syncytia were mi-
croinjected with AIF, Cyt-c, or Abs that neutralize either
AIF or Cyt-c, followed by determination of apoptotic pa-
rameters after 3 h (Fig. 7 A) or 24 h of culture (Fig. 7 B).
Microinjection of both AIF and Cyt-c resulted in the rapid
(3 h) induction of nuclear apoptosis, the reduction of AW, ,
and the translocation of endogenous AIF (induced by Cyt-c)
or Cyt-c (induced by AIF; Fig. 7 A). Z-VAD.fmk differen-

Bel-2

50 ym
10 100y
[ Awmlow [ Awmlow
757 nuclear 75 nuclear
‘7 o apoptosis o .:!pnplusis
o Jo

—— ]

U937 HeLa U937 HeLa U937 Hel.a U937 Hela

yNeo  Env, (Bel-2 Env, Neo Env, Bel-2 Env,
24h 24h 48 h 48 h

Co aCD4 SDF-1a

—
U937 Neo, 24 h

Bcl-2—-mediated inhibition of apoptosis induced by the Env—CD4 interaction in a heterologous system. (A) CD4-expressing Jurkat cells

transfected with the Bcl-2 gene or an empty vector conferring Neo resistance were fused with HeLa Env cells at a 1:1 ratio. After 18 h of coculture,
phase—contrast images of syncytia were obtained. Note that Bcl-2 overexpression does not impede the formation of syncytia, yet prevents cytoplasmic
blebbing. White and black arrows indicate normal and apoptotic syncytia, respectively. (B) JC-1/Hoechst 33342 staining patterns of Jurkat/HeLa Env
syncytia (same experiment as described in A). (C) Kinetic analysis of apoptosis induction by fusion of Bcl-2 or Neo Jurkat cells to HeLa Env cells. The
frequency of cells demonstrating a JC-1—detectable AW, reduction and nuclear apoptosis was determined after the indicated period of coculture (mean *
SEM, n = 3). (D) DNA fragmentation pattern induced by coculture of HeLa Env cells with Neo Jurkat or Bcl-2 cells. Cells were recovered after 18 h
and nuclear DNA was analyzed by pulse field gel electrophoresis. (E) Bcl-2-mediated inhibition of HeLa Env—induced apoptosis of U937 cells. U937
cells transfected with Bcl-2 or Neo were cocultured with HeLa Env cells. This manipulation does not lead to the formation of syncytia, although cell-to-
cell contacts are established. The frequency of cells acquiring a low AW, and nuclear apoptosis (NA) was assessed at various time points (n = 3, mean *
SEM) for the two cell types involved. (F) Apoptosis of U937 cells interacting with HeLa Env cells involves CD4 and chemokine receptors. U937 Neo
cells were cocultured with HeLa Env cells for 24 h, either in the absence (Co) or presence of Leu3a (5 pg/ml) or SDF-1a (10 pg/ml), followed by de-
termination of the frequency of cells with a low AW, and nuclear apoptosis (n = 3, mean = SEM).
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Figure 7. Molecular hierarchy between the mitochondrial release of

AIF and Cyt-c. 24-h-old syncytia, generated by coculture of HeLa Env
and HeLa CD4 cells, were microinjected with the indicated combination
of AIF, Cyt-c and/or anti-AIF, and anti—-Cyt-c Abs, followed by an addi-
tional culture period of 3 (A) or 24 h (B), optionally in the presence of
Z-VAD .fmk, as indicated. Unfixed cells were then stained with Hoechst
33324 and JC-1 or, alternatively, cells were fixed and stained with anti-
AIF plus anti-hsp60 or anti—-Cyt-c plus anti-COX to determine the nu-
clear and mitochondrial parameters of apoptosis. After microinjection of
anti-AlF or anti-Cyt-c Abs, the subcellular localization of AIF or Cyt-c,
respectively, could not be determined (asterisks). Each point represents
the mean of at least 200 microinjected syncytia (n = 3, mean = SEM).
Nucl. Apopt., nuclear apoptosis; transl., translocation; Co., control; pept.,
peptide.

tially affected the mitochondrial eftects of ectopic (extrami-
tochondrial) AIF and Cyt-c. It suppressed the Cyt-c—induced
AWV, loss and release of AIF. In contrast, Z-VAD.fmk
failed to inhibit the AIF-triggered AW, dissipation and
Cyt-c translocation (Fig. 7 A). As an internal control, a
neutralizing anti-AIF Ab prevented the acute (3 h) AIF ef-
fects when microinjected together with AIF (Fig. 7 A).
This Ab also prevents the spontaneous AW, loss, Cyt-c re-
lease, and nuclear apoptosis of syncytia (Fig. 7 B). This ef-
fect 1s specific, as it was not observed with a preimmune
antiserum nor when the AIF Ab was neutralized by prein-
cubation with an excess of AIF-derived immunogenic pep-
tides (Fig. 7 B). In sharp contrast, neutralization of Cyt-c
by microinjection of a specific mAb did not prevent the
AWV, change nor did it affect the AIF translocation occur-
ring during syncytial aging (Fig. 7 B). However, Cyt-c
neutralization did inhibit the Hoechst 33342—detectable
chromatin condensation (Fig. 7 B). Altogether, these results
suggest that ectopic AIF is sufficient and necessary for
caspase-independent mitochondrial Cyt-c release, whereas
Cyt-c is critical for caspase-dependent nuclear apoptosis.
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Discussion

The Intrinsic Pathway Governs Apoptosis  Triggered by
Env. Here we demonstrate that Env-induced syncytia
spontaneously undergo apoptosis and that this apoptotic
process obeys the rules of the intrinsic (rather than the ex-
trinsic) cell death pathway. This demonstration is based on
several lines of evidence. First, syncytia manifest signs of in-
ner MMP (AW, dissipation; Fig. 1) and outer MMP (re-
lease of AIF and Cyt-c; Figs. 2 and 3), in line with the fact
that syncytial mitochondria frequently are dilated (13, 14).
Swelling of mitochondria is associated with MMP and oc-
curs both in early apoptosis of individual cells (before cell
shrinkage [55-57]) and in necrosis (58). Second, outer and
inner MMP occurs well before caspases are activated and
before nuclear chromatin is condensed in a caspase-depen-
dent fashion (Figs. 1—4). Third, inhibition of caspases by
oligo- or monopeptidic inhibitors does not prevent MMP,
confirming that caspases act downstream of MMP (Figs.
1-3). Fourth, inhibition of MMP by microinjection of re-
combinant Bcl-2 (Fig. 5 B) or by coculture of Env-positive
cells with CD4* cells expressing a Bcl-2 transgene (Fig. 6)
prevents nuclear apoptosis, as this may be expected for the
intrinsic (but not the extrinsic) pathway of death induction
(25-27, 36).

Formation of syncytia is a nonphysiological process (with
the exception of a few cell types such as syncytiotropho-
blasts, spermatogonia, osteoclasts, and myocytes [59]), sup-
porting the idea that syncytia could be intrinsically con-
demned to undergo apoptosis. However, HeLa cells driven
to form syncytia by culture with methotrexate or by trans-
fection with fusion-competent proteins from human
parainfluenza virus type 4a (60) die more slowly than Env/
CD4-induced HeLa syncytia (Ferri, K.F., and G. Kroemer,
unpublished observation), suggesting that the receptors in-
volved in the fusion process contribute to the triggering of
the intrinsic pathway. Accordingly, engagement of CD4
and CXCR4 can induce lymphocyte death without syncy-
tium formation (38, 40, 61), and U937 cells die upon con-
tact with Env-transfected cells without prior cell fusion (54,
62; Fig. 6 E). Although it remains elusive whether Env-in-
duced syncytium-dependent and syncytium-independent
apoptosis are mediated by identical pathways, it appears
clear that Bel-2-regulated, presumably Bax-triggered MMP
is a critical event of different types of cell death stimulated
via the Env—CD4/CXCR4 interaction (Figs. 5 and 6).

Cell Type—specific Contribution of AIF and Caspases to Nu-
clear Apoptosis.  In dying syncytia arising from the fusion of
Env- and CD4/CXCR4-expressing cells, mitochondria
release both Cyt-c and AIF (Figs. 2 and 3). Microinjection
of Abs neutralizing either AIF or Cyt-c prevents chromatin
condensation (Fig. 7 B), suggesting that both factors con-
tribute to nuclear apoptosis: AIF in a caspase-independent
fashion, and Cyt-c in a caspase-dependent fashion (Fig. 7
A). In a cell-free system, recombinant AIF causes caspase-
independent large scale (~50 kbp) DNA fragmentation and
peripheral chromatin condensation (34) when added to pu-
rified nuclei. Paradoxically, however, in Z-VAD.fmk-



treated 72-h-old syncytia, AIF is clearly present in the nu-
cleus (Fig. 2), yet no ~50 kbp DNA fragmentation pattern
can be detected (Fig. 1 D) and chromatin condensation is
strongly reduced (Fig. 1, A and B). Thus, in contrast to fi-
broblast cell lines in which large scale DNA fragmentation
is caspase independent (and presumably AIF mediated [34,
45]), HeLa syncytia large scale DNA fragmentation appears
to be fully caspase dependent, as this has been reported for
Jurkat cells in which the caspase-activated DNase accounts
for both oligonucleosomal and large scale DNA fragmenta-
tion (63). Of note, microinjection of an excess of exoge-
nous recombinant AIF into freshly formed (24 h) syncytia
can trigger acute (3 h) chromatin condensation in a
caspase-independent fashion (Fig. 7 A). Thus, in principle,
AIF can exert an (presumably direct) effect on nuclei from
HeLla syncytia. Nonetheless, in the slow (24—48 h) ad-
vancement of chromatin condensation observed in HelLa
syncytia spontaneously undergoing apoptosis, AIF clearly
acts in a caspase-dependent fashion (Fig. 2). Future work
will unravel whether AlF-inhibitory factors and/or the
abundance of the nuclear AIF target account for these cell
type—specific differences.

Hierarchy of Mitochondrial AIF and Cyt-c Release.  Cyt-c
release has been reported to occur in a coordinated, nearly
simultaneous fashion in most if not all mitochondria of the
same cell (64). Accordingly, syncytia retaining Cyt-c or
AIF in a fraction of mitochondria were infrequently ob-
served (<<1% of the entire population; Figs. 2 A and 3 A) at
any time point, whereas a heterogeneity in the AW, loss
was evident in a substantial fraction of cells (Fig. 1 C). In-
ternal feed-forward amplification loops could contribute to
the rapid kinetics of Cyt-c release. One such amplification
loop has been proposed to be provided by caspases, which,
once activated as a consequence of MMP, stimulate MMP
(65, 66). However, in Env-induced syncytia, caspase inhi-
bition does not affect the kinetics of Cyt-c release (Fig. 3
B). A caspase-independent amplification loop may be pro-
vided by AIF based on the observation that the microinjec-
tion of an anti-AIF Ab retards all signs of MMP, including
AW collapse and the release of Cyt-c (Fig. 7 B), whereas
microinjection of recombinant AIF induces MMP (Fig. 7
A). Intriguingly, the mitochondrial release of AIF precedes
that of Cyt-c in Env-induced syncytia by several hours
(compare the percentage values in Figs. 2 B and 3 B, and in
Fig. 4). This appears counterintuitive because protein-per-
meant pores formed in the outer mitochondrial membrane
should favor the release of small proteins such as Cyt-c
(14.5 kD) over that of the much larger AIF (56 kD [53]).
Cyt-c is known to be associated with inner membrane
christae, in electrostatic interaction with cardiolipin (67). It
is tempting to speculate that, in addition to outer MMP,
(AlF-induced?) changes in inner membrane physicochem-
istry such as cardiolipin oxidation (44, 68) must occur to al-
low for full Cyt-c release.

Irrespective of the exact mechanism, our results indicate
that, at least in the model studied herein, the mitochondrial
release of Cyt-c is subordinate to that of AIF. Thus, micro-
injection of AIF into the cytoplasm of syncytia suffices to
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cause Cyt-c release in a caspase-independent fashion (Fig. 7
A), mimicking that of the spontaneous (caspase-indepen-
dent; Fig. 3) Cyt-c release. Moreover, neutralization of AIF
by microinjection of a specific Ab prevents the release of
Cyt-c as well as nuclear apoptosis, whereas neutralization of
Cyt-c has no etfect on the AIF translocation and only im-
pedes nuclear condensation (Fig. 7 B). Taken together,
these results delineate the following sequence of events:
Bax-mediated/Bcl-2—inhibited MMP — AIF release —
Cyt-c release — caspase activation — nuclear apoptosis.
Future research will unravel whether this hierarchy is only
applicable to syncytial apoptosis or whether it can be in-
scribed into a more general pathway.

This work establishes that MMP is a critical step in Env-
induced syncytial apoptosis. Other proapoptotic proteins
encoded by HIV-1 (PR, Tat, and Vpr) also favor MMP.
Vpr exerts its proapoptotic effect, at least in part, by bind-
ing to the mitochondrial adenine nucleotide translocator,
thereby directly inducing MMP (7). The HIV-1 protease
(PR) can cleave Bcl-2, thereby abolishing its MMP-inhibi-
tory function (69). Tat reduces the expression of the mito-
chondrial superoxide dismutase 2 isoenzyme (4, 70), which
is another endogenous MMP inhibitor (71). Tat may also
favor apoptosis by physically interacting with mitochondria
(72). 1t thus emerges that HIV-1 employs several indepen-
dent strategies to induce MMP and apoptosis via the intrin-
sic pathway. It remains an ongoing conundrum whether
these manifold strategies are designed to cooperate among
each other in an additive or synergistic fashion, in the same
cell, or whether they rather reflect the capacity of HIV-1 to
kill a wide array of distinct cell types.
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